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 In vitro lipolysis of single and double water/oil emulsions was studied to evaluate 

static in vitro digestion models. Two common static methods were evaluated; the pH-stat 

titrimetry technique and another batch digestion model that enzymatically quantifies 

liberated free fatty acids (FFA). Parameters affecting the in vitro intestinal lipolysis of long 

(LCT) and medium chain triglycerides (MCT) in O/W emulsions were investigated. 

Increasing the pH of titration to 9 alleviate the underestimation of lipolysis of LCT. Calcium 

interfered with the estimation of FFA using the enzymatic method. Another static digestion 

model developed with international consensus was used to evaluate the lipolysis profile and 

bioactive miceller transfer of a model hydrophilic bioactive, β-carotene (β-C), in W/O/W and 

O/W emulsion samples. Slower rates and extents of lipolysis and β-C transfer were measured 

in double emulsions. The differences in lipolysis were attributed to microstructure and 

instability of the double emulsions in simulated intestinal fluids. 
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Chapter 1. General Introduction 
 

Functional food products e.g. fortified juices and yogurts are increasingly catching the 

attention of regular consumers in supermarkets and grocery stores. Now, customers are more 

informed and aware that the food choices they make can greatly affect their health. Behind the 

presence of these functional food products, is the attention of food scientists to create food 

products that could carry the solution for contemporary health problems that are associated with 

the lifestyle in the 21st century; obesity, immunodeficiency, stress related disorders, and some 

metabolic disorders like type 2 diabetes (Nutbeam, 2000; Mokdad et al., 2003; Kolb & Mandrup-

Poulsen, 2010). These functional food products are not only designed for the optimal delivery of 

bioactive molecules, but they also need to have appealing tastes and textures for the everyday 

consumer (McClements, 2013). However, to truly ensure an effective delivery of beneficial 

compounds, a thorough understanding of the physicochemical changes occurring to food after 

ingestion is needed.  

 Efforts behind developing functional foods urged the need for establishing in vitro 

digestion models that can reproduce, as close as possible, in vivo conditions, be time-effective 

and be used as rapid screening tools to assess the bioaccessibility of bioactives in novel food 

microstructures (McClements & Li, 2010a; Guerra et al., 2012; Minekus et al., 2014). Different 

in vitro digestion models are designed according to the purpose of investigation: for example, 

whether the focus would be studying protein breakdown and peptides behavior (Malaki Nik et 

al., 2010), or the fate of bioactive compounds (Haratifar et al., 2014; Malaki Nik et al., 2011b) 

would affect the type of model system used.  

One of the major challenges facing the progress of functional food industry involves 

proving the success of a specific food product in achieving the health claims on its label. It is 

important to provide data from controlled experiments to official food regulators, as this would 

allow establishing structure function relations, for example, the understanding that consuming a 

certain compound in a food matrix is correlated to a particular function in the body. Bioactives 

are often loaded in aqueous or lipid phases in a matrix, such as an emulsion. These phases are 

designed to protect and preserve the functionality of the bioactive after ingestion and ensure the 
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maximum delivery at the area of absorption along the gastrointestinal tract (GIT). These 

encapsulation systems can be designed to respond to micro-environmental changes such as 

enzyme release and ionic strength (McClements et al., 2008; Parada & Aguilera, 2007; Hur et al., 

2011; Ogawa et al., 2003). A mechanistic understanding of the physical and chemical properties 

of a matrix during its breakdown in the gastrointestinal tract (GIT) is then critical to better design 

delivery systems.  

One of the most common in vitro models used in evaluating the kinetics of lipolysis of 

emulsion based encapsulation systems is the pH-stat titrimetry technique. This is widely used in 

both the nutritional and the pharmacological research fields as a rapid screening tool. It is 

considered a static mono-compartmental model (Guerra et al., 2012) as it only simulates the 

intestinal lipolysis. Guidelines to standardize the pH-stat in vitro lipolysis model have been 

published (Li et al., 2011; Li & McClements, 2010); however there are still substantial 

differences in laboratory practices, even for such simple model in vitro method, for example, as 

it relates to the calcium concentration in digestion medium, pH of titration and enzyme 

concentrations (Minekus et al., 2014). As a result, the necessity to investigate the effect of these 

factors on the rate and extent of lipolysis arises to better understand the challenges and the 

limitation of such technique. An international consensus paper was recently published to 

describe in details the steps for simulating human digestion in vitro starting from the oral phase 

ending in the small intestine. The proposed model is a static model that replicates the 

physiological parameters of digestion including pH, temperature, electrolytes composition and 

enzyme activity (Minekus et al., 2014). The model has yet to be reproduced by different research 

groups to identify its advantages and limitations.  

To estimate the lipid release during digestion, researchers are also using an enzymatic, 

colorimetric kit that estimates non-esterified free fatty acids (NEFA) in complex chyme matrices 

(Malaki Nik et al., 2011a; Lin et al., 2014). This method can be used when digestion is simulated 

in dark glass jars, with more complex gastric and intestinal juices composition. The technique 

also allows multiple sampling from the chyme for other post digestion analysis, without 

disrupting the wholeness of the sample. In contrast, when using the pH-stat technique, the 

digestive juices are relatively simple in composition. Also, the titration changes the dilution 

ratios of sample to digestive fluids and, more importantly, the addition of NaOH render the 
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digestates unsuitable for further use, as for example in cell culture studies. Both techniques are 

considered time effective compared to analysis of free fatty acids using chromatography and 

easier to use as rapid screening tools. However, relatively little is known about how the methods 

compare to each other. In this research, parallel in vitro digestion experiments were run using the 

two models to point out the advantages and the limitations of using either model in evaluating 

lipolysis in vitro.  

The thesis will provide a review of the literature that will focus first on the current 

knowledge of the intestinal lipolysis of water/oil emulsion systems. In addition, the use of the 

pH-stat technique in mono-compartmental static in vitro digestion models to evaluate water/oil 

emulsion systems will be reviewed. Third, the lipophilic, pro-vitamin A, beta-carotene (β-C) will 

be employed as a model bioactive molecule, to study its release during in vitro digestion.  This 

molecule has been studied intensively, as a model to enhance the bioavailability and 

bioaccessibility of highly hydrophobic bioactives using food microstructure modulation and in 

vitro digestion modelling. In the last part of this thesis, multiple emulsions, i.e. water in oil in 

water (W/O/W) systems will be studied. W/O/W micro-encapsulation systems are being studied 

for applications in the cosmetics and the pharmaceuticals industry; however, their application in 

the food industry is more challenging, because of the necessity to use food grade emulsifiers 

instead of small molecule surfactants and synthetic polymers and maintaining stability during 

processing and long shelf life during storage (Dickinson, 2011).  

The results of this thesis will provide a detailed comparison between two of the most 

widely used in vitro lipolysis models, highlighting the importance of various factors such as pH 

and calcium concentration in the in vitro model. The in vitro static digestion model built through 

the international consensus group (INFOGEST) will be used to evaluate the lipolysis profile of 

double emulsions (W/O/W) compared to single emulsions (O/W) and asses the bioaccessibility 

of a lipophilic food bioactive in both systems. Employing the consensus model in the current 

research would allow understanding its suitability for in vitro digestion of different food systems. 
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Hypothesis: 

• Employing two different in vitro digestion models to evaluate the lipolysis profile of 

water/oil emulsion will result in different trends and performances, considering the 

different conditions applied to the sample and the use of different methods for evaluating 

the free fatty acid release. 

• Different factors considered essential in modelling human digestion in vitro e.g. calcium 

salts conditions and pH of the medium, will affect the kinetics of lipolysis differently in 

case of long chain verses medium chain triglycerides / water emulsions. 

• Microstructural differences between single and double emulsions will influence the 

kinetics of in vitro lipolysis and the miceller transfer of a hydrophobic bioactive. 

The present thesis has the following objectives:  

• To investigate the difference in the lipolysis profiles of long and medium chain 

triglyceride fats in single oil in water emulsions.  

• To evaluate the effect of calcium salts on the rate and extent of lipolysis using different 

concentrations and methods of addition. 

• To assess the “back titration” step to overcome underestimation issues addressed in 

various literature reports of the use of pH-stat titration. 

• To compare two static digestion models used for evaluating lipolysis in vitro followed by 

two different approaches of estimating FFA; commercial enzymatic kits and pH-stat 

titration. 

• To establish the reproducibility of a standardized in vitro static digestion model published 

recently with international consensus. 

• To evaluate the possible use of W/O/W double emulsions in low-fat food systems by 

comparing their in vitro lipolysis profile to single O/W emulsions; both are of the same 

oil type and content but different volume fraction. 
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• To assess the effect of double emulsion structuring on the bioaccessibility of a model 

hydrophobic bioactive, β-carotene. 
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Chapter 2: Literature Review 

2.1 Challenges, Approaches and Limitations in developing in vitro digestion models 
 

 Gastrointestinal digestion is extremely complex and very difficult to model. After 

ingestion, the food matrix undergoes various physical and chemical changes that lead to its 

degradation into smaller pieces and its transformation into simpler molecular assemblies that can 

be easily transferred through the absorptive cells. Thus, during modeling digestion in vitro, it is 

important to overcome such complexity while keeping the model as physiologically relevant as 

possible (Guerra et al., 2012).  

Effective modeling of human digestion is also challenged by the individual variation in 

physiological responses, which may depend on the health and physical status of the human 

being. The food matrix itself stimulates the human gastrointestinal tract (GIT) in different ways. 

For example, there are differences in the digestion of cereal proteins depending on their 

processing history, i.e. raw or baked (Abdel-Aal, 2008). Similarly, ingestion of food rich in 

proteins, carbohydrates or fats, respectively, increases the relative amounts of proteases, 

amylases or lipases in pancreatic secretions (Boisen & Eggum, 1991; Hur et al., 2011). Another 

factor is the transit time of each phase whether it is the stomach or the intestine. Transit time 

changes from meal to meal depending on the type of food (components and physical state) which 

affects its digestibility and absorption of its components; for example, hydrophobic bioactive 

compounds have limited absorption and thereby bioavailability when they have a short upper 

intestinal transit time (Dahan & Hoffman, 2008). On the other hand, when high fat foods reach 

the gastrointestinal tract, the stomach emptying is slowed down, increasing the transit phase time 

(Citters & Lin, 1999). Hence, all these changes should be taken in consideration during modeling 

human digestion. 

 In addition to the changes in microstructure and physical properties of foods during 

digestion, the absorption and bioavailability of the encapsulated bioactive compounds can also 

be investigated in vitro, to better design functional food systems. Food scientists and 

pharmacologists routinely employ Caco-2 cell lines as a part of in vitro model for bioavailability 

(Glahn et al., 1998). These cells replicate in vitro the absorption and the transfer function of 
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intestinal epithelial lining (Versantvoort et al., 2002). After in vitro lipolysis, the amount of the 

lipophilic compound that is transferred through the layer of the coating cells is quantified and 

compared to the amount absorbed inside the cells (McClements & Li, 2010a). 

 Through years of scientific research, in vitro digestion has been approached in various 

ways, depending on the purpose of investigation. Many of the developed models are mono-

compartmental models that focus on a single stage of digestion, whether it is stomach, upper 

intestine or lower intestine (usually for microbial flora studies). These models are especially 

important as screening tools, because they are cheap, reproducible and could be used with a large 

number of samples. As simple as they are, these models lack the dynamics and the complexity of 

human digestion such as the changes of pH over time, stomach empting, and absorption of 

digestion products (Guerra et al., 2012). 

The dynamic mono and multi-compartmental models are more sophisticated with in vivo 

data input, such as the Dynamic Gastric Model (DGM) that has two parts representing the body 

and the antrum of the stomach. The DGM replicates the gastric emptying using a regularity valve 

that permits the passage of smaller particles first while the larger parts are sent back to the 

antrum for shear and grinding (Mercuri et al., 2011). Another example is the TNO gastro-

Intestinal Model-1(TIM-1) which is considered, so far, the nearest simulation of the kinetics and 

dynamics of human digestion. Through computer control, it incorporates key factors of digestion 

such as temperature, pH changes, stomach and upper intestine emptying, peristaltic movements, 

sequential enzyme release and removal of digestion products and water through dialysis and 

filtration techniques (Guerra et al., 2012). 

 Despite all the efforts and the achievements in developing the most physiologically 

relevant in vitro digestion model, these systems still fall short of replicating certain factors such 

as the role of hormones, nervous control and feedback mechanisms, lining mucosal membranes, 

and local immunity (Guerra et al., 2012). However, there exists the need for alternatives to 

animal and human studies. In vitro models can help decrease the number of studies required to 

be done on living beings, which is important from the research ethics point of view. They are 

also practical and non-expensive in terms of evaluating large number of food systems in shorter 

amount of time. It is much easier to collect samples for analysis of physical, chemical and 

microstructure changes in food systems using the in vitro models (Mun et al., 2007), and this 
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allows for mechanisms to be evaluated. Though, it is of high significance to relate the in vitro 

data to the results acquired using human and animal studies (Porter et al., 2004). 

2.2 Intestinal lipolysis 

 In food products, lipids are usually in emulsion form either as the final product or 

integrated in a more sophisticated structure. Lipids add value to food through texture, flavour and 

mouth feel (McClements, et al., 2008). Starting at mastication, the breakdown of the structure 

causes the release of flavour components and affects the sensory perception of the food matrix. 

Various lipophilic bioactives are loaded in encapsulation emulsion systems and then introduced 

into food products e.g. omega-3 fatty acids, carotenoids, phytosterols, and oil-soluble vitamins. 

However, there are difficulties faced during application because such compounds have low 

water-solubility, they are often chemically unstable, and poorly bioavailable at the absorption 

stage (McClements & Li, 2010b). 

Pancreatic lipase (P-LIP) is an exocrine enzyme responsible for lipid digestion in the 

duodenum. P-LIP hydrolyses triacylglycerol molecules at sn-2 position into 1 monoacylglycerol 

molecule and 2 fatty acids (Di Maio & Carrier, 2011). The digestion by-products are amphiphilic 

and have the tendency to go to the oil droplet interface. Since lipid digestion occurs at the oil 

water interface, the accumulation can prevent further activity of lipase (Reis et al., 2009). The 

presence of bio-surfactants like bile salts and polar phospholipids potentiate the activity of lipase. 

Bile salts help clear the interface from lipolysis by-products through solubilising them and 

forming mixed micelles. In addition, they play a major role in emulsifying ingested lipids, at the 

low shear forces in the upper intestine. The presence of the phospholipids in the medium 

potentiates the emulsifying effect of bile salts by lowering interfacial tension, thereby increasing 

the total droplet surface area ready for digestion (Wickham et al., 2002; Wilde & Chu, 2011).  

Bile is continuously secreted in the duodenum and it increases from 3-7 mM in the 

fasting state to 13-46 mM after the post prandial emptying of the gall bladder. This large increase 

in bile concentration in the duodenum gradually decreases to only 2.5-10 mM, 30 minutes after a 

meal (Carey et al., 1983). Since bile salts have higher surface activity than lipolysis by-products, 

they tend to accumulate at the interface and displace other surface active molecules. The 

presence of the co-lipase, a co-factor small protein, aids in the adsorption of P-LIP at the 
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interface (Wilde & Chu, 2011) (Figure 2.1). Co-lipase and P-LIP form a binding complex, while 

in the same time co-lipase binds to bile salts, It was found that co-lipase molecules can act as 

micellization nuclei for bile salts (Borgstrom et al., 1979). The anchoring between co-lipase, P-

LIP and bile salts at the interface helps the P-LIP to better access the interface and enhance 

lipolysis (Larsen et al., 2011).  

The presence of phospholipids during digestion is also very critical to lipolysis and the 

transfer of fatty acids into mixed micelles. On average, adult human beings consume around 4-8 

g of phospholipids daily, with phosphatidyl choline (PC) as the dominant type (Di Maio & 

Carrier, 2011). Gastric and intestinal phospholipids act as emulsifiers during digestion of the 

ingested lipids. In the intestinal lumen, there are approximately 8 g of PC mixed with chyme 

(Borgström, 1980). However the total phospholipids concentration in the duodenum is highly 

variable and ranges from 0.3-5.5 mM (Carey et al., 1983), depending on diet and regulated by 

biliary secretions (Rahman et al., 1986; Di Maio & Carrier, 2011). It was found that the 

phospholipids/bile salts ratio in biliary fistula rats, monitored by infusing taurocholate salts in 

cannulated bile ducts, starts around 0.08-0.014:100 and reaches 6:100 by the end of the infusion, 

and that the phospholipids secretion is positively regulated by the intra-canaliculi concentration 

of bile salts (Rahman et al., 1986). A ratio of 1:4,  phospholipids:bile salts, has been reported in 

human digestive juices (Scherstén, 1973). When phospholipids are dissolved in water, they form 

“large lamellar structures” that may not be readily available to phospholipases; however, in 

presence of the bile salts, phospholipids form small mixed micelles that can be hydrolyzed 

(Friedman & Nylund, 1980). Using gastric and intestinal phospholipids in simulating digestion in 

vitro is always a choice of the researchers and is usually a practice in non-standardized in vitro 

models (Minekus et al., 2014). 

Phospholipases are divided into 5 groups of enzymes depending on their cleavage action on 

different phospholipids. Phospholipase A2 (PLA2) is the most characterized and studied group 

among other phospholipases. PLA2 extracted from pancreatic juices is classified as a subdivision 

of PLA2 group and is known as small molecular mass secreted PLA2 (sPLA2) (Aloulou et al., 

2012). They are used in in vitro digestion models to hydrolyze phospholipids and mimic the 

physiological enzymatic profile of pancreatic lipases.  
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Figure 2.1 - Illustrative diagram of intestinal lipolysis, explaining the role of co-lipase, bile salts 

and phospholipids in the formation of the mixed micelles (from Wilde & Chu, 2011). 

 

Recent studies showed that the addition of PLA2 and co-lipase into in vitro models 

increases the activity of lipases and the micellization of bioactive-encapsulated emulsions during 

simulated intestinal digestion (Malaki Nik et al., 2010). Normally, PLA2 is secreted in the 

exocrine pancreatic juices in non-active form which is then activated in the presence of trypsin, a 

pancreatic enzyme. It hydrolyzes the glycerol backbone at position 2 and its activity is mainly 

dependent on calcium ions as a co-factor (Friedman & Nylund, 1980; Carey et al., 1983; 

Mansbach III et al., 2001). 

Another important factor in intestinal lipolysis is the role that calcium plays in the 

activity of P-LIP. Calcium ions precipitate long chain free fatty acids (LCFA) formed as a 

lipolysis by-products into insoluble soaps (Zangenberg et al., 2001; Hu et al., 2010; McClements 

& Li, 2010a; Ye et al., 2013). Thereby calcium clears the droplet interface for further lipase 

accessibility especially after bile salt micelles become overly saturated with lipolysis by-products 

(MacGregor et al., 1997). Calcium has also been reported to initiate lipase activity without the 
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presence of co-lipase and bile salts (Kimura et al., 1982), and it acts as a co-factor that increase 

the turnover number and reduce the lag phase of the P-LIP enzyme (Alvarez & Stella, 1989). In 

addition, calcium is also an important factor affecting the activity of other digestive enzymes, for 

example, to stabilize the molecular configuration of trypsinogen and chymotrypsinogen 

(Ceccarelli et al., 1975). To study the role of calcium in intestinal lipolysis, Hu and co-workers 

added a food grade calcium binding agent, ethylene di-amine tetra-acetic acid (EDTA) to the in 

vitro digestion medium. The digestion rate and extent were dramatically lowered. The effect was 

due in part to calcium chelation, but also to the inhibitory effect of EDTA and to the chelation of 

other essential ions required for lipase activity (Hu et al., 2010). 

The most commonly used delivery systems in food are emulsions (McClements & Li, 

2010b). There are several approaches for designing these delivery systems which varies 

depending on their purpose and their function (Figure 2.2) (Singh et al., 2009). The evaluation of 

intestinal lipolysis of oil in water emulsions using in vitro digestion models helped better 

understanding the changes occurring in their microstructure during digestion. Factors such as 

droplet size, type of oil, type of emulsifier, polysaccharide, proteins or other macromolecular 

complexes at the interface have been evaluated.  

 

 

 

 

 

 

 

Figure 2.2 - Schematic diagram of possible interfacial designs of emulsion based delivery 

systems (Singh et al., 2009). 

 

For instance, the effect of the presence of both pectin and chitosan in a corn oil/water 

emulsion-fiber mixture on the microstructural changes during digestion was studied using 
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simulated in vitro digestion. It was found that at certain concentrations and pH, pectin promotes 

depletion flocculation of oil droplets, while chitosan induces bridging flocculation. Such 

flocculation prevents the access of P-LIP enzyme and the co-lipase into the interface, which in 

turn decreases the final extent of lipid digestion (Beysseriat et al., 2006). These results were 

confirmed by another study in which oil droplets were coated with chitosan, and this polymer 

caused a decrease in the lipid digestion rate (Hu et al., 2009). However, such findings are still 

under debate, as other researchers found no inhibitory effect of chitosan on lipase, as the chitosan 

complexes desorb from the interface during digestion making the interface accessible to 

digestive enzymes (Mun et al., 2006). 

 The rate of digestion increases with decreasing oil droplet size (Li & McClements, 2010). 

The type of oil also affects the kinetics of digestion, with a faster digestion in the presence of 

medium chain triglycerides (MCT) versus long chain triglycerides (LCT) (Armand et al., 1992). 

The type of emulsifier could also affect the lipase accessibility to oil droplet interface. To 

investigate that, Mun and co-workers (2007) studied the in vitro digestion of corn oil/water 

emulsion using different types of emulsifiers and found that Tween 20 was the most resistant 

while caseinate and whey protein isolate (WPI) were the least resistant (Mun et al., 2007).  

Multilayers could also be designed at the interface of oil droplets, helping in the protection and 

the delivery of functional bioactive compounds (McClements & Li, 2010b).  

Several in vitro digestion models have been developed to mimic human digestion and 

help evaluate the behaviour of various foods, drugs and environmental toxins during digestion. 

The intestinal lipolysis is usually evaluated by the rate and extent of free fatty acids (FFA) 

release by the action of P-LIP. The FFA released can be measured using different techniques. 

For example, an enzymatic assay for measuring FFA developed by Shimizu and co-workers 

(1980) that is being used in a commercial colorimetric enzymatic NEFA kits for evaluating FFA 

in blood sera (Irina et al., 2004). This method has been employed to determine the FFA release 

after in vitro digestion of O/W emulsion samples (Shimizu et al., 1980; Malaki Nik, et al., 2010). 

Another approach is the use of gas chromatography (GC) (Sanguansri et al., 2013; Reis et al., 

2008; Helbig et al., 2012), or other types of chromatography such as thin-layer chromatography 

and high-performance liquid chromatography (HPLC). These methods are considered of high 

sensitivity and specificity, though they are time consuming and not continuous (Beisson et al., 



 

13 

 

2000). In particular, chromatography brings more detailed information on the lipolysis profile, 

for example, lipolysis by-products formation over time, chain length of released fatty acids, their 

degree of saturation (McClements & Li, 2010a; Larsen et al., 2011). 

2.3 Evaluating the lipid digestion of O/W emulsions in vitro 

 The pH-stat titrimetry technique is mostly used to evaluate in vitro intestinal lipolysis, 

although more recently it has been used also to replicate in vitro the dynamic changes of pH in 

the stomach during digestion for adults and infants (Levi et al., 2013). The pH-stat titrator is a 

computer automated device connected to operating software. The temperature controlled 

digestion vessel of the pH-stat can replicate the intestinal conditions (human body temperature at 

37°C, duodenal pH 6.5-7.5 and simulated digestion fluid (SDF). The titrator has an automated 

pH electrode that detects changes in pH resulting from the FFA release during the digestion of 

TAG. For the calculations, it is presumed that the pancreatic lipase hydrolysis yields from each 

TAG molecule 2 FFAs and one monoacylglycerol, hence the amount of NaOH consumed is 

related to the extent of lipolysis.  The consumption of base over time accurately follows the rate 

of lipolysis (Beisson et al., 2000; McClements & Li, 2010a; Li et al., 2011). The pH electrode 

and the automatic burette has three main functions: first, monitor and maintain the pH at a pre-

set value to replicate human physiology, second maintaining the activity of the pancreatic lipase 

by keeping the pH controlled and third, keeping record of pH changes and NaOH dispensed in 

order to quantify the rate and extent of digestion (Dahan & Hoffman, 2008). The sensitivity of 

the pH-stat method is considered to be within one µmole of released fatty acid per minute 

(Beisson et al., 2000). The composition of the simulated intestinal digestion fluids (SIF) is 

mainly a mixture of pancreatic lipase, bile salts and minerals, including calcium, and the 

concentrations vary when replicating the digestion in the fed-state or the fasted-state. 

 The different studies conducted over the years using the pH-stat in vitro model show that 

the intestinal lipolysis of O/W emulsions differs depending on different factors. These factors are 

intrinsic, i.e. related to the composition of the SIF chosen, or extrinsic, related to the composition 

and the design of the emulsion itself. These factors include: lipid droplet composition, oil droplet 

size, lipid encapsulation, pH of titration, calcium ions, SIF composition (mainly enzymes and 

bile) and the type of emulsifier (McClements & Li, 2010a).  
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Due to the importance of calcium for the activity of the pancreatic lipase and lipolysis, 

calcium conditions in the SIF are a focus of the present work. Naturally, the major source of 

calcium present in the duodenum during digestion depends on the diet and the amount of calcium 

foods contain (Alvarez & Stella, 1989). Calcium bioavailability also depends on the presence of 

some calcium binding agents which could be of biological origin such as mucin and some 

intrinsic proteins, or other binding agents found in the ingested food such as EDTA, phosphates 

and biopolymers, that make calcium less available for digestion (Hu et al., 2010). Moreover, 

calcium is secreted by the pancreatic acinar cells together with other pancreatic enzymes in 

response to the release of the hormones secretin and cholecystokinin (Ceccarelli et al., 1975). 

Both hormones are secreted by the duodenal epithelium after being stimulated by the presence of 

the acidic chyme in the duodenum (Johnson, 1977). Another source of calcium in the duodenum 

is the gall bladder bile which contains up to 11 mM of calcium (Alvarez & Stella, 1989).  

Two studies have compared calcium concentration during digestion and their effect on 

the rate and extent of lipolysis, using concentrations of calcium at 5, 10 and 20 mM during the in 

vitro digestion of emulsions stabilized by different types of emulsifiers. And, it was found that 

higher concentrations of calcium increase the rate of digestion (Hu et al., 2010; Ye et al., 2013). 

The same results were obtained by Zangenberg and co-workers (2001) after a study on 

dissolution of lipophilic drug substances using an in vitro lipolysis model (Zangenberg et al., 

2001). Biopolymers such as alginate, which bind strongly to calcium ions cause a decrease in the 

rate of digestion (Hu et al., 2010). The impact of calcium and its concentration on the rate of in 

vitro lipolysis was also evaluated using different types of fats: short chain triglyceride (SCT), 

medium chain triglyceride (MCT) or long chain triglyceride (LCT). Calcium was found to have a 

higher influence on increasing the lipolysis of LCT versus MCT and SCT. Although later, 

MacGregor and co-workers (1997) reported that the effect of calcium on the in vitro lipolysis of 

SCT is negligible (Alvarez & Stella, 1989; MacGregor et al., 1997). 

 The mode of calcium addition during in vitro intestinal lipolysis was also investigated. 

Calcium was added at a fixed initial dose or continuously during digestion. Adding calcium 

continuously during in vitro digestion controls the rate of lipolysis, while the initial addition of 

higher concentrations of calcium increases the rate of lipolysis in the initial stages of digestion. 

The continuous addition seems to be the preferred method, due to the role of calcium in 
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precipitating long chain fatty acids (LCFA) into soaps. These LCFA accumulate at the oil droplet 

interface and would decrease the rate of lipolysis (Zangenberg et al., 2001). However, adding 

calcium continuously during digestion may not be physiologically relevant, as it may be different 

from what is actually happening in vivo (Dahan & Hoffman, 2008). This is still a subject of 

much debate. Larsen and co-workers (2011) demonstrated that using calcium through continuous 

addition is useful to replicate the in vivo absorption of FFA. Other methods used to mimic 

absorption and removal of digestion products such as bio-membranes and dialysis are proven to 

be complex (Larsen et al., 2011). To further study the role of calcium in the kinetics of intestinal 

lipolysis, other workers used different types of calcium salts and found that water-soluble 

calcium salts such as calcium gluconate, calcium acetate and calcium chloride have a stronger 

effect on increasing the rate and extent of digestion comparing to other calcium salts such as 

calcium oxide (CaO) or calcium sulfate (CaSO4) which are less water-soluble (Ye et al., 2013). 

 The activity of pancreatic lipase is optimal between pH 6.5 and 8.0 (Larsen et al., 2011) 

and the pH of titration for the pH-stat in vitro intestinal lipolysis is maintained close to neutral. 

Oleic acid, a LCFA, has an apparent pKa value around 7.7 (Benzonana & Desnuelle, 1968) and 

it is non-ionized during typical pH-stat measurements. The non-ionized FFA molecules 

precipitate and result in the underestimation of the total FFA released. However, previous work 

found that the pKa value of the LCFA decreases when calcium and bile salts are in the medium 

(Patton & Carey, 1979). For this reason, it has been suggested that a "compromise pH" should be 

chosen between 6.5 and 8.5 (Larsen et al., 2011), recommending a so-called "back titration" step 

to be conducted at the end of the pH-stat digestion. The pH is raised to 9 (to cover the pKa range 

of LCFAs) and titration is conducted when all the FFA in the medium are ionized and can be 

titrated (Beisson et al., 2000; Fernandez et al., 2007; Williams et al., 2012).  

2.4 Comparison between different techniques to measure FFA release 

 Although the pH-stat technique is widely applied for in vitro digestion studies of lipids, 

little work has been done to compare its results with other methodologies. Helbig and workers 

(2012) studied the in vitro digestion of two O/W emulsions stabilized by whey protein isolate 

(WPI) and gum Arabic, using pH-stat and compared the results with GC analysis of the lipolysis 

by-products. The pH-stat results are 2-3 times lower than those obtained with GC in case of the 
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WPI stabilized emulsion but not for the gum arabic emulsions. The effect was attributed to the 

binding of FFA to β-lactoglobulin. However, during the extraction step for the GC this complex 

is broken and the FFA are detected (Helbig et al., 2012). The findings highlight the complexity 

of the digestion media and the difficulty in extraction and separation of FFA for analysis, and 

possible interferences in the measurement. 

2.4.1 Composition of simulated digestion fluids 

The choice of the SIF composition used in various in vitro digestion models is made 

individually by the research team carrying the investigation. Although several attempts have 

been carried out to standardize digestion buffers to simulate physiological concentrations and 

activities of enzymes, pH and electrolytes composition (Versantvoort & Rompelberg, 2004; 

Minekus et al., 2014), using complex physiological buffers in pH-stat simulated digestion fluids 

interferes with the titration results (Hur et al., 2009). For that reason, it is important to choose a 

system of low buffering capacity to ensure adequate titration of FFA released during lipolysis 

(Larsen et al., 2011). 

2.5  Beta-Carotene, a model lipophilic food bioactive 
 

Generally, carotenoids are described as C40H56On, where (n=0) in hydrocarbon 

carotenoids. They are classified into hydrocarbon and oxygenated carotenoids, the former 

includes the pro-vitamin A carotenes which either linear or cyclic at one or both ends (Shete & 

Quadro, 2013) and the later are called the xanthophylls which contain at least one oxygen atom 

(Yonekura & Nagao, 2007; Castenmiller & West, 1998). Carotenoids are being studied for their 

vital role in the physiology of vision (Borel, 2003), prevention of macular degeneration and 

cataracts (Castenmiller & West, 1998), protection of skin and mucous membrane (Sommer, 

2001), and their antioxidant activity (Yonekura & Nagao, 2007). Epidemiological studies have 

also linked carotenoid consumption from fruits and vegetables with lower risk of certain types of 

cancer (van Poppel & Goldbohm, 1995; Hébuterne et al., 1995). The bioavailability of 

carotenoids however, is highly variable and is dependent on multiple factors related to the diet 

itself or the individuals (Hof et al., 2000; Wright et al., 2008). β-Carotene (β-C), α-carotene, γ-

carotene, and β-cryptoxanthin are pro-vitamin A carotenoids with β-C being the most active one 
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(Yonekura & Nagao, 2007). Numerous studies are conducted to evaluate the factors affecting β-

C bioavailability, for both nutraceutical and pharmaceutical purposes since β-C is considered a 

highly hydrophilic antioxidant with poor oral bioavailability (McClements, 2013). Most of the 

bioavailability studies on carotenoids are focused on β-C due to it is important role as 

antioxidant, as a pro-vitamin A and its high prevalence in different fruits and vegetables 

(Yonekura & Nagao, 2007). 

During gastric digestion, physical and chemical changes occur on the food matrix 

microstructure (McClements & Li, 2010a). The acidic pH, peristalsis and gastric lipase and 

phospholipids initiate the first steps of lipolysis (Friedman & Nylund, 1980; Carey et al., 1983). 

Gastric peristalsis and initial lipolysis are considered as a physiological emulsification of fat 

soluble bioactives. At the duodenum, digestions of β-C starts by the attack of pancreatic lipase 

on the oil phase in which most of the fat soluble vitamin is located. In the presence of bile salts, 

MAG, gastric and pancreatic phospholipids, mixed micelles are formed (Parker, 1996). The 

amount of carotenoids being packed into the micelles depends on the hydrophobicity of the 

carotenoid and the composition and the saturation of the ingested fat (Yeum & Russell, 2002). 

Eventually the β-C containing micelles are uptaken by enterocytes through passive or simple 

diffusion. When the micelles approach the cellular border of the enterocytes, carotenoids diffuse 

from the micelles into the enterocyte cytoplasm. Both the enterocyte membrane and the micelles 

share the lipid bilayer characteristics, that explains the ability of a lipophilic β-C to diffuse 

simply without the requirement of a specific carrier or transporter and also explains the relatively 

higher cellular uptake of β-C compared to xanthophyll in a Caco-2 cell models (Yonekura & 

Nagao, 2007). 

2.5.1 Factors affecting the bioavailability of Beta-Carotene  
 

The microenvironment and the disruption of food matrix after ingestion play an important 

role in the release of bioactive molecules. β-carotene will be used in this study as model 

molecule, as previously employed to evaluate the release of bioactive compounds in delivery 

systems. The arrangement of the β-C crystals in the food matrix and the extent of processing 

affects the release and the uptake of β-C from prepared food compared to fresh produce 

(Yonekura & Nagao, 2007; Parker, 1996; Yeum & Russell, 2002; Borel, 2003). For example, in 

fresh produce, the arrangement of β-C molecules in leafy vegetables like spinach greatly affects 
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its bioavailability compared to other vegetables like broccoli and green peas. Although spinach 

has 10 times the amount of β-C compared to the later vegetables, spinach consumption had a 

lower impact in increasing β-C plasma levels (van het Hof et al., 1999). Researchers attribute the 

results to the physical properties of the carotenoid present in the leafy parts and the 

microstructures that are present; chloroplasts compared to chromoplasts in other parts of the 

vegetable, and conclude that disruption of chloroplasts in intestine is less efficient compared to 

that of chromoplasts (Hof et al., 2000). 

 Dietary fat enhances the bioavailability of carotenoids, especially highly hydrophobic 

carotenes e.g. β-C, α-carotene, and lycopene. This effect depends on the type of fat and its 

physiochemical properties (Yonekura & Nagao, 2007). However, this might not happen if both 

of the carotenoids species coexist in the intestinal lumen. Studying carotenoids transfer to the 

lipid phase of the diet after ingestion using phospholipid stabilized triglyceride (mimic 

gastrointestinal emulsification of ingested carotenoids) showed the difference between polar and 

non-polar carotenoids. Oxygenated polar carotenoids tend to distribute at the surface of the oil 

droplet while those non-polar carotenoids are more confound in the core (Borel et al., 1996), so 

xanthophyll are relatively easier to move to the miceller phase in the intestinal lumen competing 

with the more hydrophobic carotenes like β-C (Yonekura & Nagao, 2007). 

β-carotene present in ingested food is found to be transferred to the lipid part of the meal 

during gastric digestion (Borel, 2003). At least 3-4 g of lipid per meal is required to ensure 

carotenoid absorption, however the way the food is processed greatly affect this estimate (Hof et 

al., 2000). Cooked and homogenized meals of carotenoids rich produce do not need as much 

dietary fat to achieve satisfactory absorption compared to fresh produce, because the heat and the 

homogenization treatment free the membrane bound carotene crystals, making them readily 

available (Yonekura & Nagao, 2007; Unlu et al., 2007). Type of fat can also affect the 

bioavailability of β-carotene, as a fat soluble vitamin, its cellular uptake can be easily related to 

the digestibility of the fat itself. MCT break down during digestion into highly dispersible 

molecules (Friedman & Nylund, 1980) that don’t form micelles or get packed into chylomicrons, 

but they get absorbed directly through the portal vein. As a result, β-carotene would be greatly 

unavailable in MCT rich meals (Hof et al., 2000). 

 Dietary fibers, indigestible polysaccharides, specially soluble ones are proven to be 

helpful in lowering cholesterol, binding and eliminating bile salts (Brown et al., 1999); similarly, 
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fibers could have an adverse effect on the absorption of fat soluble vitamins (Riedl et al., 1999; 

Parker, 1996). It has been reported that fibers such as pectin, agar and cellulose greatly reduce 

the absorption and, in turn, the antioxidant activity of β-carotene and α-tocopherol mixture 

(Yeum & Russell, 2002). In fact, studies suggest that pectin has the most potent inhibition on β-

carotene absorption among other dietary fibers (Yonekura & Nagao, 2007), a fact that should be 

considered in formulating functional food. 

Individuals’ age could greatly affect the bioavailability of various nutrients and vitamins 

due to the degenerative changes that organs go through with aging. For example, 20 % of the 

aging population is suffering from atrophic gastritis which leads to an increase in the pH of the 

stomach (Russell, 2001). The pH increase can change the total charges both on the enterocytes 

and on the surface of the lipid mixed micelles, ultimately resulting in an increase of the 

resistance to the diffusion (Yeum & Russell, 2002).  

2.5.2  Testing for the bioaccessibility of Beta-carotene 
 

Numerous studies use in vitro digestion modeling to study the bio-accessibility of β-

carotene due to the challenges associated with human studies such as ethical considerations and 

individual variations. Additionally, the relevance of using animal models is a controversial, for 

example, laboratory rodents are able to effectively metabolise and enzymatically cleave all the 

ingested β-carotene, unlike humans (Van Buggenhout et al., 2010). 

In some studies, researchers choose to couple the in vitro results with in vivo data to 

increase the relevance of the study and ensure the validity of the in vitro digestion model used. A 

study by Van loo-Bouwman and co-workers (2014), using the computer-controlled dynamic in 

vitro TIM-1, showed the consistency between the simulator results and human serum data. Two 

diets were under investigation, a mixed diet of β-carotene rich vegetables and an oil diet of poor 

β-carotene vegetables supplemented with β-carotene. Homogenization was used to mimic human 

chewing. The chemical analysis of the ileac and the jejunum efflux and filtrate using HPLC 

revealed a 1.9:1 ratio of β-carotene bio-accessibility between the oil diet versus the mixed diet 

(Van Loo-Bouwman et al., 2014). In an ileostomy human subjects study, the same research team 

had similar findings when evaluating the bioavailability of β-carotene in both diets using oral-

fecal balance technique (Van Loo-Bouwman et al., 2010). Another study that shows the 

importance of relating in vivo and in vitro data was carried out by Alminger and co-workers in 
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2012, they used the bioaccessibility data of β-carotene and lycopene for differently processed 

soups using a static in vitro digestion model combined with Caco 2-cell model for ex-vivo 

bioaccessibility. At the same time, the bioavailability data were obtained from human subjects 

consuming the same soups and were determined using total carotenoids plasma concentrations. 

Again, the β-carotene bioavailability data from both in vitro and in vivo experiments were 

consistent while there were discrepancies in the lycopene data, so they concluded that designing 

in vitro bioavailability models for lycopene is more challenging (Alminger et al., 2012). As 

shown in both previous studies, using in vitro digestion modelling can be helpful in evaluating β-

carotene bioavailability and it is possible, with these approaches, to obtain physiologically 

relevant results. 

As mentioned, emulsion based delivery systems are widely investigated as potential 

carriers to lipophilic bioactives. In processed foods, the functionality of bioactives is often 

compromised by the time and temperature of storage. As a result, several studies are carried out 

to improve the chemical stability and protect the integrity of bioactives in functional foods. For 

example, nanoemulsions (Qian et al., 2012) are studied to enhance the bioavailability of β-

carotene and increase its chemical stability during storage. The study also compared the chemical 

degradation of encapsulated bioactive in oil in water emulsions stabilized by different 

emulsifiers, either by the small molecular weight non-ionic surfactant, tween 20, or by β-

lactoglobulin (Qian et al., 2012). It was found that there was a notable chemical degradation of 

β-carotene in the Tween 20 stabilized emulsions. The improved stability of β-carotene in β-

lactoglobulin stabilized emulsions was attributed to the antioxidant activity of the globular 

protein, the formation of molecular complexes with β-carotene, the physical barrier of the 

globular protein, and the larger size of oil droplets compared to Tween stabilized emulsiosn, 

which gives smaller interfacial surface (Qian et al., 2012). Mixed interfaces containing proteins 

also show a similar effect, as for example lactoferrin and β-lactoglobulin stabilized emulsions 

(Mao et al., 2013).  

2.6  Multiple emulsions and encapsulation systems 

Multiple emulsions are “emulsions of emulsions”, which means that one phase is 

dispersed within another dispersed phase. Double emulsions are the simplest form (Figure 2.3) 

and could be either water in oil in water (W/O/W) or oil in water in oil (O/W/O) (Garti, 1997; 

Benichou et al., 2004; Jiao & Burgess, 2008). The most commonly studied for their potential for 
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nutraceutical and pharmaceutical applications are the W/O/W emulsions (Khan et al., 2006). 

They have three phases and two interfaces stabilized by a hydrophilic and a hydrophobic 

emulsifier or a mixture of both (Dickinson, 2011). Both emulsifiers can intervene with each 

other’s stabilization properties, interact at the outer oil/water interface and also migrate form one 

interface to the other creating an inherit instability and limitation to double emulsions application 

in the food industry (Jiao & Burgess, 2008; Norton & Norton, 2010). Multiple emulsions were 

first identified in the 1920s while studying O/W emulsion phase inversion (Seifriz, 1924). And 

over the last 25 years, there has been an increasing interest to employ such systems in various 

biological applications using the inner phase as a carrier, a capsule system or a vehicle that could 

preserve bioactive materials during manufacturing, storage and consumption. Still, the 

thermodynamic instability and the tendency of these systems to coalescence are existing 

significant challenges to develop food grade double emulsions (Benichou et al., 2004). The most 

common preparation method is the two-step method; first, an inner emulsion is prepared and 

then that emulsion is used as the dispersed phase of the final emulsion (Garti, 1997).  

Multiple emulsions could be employed in food products to deliver compounds beneficial 

to health. The inner phase could act as an entrapment reservoir (Benichou et al., 2004; 

Muschiolik, 2007) to be controlled for immediate or delayed release during digestion. They are 

also been studied for potential use as encapsulation barrier for hydrophilic bioactives, e.g. 

proteins, peptides and phytochemicals which could easily degenerate by acidity and enzymes in 

the stomach (Khan et al., 2006; Frank et al., 2012). There is an ongoing interest of the 

pharmaceutical industry in multiple emulsions, for targeted and controlled drug delivery and as 

vaccine adjuvants. Additionally, chemical stability against oxidation, increasing bioaccessibility, 

masking unfavourable flavours, and enzyme immobilization are potential applications (Khan et 

al., 2006; Jiao & Burgess, 2008; Kalariya & Amiji, 2013). Promising preliminary studies in the 

field of pharmaceutical preparations encourages the use of multiple emulsion systems in 

functional foods and nutraceuticals. For example, W/O/W emulsions were found to protect 

insulin preparations from proteolytic digestive enzymes after oral administration (Cunha et al., 

1997). Also, a trial to use W/O/W multiple emulsions as encapsulation carrier to protect 

immunoglobulin G (IgG) from gastric acidity was successful, albeit the encapsulation efficiency 

was only 50% (Chen et al., 1999). 
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Figure 2.3 - A schematic of water in oil in water emulsions (adapted from Garti, 1997).  

Shimizu and Nakane (1995) also reported 80% loss of IgY (egg yolk immunoglobulin) 

activity during emulsification in W/O/W due to the adsorption and the denaturation of the 

proteins at the oil water interfaces (Shimizu & Nakane, 1995). 

Another potential utilization of multiple emulsions in the food industry is low-fat 

products e.g. sauces, dressings and dips, using W/O/W instead of commonly used O/W systems. 

The inner water phase would act as filler particles keeping the same volume fraction of the outer 

water phase similar to its O/W counterpart. The resulting double emulsion system retain the 

physical and rheological properties of its counter single emulsion but with lower fat ratio (Le 

Révérend et al., 2010; Norton & Norton, 2010). For example, it was successful to imitate the 

textural measurable sensory properties of a full fat fresh white cheese using W/O/W emulsion 

system to reduce the fat content compared to conventional cheese products using gum Arabic 

and low-methoxyl pectin as stabilizers and 1.024 % Polyglycerol ester of polyricinoleic acid 

(PGPR) as a water in oil emulsifier (Lobato-Calleros et al., 2008). That study demonstrated the 

ability to overcome one of the major obstacles in developing double emulsions for food systems; 

using high concentrations of synthetic surfactants and polymers to successfully emulsify double 

emulsions (Norton & Norton, 2010; Dickinson, 2011), by reducing their use and replacing them 

with food grade stabilizer e.g. gum Arabic. Similar attempts were pursued by meat scientists, 

using multiple emulsions and combinations of animal fat and plant oils as replacers to achieve 

healthier meat products of healthier fatty acid profiles (Cofrades et al., 2013). PGPR is the most 

common synthetic polymer; hydrophobic emulsifier used in stabilizing fine particles W/O/W 
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systems and has showed long-term stability results. However it is highly regulated by food 

authorities (Dickinson, 2011). Recent studies report that using biopolymer emulsifiers e.g. 

proteins, polysaccharides and their conjugates lowers the need of using PGPR and increases the 

stability and the encapsulation efficiency of multiple emulsions (Su et al., 2006; Muschiolik, 

2007; Dickinson, 2011). For example, a conjugate of WPI and durian seed gum used to stabilize 

W/O/W emulsions was found to decrease their creaming and increase their functionality 

(Tabatabaee Amid & Mirhosseini, 2014). Henceforth, interfacial polymerisation and 

microstructural modification of multiple emulsions using food grade materials will allow 

designing of improved systems for the food industry. 

Studying multiple emulsions is very challenging due to difficulties occurring during 

preparation and characterization compared to single emulsions. Preparing multiple emulsions 

using high pressure valve homogenization usually results in poly-dispersed highly heterogeneous 

systems in terms of particle sizes, unfortunately, making reproducibility difficult and increasing 

the challenges of emulsion characterization. On the other hand, attempts to use membrane 

homogenization, micro-channel emulsification and microfluidic capillary flow show favourable 

results, in terms of producing emulsions that are mono-dispersed and of precise number of inner 

phase particles. In fact in a comparison study of different two-steps formulation methods, the 

membrane emulsification was found to have the highest yield achieved for a double emulsion, up 

to 100% (Muschiolik, 2007). A “yield” test is performed to measure the percentage of entrapped 

inner phase material after the second homogenization, it is a parameter to characterize the 

stability of multiple emulsions, usually using a marker with the same molecular weight of the 

material under investigation (Muschiolik, 2007; Dickinson, 2011). However the practicality of 

using such techniques is limited to laboratory-scale applications and large particle size emulsion 

systems due to early coalescence of newly formed and older droplets (Sugiura et al., 2004; 

Muschiolik, 2007; Dickinson, 2011). On the other hand, a trial to use cross-flow rotational 

membrane emulsification was successful in avoiding early droplets coalescence and therefore 

producing droplets of smaller sizes compared to non-rotational membrane emulsification (Le 

Révérend et al., 2010).  
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2.6.1 Destabilization of Multiple emulsions and Intra-phase transport 

Destabilization of multiple emulsions occurs mainly due to various dynamic changes in 

the inner and the outer droplets and their interfaces, various studies tried to identify factors that 

could enhance stability of multiple emulsions. For example, modifying the ratio of the 

hydrophilic to the hydrophobic emulsifier, around 1:10 (Matsumoto et al., 1976; Khan et al., 

2006), controlling the pH of the outer phase (Benichou et al., 2004) specially with proteins and 

polysaccharides at the interface, using high viscosity oil, and gelling the oil or the water phase 

(Özer et al., 2000; Schmidts et al., 2009). Type of emulsifier is an important factor in that, for 

example, using monomeric hydrophobic and hydrophilic emulsifiers results in large droplets 

emulsion with a very short stability-time (Garti, 1997). While using bio-polymeric amphiphiles 

limits intra-phase diffusion and transport, additionally biopolymers could form a structural 

stability barrier (network) adsorbed at the interface in both the dispersed and the continuous 

phase. It was reported that using 0.5% (w/w) sodium caseinate in the inner water phase decreases 

the amount of PGPR needed as a hydrophobic emulsifier from 8 to 2 % without affecting the 

stability and the yield of the system (Dickinson, 2011).  

Destabilization changes could occur solely or all together resulting in the breakdown of 

the emulsion. In the current review, W/O/W emulsions are the focus of attention. Various models 

and pathways were suggested in the literature to explain the instability of W/O/W, next are the 

most attributed explanations: coalescence of the outer (oil) droplets, coalescence of the inner 

(water) droplets without any change in the outer oil/water interface, thinning of the oil film 

between the inner and the outer phase leading to material transfer between the two phases 

(Figure 2.4, b) or shrinking and swelling of inner droplets due to osmotic pressure differences 

between the two phase resulting in simple diffusion of water down the concentration gradient. 

Droplet swelling usually ends up with the rapture of the inner droplet and the leak of the trapped 

materials (Florence & Whitehill, 1981; Dickinson, 2011). When the oil film ruptures, the inner 

and the outer water phases are mixed, transforming the double emulsion into a simple one (Jiao 

& Burgess, 2008). However, studies showed that electrolytes transfer from the inner phase to the 

outer phase is inevitable while using monomeric surfactants at the inner interface, even at stable 

emulsions and balanced osmotic pressure (Benichou et al., 2004). Others suggests that if the 

concentration of the electrolyte in the inner water phase is maintained to balance both the effects 
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of the Laplace pressure and that of the osmotic difference (isotonic), it could be used as a 

stabilizing technique of the dispersed phase. The ability of the electrolytes to cross the oil phase 

depends on their molecular weight, ionization and being cross linked to the surfactant, something 

that results in emulsion inversion (Jiao & Burgess, 2008). Currently, the addition of 0.1 M 

sodium chloride salt to the inner phase of PGPR stabilized W/O/W emulsions is being used to 

control the osmotic gradient between the inner and outer water phases and provide more stability 

against “reverse miceller transport” (below) (Hino et al., 2001; Muschiolik, 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 - Schematic illustration of possible transport mechanisms through which encapsulated 

materials migrate across the phases; a) “reverse miceller transport”, b) lamellar thinning of the 

oil film, c) “transport via hydrated surfactant (Benichou et al., 2004).  
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Destabilization also occurs due to “reverse micellar transport” between the two water 

phases in the presence of a lipophilic emulsifier (Dickinson, 2011; Florence & Whitehill, 1981; 

Schmidts et al., 2009). Last is “transport via hydrated surfactant”, which is noticed when there is 

an osmotic gradient difference between the inner and the outer phase, and the water is linked to 

the hydrophilic part of the surfactant that migrate freely in the interface to reach the other water 

phase as illustrated in figure 2.4, c. The water exchange between the two aqueous phases stops 

when the solute concentration equilibrate at both sides (Benichou et al., 2004). Mechanisms of 

destabilization and material transport are summarized in Figures 2.4 and 2.5. 

 

 

 

 

  

 

Figure 2.5 - Schematic diagrams representing the destabilization mechanism of multiple 

emulsions. A. Coalescence of outer phase droplets, B. Coalescence of inner phase droplets, C. 

Inner droplet leaks, and D. Shrinking and swelling of inner droplets (Dickinson, 2011). 
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Chapter 3: A better understanding of the factors affecting in vitro lipolysis 

using static mono-compartmental models 

 

3.1 Abstract 

 In vitro lipolysis studies are the most common approach to investigate digestion profiles 

and microstructure breakdown of emulsion based functional foods after ingestion. This study 

investigated the difference between two static mono-compartmental models, the pH stat titration 

and a jar digestion model, as tools to evaluate lipolysis in vitro using two oil-in-water emulsions 

consisting of long versus medium chain triglycerides. Factors essential to the pH-stat model were 

also studied, including calcium concentration and mode of addition, i.e. initial or continuous. 

Continuous addition of calcium allowed the control of free fatty acid release kinetics. Titration at 

pH 9 might alleviate the underestimation of free fatty acid release with the pH-stat model. The 

results clearly highlight the differences between the models and will help researchers identify the 

most appropriate use for in vitro digestion of emulsions.  

 

Author’s Statement: 

A version of this chapter has been published in “Food Digestion” Journal in March 2015. 

Eldemnawy, H.Y., Wright, A. & Corredig, M., (2015). A Better Understanding of the Factor 

Affecting In vitro Lipolysis Using Static Mono-compartmental Models. Food Digestion, Epub: 

March 2015, DOI 10.1007/s13228-015-0038-3.  

3.2 Introduction 

Lipophilic bioactives in functional foods are often contained in emulsion droplets or 

encapsulation systems designed to load and preserve these bioactives from reactions that could 

reduce their bioefficacy, deliver maximum benefits, and to create stable systems during 

processing and storage. Encapsulation systems can also help to control the breakdown of food 

matrices during digestion. For example, it may be preferred to maximize the release of the 

bioactive molecules within particular compartments of the digestive tract, perhaps triggered to 
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changes in the surrounding conditions such as pH, enzymes and ionic concentration (Hur et al., 

2011; McClements, et al., 2008; Ogawa et al., 2003; Parada & Aguilera, 2007).  

Modelling digestion in vitro is complex. Over the last 20 years many attempts have been 

made to develop models that can practically mimic physiological aspects of human digestion to 

allow a better understanding of the mechanisms occurring during the breakdown of foods and 

supplements in the gut. First, static mono-compartmental models were developed to replicate one 

step of the human digestion stages, with different conditions such as pH, enzyme content, transit 

time and temperature. Recently, with the increased availability of detailed in vivo data, more 

complex dynamic multi-compartmental models have been developed. Detailed reviews on the 

applications and challenges of modelling human digestion in vitro are published (Guerra et al., 

2012; Hur et al., 2011). Although in vivo animal models and human intervention trials are 

important to determine bioactivity, in vitro models can play an important role in determining 

mechanistic effects, given the relative ease of collecting samples for physical, chemical and 

micro-structural analysis (Mun et al., 2007; Porter et al., 2004) and the advantages of executing a 

controlled-environment experiment which might not be easy to do in vivo. A static model has 

been recently published in the attempt of closely replicate the physiological parameters of 

digestion, including pH, temperature, electrolytes composition and enzyme activity (Minekus et 

al., 2014). The intent of that work was to reach international consensus on in vitro approaches, so 

that data can be compared and advantages and limitations of in vitro models can be better 

identified. Importantly, the application of different in vitro digestion models by different research 

groups may not allow comparing results between laboratories. It is then important to have a solid 

understanding of the limitations and advantages of each technique to help choose the model most 

suited to the purpose of investigation.  

One of the most common in vitro intestinal lipolysis models is the pH-stat titration 

model. This is often implemented as a screening tool to evaluate the breakdown of lipid based 

emulsions (Abdalla et al., 2008; Bonnaire et al., 2008; Klinkesorn & McClements, 2010; Lesmes 

et al., 2010). The pH-stat model is well described in the literature (Li et al., 2011; McClements & 

Li, 2010a) and the general approach is used by different laboratories; however, there are no 

standard guidelines for parameters including the composition of simulated digestion fluids 

(SDF), sample size or pH used. Henceforth, the model still needs to be evaluated to better 
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understand advantages and limitations. For instance, studying the release of free fatty acids 

(FFA) from emulsions by in vitro digestion using pH-stat and gas chromatography (GC) 

techniques demonstrated that the values obtained by pH-stat were 2-3 times lower than those 

obtained by GC in case of an emulsion stabilized with whey protein isolate, but not for an 

emulsion stabilized with gum arabic. FFAs were able to bind with β-lactoglobulin, one of the 

main components of whey protein isolate, and this binding may be responsible for the 

underestimation during titration. In contrast, during the extraction step for the GC, these 

complexes are disrupted and FFA are detected (Helbig et al., 2012). These findings point to 

possible variations between different emulsion systems and the need for optimal selection of the 

best in vitro method.  

Calcium levels in the human intestine generally vary from 0.5 to 3 mM in the fasted state 

(Zangenberg et al., 2001) and over 5 mM in the fed state, depending on the amount of calcium 

present in the diet (Alvarez & Stella, 1989; Bronner, 2003). Calcium salts play important roles in 

lipolysis. Specifically in vitro, lipase activity is strongly dependent on the concentration of 

calcium, and the formation of calcium soaps, which may simulate the cellular uptake of digestion 

by-products (Larsen et al., 2011). On the other hand, higher concentrations of calcium soaps in 

an in vitro medium can lead to the underestimation of lipolysis by-product transfer to the 

aqueous phase in micelles and vesicles due to precipitation (Devraj et al., 2013). Due to the 

formation of calcium soaps, consideration of pH to use in an in vitro assay is important. The 

apparent pKa value of the long chain fatty acid (LCFA), i.e. oleic acid, during a lipolysis assay is 

a matter of debate. While some reports suggest it might be over 7.5 (Benzonana & Desnuelle, 

1968) other reports indicate that the pKa value decreases when calcium and bile salts are present 

(Patton & Carey, 1979). Hence it has been suggested that a "compromise pH" between 6.5 and 

8.5 would be appropriate for the pH-stat method (Larsen et al., 2011). In the present study, initial 

pH 7 was selected to achieve the FFA ionization required for titration and then raised to 9 to 

recover precipitated FFA soaps based on suggestions from literature (Larsen et al., 2011). FFA 

can alternatively be quantified using a colorimetric assay developed based on the activities of 

acyl-CoA synthetase, acyl-CoA oxidase and peroxidase (Shimizu et al., 1980). A commercial kit 

used to determine FFAs in blood sera (Irina et al., 2004) was recently employed to study the FFA 

release during in vitro digestion of oil in water emulsions (Malaki Nik, et al., 2010; Lin et al., 

2014). It was suggested that the presence of digestive enzymes would interfere with the 
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enzymatic kit during FFA measurements (Beisson et al., 2000); however, no further studies have 

been reported. Additionally, these two assays have never been compared in a parallel in vitro 

digestion experiment. A brief comparison of both models is listed in table 3.1. 

The purpose of the current study was to investigate the extrinsic and intrinsic factors that 

affect the in vitro lipolysis profiles of oil in water (O/W) emulsions using the pH-stat titration 

technique; e.g. pH of titration, calcium salt addition, oil type and enzymes. A further 

understanding of these factors and a comparison between the pH-stat model and a batch 

digestion system where FFAs are determined using a colorimetric kit would help selecting the 

most suitable tools to study in vitro lipolysis of O/W emulsions.  

3.1 Materials and Methods 

3.1.1 Materials 

 Porcine Pancreatin (4xUSP, contains amylase, lipase, trypsin, chymotrypsin, and 

ribonuclease), porcine bile extract powder (contains glycine and taurine conjugates of 

hyodeoxycholic acid and other bile salts according to the supplier), Trizma® (tris maleate salt), 

hexane (>95%, spectrophotometric grade), analytical grade hydrochloric acid (HCl), sodium 

hydroxide (NaOH), Tween 20 (polyoxyethylenesorbitan monolaurate), and oleic acid (purity > 

99% GC) were purchased from Sigma–Aldrich Chemical Co (St. Louis, MO, USA). The non-

esterified fatty acid kit (NEFA-HR2) was purchased from Wako Pure Chemical Industries 

(Richmond, VA, USA). Calcium chloride dihydrate (CaCl2-2H2O), Sodium azide and sodium 

chloride (NaCl) were obtained from Fisher Scientific. Trimyristin (90% Glyceryl trimyristate) 

was purchased from Acros Organic (part of Thermo Fisher Scientific, New Jersey, USA). All 

other chemicals were of analytical grade and were obtained from either Fisher Scientific or 

Sigma–Aldrich Chemical Co. Canola oil from a local supermarket was used without further 

purification. All reagents and buffers were prepared using Milli-Q water (Millipore Corp., 

Bedford, MA, USA). 
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 Table 3.1 - A brief comparison between the two static mono-compartmental models used in the 

current study (Malaki Nik, et al., 2010; McClements & Li, 2010a). 

 pH-stat Simulated 

Intestinal Lipolysis 

Model 

Static Digestion In a Jar 

pH control Electrode monitor the 

change in pH due to 

lipolysis, and dose 

NaOH to keep pH at 7 

No monitor or Control over pH 

changes during digestion 

Composition of 

Simulated Digestion 

Fluid (SDF) 

Tris maleate buffer (low 

buffering capacity) and 

150 mM NaCl 

Physiological inorganic Salt 

Solution (acts as a buffering 

system), pH of medium after 2h 

digestion around 6.8 

 

Simulated 

Pancreatic juices 

Pancreatin powder and 

Bile extract 

Pancreatin powder and Bile 

extract 

Ratio of Sample: 

SDF 

4 :1 1: 3.7 

Stirring 

method/power 

Magnetic stirrer, 8Hz Horizontal Shaking water bath, 

4Hz 

FFA Evaluation Titration against NaOH Commercial FFA enzymatic 

kits 
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3.1.2 Emulsion preparation 

 Emulsions were prepared by pre-homogenizing 10% (w/w) canola oil or canola oil and 

trimyristin (8+2%) with 90% Tween 20 solution (3% (w/w) final concentration), using a 

handheld mixer (Ultra-Turrax, IKA T18 Basic, Germany) for 2 min. Tween 20 was the 

emulsifier of choice, to avoid calcium induced flocculation that may occur with biopolymers and 

anionic surfactants (Ye et al. 2013). The emulsion was then immediately homogenized at 62 

MPa, 5 times, using a high pressure valve homogenizer (Emulsiflex C5, Avestin, ON, Canada). 

To confirm both emulsions had the same particle size, measurements were taken after each pass 

and after one day storage using laser diffraction (Mastersizer 2000 S, Malvern Instruments Inc., 

Southborough, MA). Trimyristin solid fat content at room temperature is high, hence, to obtain 

emulsions with a comparable particle size distribution and storage stability, a series of emulsions 

with a different Canola/Trimyristin oil ratio were tested, and an 80/20 mixture was chosen. 

During the preparation of the Canola/ Trimyristin O/W emulsion, the homogenizer was housed 

in a temperature controlled water bath at 70°C, i.e. the melting temperature of the trimyristin is 

58-60°C (Simoneau et al., 1993). Sodium azide (0.02% w/w) was added to emulsions during 

preparation to avoid microbial growth (Sarkar et al., 2010). The emulsions particle size 

distribution did not change during storage for 7 days at 4°C, average droplet diameter (d3,2) was 

0.126±0.01 µm.  

3.1.3 In vitro intestinal lipolysis: pH-stat method 

 The lipolysis was carried out at 37°C in the temperature controlled glass vessel of a pH-

stat automatic titration unit (Titrando®902, Metrohm, USA Inc.), using 0.1 M NaOH. The 

automatic burette titrated the acidity resulting from FFA released maintaining a constant pH of 7. 

The volume (mL) of NaOH consumed was recorded using the manufacturer software 

(Tiamo®2.0, Metrohm) and FFA release was calculated according to the literature (Li & 

McClements, 2010; Torcello-Gómez et al., 2011).  

 

 ��� % = 100 � 	
�� × � × ��
� × 2 � 
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Where VNaOH is the volume of sodium hydroxide (L) used to titrate the released FFA, M is the 

molarity of the NaOH. Mw is the molecular weight of lipid, approximated to 883 g/mol for 

Canola oil (Canola Council of Canada), (Jenab et al., 2013), and to 848 g/mol for the 

Canola/Trimyristin mixture. Molecular weight calculator from the University of Idaho was used 

(http://www.webpages.uidaho.edu/~devs/Research/Calculators/Molecularweight_calculator.html

). W is the weight of lipid (3 g) present in the digestion chamber. 

 30 mL of undiluted emulsion was digested in the pH stat vessel by adding 7.5 mL of 

intestinal (SDF), containing bile extract (20 mg/mL, final concentration in the digestion vessel) 

(Sarkar et al., 2010; Wright et al., 2008), pancreatin (2.4 mg/mL) and CaCl2. All dissolved in 2 

mM Tris maleate buffer containing 150 mM NaCl. Trizma® buffer was chosen because of its 

low buffering capacity (Larsen et al., 2011; MacGregor et al., 1997). Pancreatin was prepared 

freshly before each digestion run and was only added after mixing other SDF components with 

the emulsion and adjusting the pH to 7 (McClements & Li, 2010a; Torcello-Gómez et al., 2011). 

Lipase activity of the purchased pancreatin extract was estimated using the tributyrin assay in the 

automatic titrator and was found to be 28.9 ± 0.3 TBU/mg of dry powder (Carriere, et al., 1993). 

The reaction was carried out with continuous stirring at 8 Hz in a jacketed glass chamber 

maintained at 37°C using a water bath. 

 Calcium chloride was added to the SDF in three different ways in order to test the effect 

of calcium adding method on the lipolysis profiles obtained: 1) addition of 7.5 mM initially; 2) 

addition of 30 mM initially; 3) 30 mM of CaCl2 by addition in 4 intervals of 7.5 mM at 0, 15, 30, 

and 60 min. Calcium salts were dissolved in Trizma® and added manually. Sample aliquots were 

also taken at different intervals during the 2 h digestion for parallel determination of the amount 

of FFAs released using the non-esterified fatty acid (NEFA) kit. Figure 3.1 shows a schematic 

diagram of the experimental protocol.  

 During the in vitro reaction at pH 7, some liberated fatty acids can precipitate, leading to 

an underestimation of the total FFA released (Beisson et al., 2000). Hence, a "back titration" step 

was carried out (Larsen et al., 2011). To estimate the amount of NaOH required by the digestion 

mixture to reach pH 9.0 independent from the FFA titration, a control experiment for each 

emulsion was performed with no enzyme addition (Williams et al., 2012). Sodium hydroxide 

was added manually at the end of the 2 h. and titration was carried out for an additional 30 min at 

pH 9 (Fernandez et al., 2007). 
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3.1.4  In vitro intestinal lipolysis: shaking jar batch digestion model. 

 A batch digestion in vitro model was carried out as previously described (Malaki Nik et 

al., 2010; Malaki Nik et al., 2011) with modifications. Briefly, the emulsion-SDF mixture was 

placed in a dark glass jar and incubated at 37°C in a horizontal shaking water bath (New 

Brunswick Scientific Co., Inc., NJ) at 4 Hz for 2 h. Aliquots of the digestate were withdrawn 

periodically for FFA quantification using an enzymatic kit (see below). Enzyme and bile 

concentrations were the same as for the pH-stat model to enable comparisons between the 

models. However, SDF and pH conditions differed between both models. In the shaking jar 

model the SDF is a buffer containing inorganic salts prepared as previously reported (Malaki Nik 

et al., 2010). This inorganic salts mixture is reported to be physiologically similar to 

concentrations and components of the human digestive juices (Oomen et al., 2002; Versantvoort 

et al., 2005). In the titrator experiments, a constant pH was maintained, but this was not the case 

in the batch digestion where pH would drop to 6.5-6.8. 

3.1.5 Determination of FFAs with the enzymatic kit 

 The enzymatic kit assay was used to study FFA release with the pH-stat in vitro digestion 

model and the other batch digestion model. Aliquots were taken from the digestion vessels at 5, 

10, 15, 30, 60, 120 min. To extract the FFA, 100 μL of digestate was added to 100 μL of 0.1M 

HCl (Sek et al., 2002) to stop lipolysis. Immediately after, 1000 μL of hexane were added for 

extraction (Malaki Nik et al., 2010; Reis et al., 2008). The mixture was then mixed and 

centrifuged at 13,000 g for 30 min. Analysis was then carried out according to the 

manufacturer’s instructions, using a 96 well plate and measuring absorbance at 550 nm using a 

UV–VIS micro-plate spectrophotometer (Spectramax plus, Molecular Devices Corporation, CA, 

USA). A sample blank was used to estimate the background optical density contribution of bile 

extract solution and a reference standard curve was prepared using oleic acid solutions ranging in 

concentration from 0.1 to 1 mM. The percentage of lipid hydrolysis and FFA released was 

calculated based on the weight of lipid in the sample, the oil molecular weight and total volume 

in the digestion jar (Malaki Nik et al., 2010). 
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3.1.6 Statistical Analysis 

 All experiments were conducted at least in triplicate (three independent experiments), and 

all results are reported as the mean and standard deviation. Significance was determined using 

analysis of variance (ANOVA) and differences between treatments were identified using 

Tukey’s multiple comparisons testing at (P< 0.05). Multivariable linear regression model of 

repeated measures with interactions was used to test the difference between the two FFA assays 

using SAS® (V. 9.3., SAS institute Inc.; Cary, NC, USA), variables included in the model were, 

analysis method (FFA colorimetric kit and titration), fat type in the O/W emulsions, calcium 

conditions in the in vitro model, and time of digestion. Non-significant variables were assessed 

Emulsified by 3 % Tween 20  

Calcium Conditions: 

7.5 mM initial addition 

30 mM initial addition 

30 mM at 4 interval Additions 

Digestion in a the pH-stat in 
vitro lipolysis model (2h) 

followed by 30min of “back 
titration” at pH 9 

Batch digestion in dark glass 
jar in a shaking water bath at 

37°C for 2h 

For both models aliquots were taken at time points for 
parallel evaluation of FFA release using the enzymatic kits 

and the titration technique 

Figure 3.1 - Schematic diagram shows the experimental methodology. 

  

Canola/Trimyristin 
(8+2) % O/W 

Canola 10 % O/W 
emulsion 

5min 10min 15min 30min 60min 120min
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for confounding, and then removed in a backward step-wise elimination process. Interaction 

between method and remaining variables was assessed one at a time. Non-significant (P ≥ 0.05) 

interactions were eliminated from the final model. Results are reported as least square means. 

3.2 Results and Discussion 

 The objective of this work was to investigate current in vitro lipolysis models and 

compare the effect of different methods of analysis. In addition, the effect of calcium salts on the 

estimation of the extent of lipolysis was also evaluated. One of the most common in vitro models 

employed to determine relative differences between emulsions and their microstructure is pH-

stat titration. This method is fast and reproducible, but a better understanding of its use under 

different conditions is needed. In particular, the use of a "back titration" step was evaluated, to 

overcome possible underestimation of FFA, especially for some types of fat (Beisson et al., 

2000; Fernandez et al., 2007; Larsen et al., 2011; Williams et al., 2012). The effects of calcium 

salts, specifically concentration and mode of addition, on the performance of in vitro lipolysis 

models was also investigated using two lipid mixtures, canola oil (CO) and canola oil-trimyristin 

mixture (C/T) as examples of long and medium chain triglycerides, respectively, formulated into 

oil in water emulsions. FFA results from the pH-stat titrimetry were also compared to a 

spectrophotometric method of NEFA determination (Malaki Nik et al., 2011). 

3.2.1 Effect of calcium concentration and the pH of medium on FFA release 

 The digestion behavior of emulsions containing C/T as a function of two different 

calcium concentrations is shown in figure 3.2. The percentage of free fatty acids released was 

estimated using the pH-stat at pH 7. The results clearly show differences in lipolysis kinetics 

depending on the amount of calcium added. When 30 versus 7.5 mM CaCl2 were added to the 

C/T emulsions, there was an increase in the rate and the extent of lipolysis in the first 30 min. At 

longer times, digestion rate was similar for both calcium concentrations, although differences in 

the final % FFA released remained between the treatments (p<0.05). These findings demonstrate 

the importance of calcium salts in the kinetics of the in vitro digestion reaction. Calcium can 

modulate lipase activity without the presence of co-lipase and bile salts (Kimura et al., 1982), 

increase the turnover number, and reduce the lag phase of pancreatic lipase (Alvarez & Stella, 
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1989). In addition, calcium ions stabilize the molecular configuration of other digestive enzymes, 

such as trypsinogen and chymotrypsinogen (Ceccarelli et al., 1975). 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 - Effect of calcium addition on the release of free fatty acids as measured during the 

digestion of C/T emulsions titration in the pH-stat titrator at pH 7 with initial addition of 7.5mM 

(empty symbols) and 30mM (filled symbols) calcium. Results are the average of 3 independent 

experiments, with error bars indicating standard deviation. 

 

 In addition to the specific effect of calcium on enzymatic activity, it is important to point 

out that during the in vitro digestion, lipolysis by-products, especially LCFA may accumulate at 

the interface forming a "liquid crystalline bilayer" that hinders lipase enzyme access to oil 

droplets (Patton & Carey, 1979). In the presence of soluble calcium salts, these long chain fatty 

acids precipitate forming insoluble calcium soaps (Hu et al., 2010; MacGregor et al., 1997). This 

mechanism may have a minor role in vivo, due to continuous bile micellar solubilization and 

intestinal cellular uptake (Hernell et al., 1990; Reis et al., 2009), but have a great importance in 

vitro, as the precipitated non-ionized FFA cause the underestimation of the total amount of FFA 

released during titration. Figure 3.3 shows the total amount of FFA released after an additional 

30 min of lipolysis at pH 9, compared to the total FFA estimated from the reaction at pH 7. After 

back titration at pH 9, both in vitro digestion conditions, regardless of the amount of initial 

calcium added had statistically similar values of total lipolysis. These findings support previous 
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literature data, reporting that a pH 9 titration applied after the apparent FFA release at pH 6.5, 

results in an increase in the total titratable FFA (Williams et al., 2012). Additionally, using pH 9 

for titration during the digestion model increases in the specific lipase activity of the porcine 

pancreatic extract (Fernandez et al., 2007; Fernandez et al., 2008). The findings also suggest that 

combining back titration with lower calcium concentrations in the pH-stat in vitro digestion 

model would minimize the drawbacks of using high calcium concentrations, i.e. precipitation 

and decreased bioaccessibility of bioactives (Devraj et al., 2013). These results highlight the 

importance of the back titration step during the estimation of lipolysis using the pH-stat model. 

 

 

 

 

 

 

 

 

 

Figure 3.3 - Differences between % FFA release during lipolysis of C/T emulsions with 7.5 vs 

30 mM initial calcium addition when with titration at pH 7 (Black) and combined titration at pH 

9 (white), using the pH-stat titrator. Bars indicate standard deviation 

3.2.2 Mode of calcium addition  
 

 Because of its importance to the kinetics of the in vitro reaction, continuous addition of 

calcium salts have been previously suggested as a means to simulate the in vivo absorption of 

FFA by continuously removing lipolysis by-products (Larsen et al., 2011). Earlier studies also 

have suggested that continuous calcium addition optimizes the rate of lipolysis (Zangenberg et 
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al., 2001). In the present work, the effect of addition of calcium salts initially versus interval 

addition on the lipolysis profile was studied using canola O/W emulsion droplets as a model, due 

to the effect of calcium on LCFA. The addition of calcium at intervals was expected to provide a 

continuous source of calcium ions, resulting in better kinetics of lipolysis, as well as higher final 

FFA release values, compared to the initial addition model. Figure 3.4 illustrates the kinetics of 

FFA release as a function of time during in vitro digestion, depending on the mode of addition of 

CaCl2. In both treatments, 30 mM CaCl2 was ultimately added to the reaction vessel. The initial 

stages of the in vitro digestion (the first 30 min) show a significantly higher rate of lipolysis with 

higher amount of CaCl2 present. However, both treatments reached similar plateau values after 2 

h of digestion. These results support that interval addition of calcium should be used if 

determining lipolysis kinetics is the purpose of investigation. It has been argued that it is not 

physiological to add calcium continuously (Dahan & Hoffman, 2008); however, it is important to 

consider that calcium salts are abundant in the upper intestine during lipolysis either from 

intrinsic or extrinsic sources (Alvarez & Stella, 1989; Ceccarelli et al., 1975; Johnson, 1977).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 - The kinetics of FFA release as a function of time for CO emulsions during in vitro 

digestion depending on the mode of addition of CaCl2, i.e. interval addition up to 30 mM (empty 

symbols) versus 30 mM initial addition (filled symbols). Error bars indicate standard deviation. 
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3.2.3 Effect of fat composition  

 Lipolysis by-products of short chain triglycerides (SCT) and medium chain triglycerides 

(MCT) are highly dispersible and soon after their release migrate away from oil droplets and 

therefore do not inhibit the interfacial lipase reaction (Friedman & Nylund, 1980; McClements & 

Li, 2010a; Patton & Carey, 1979). On the other hand LCFAs are highly surface active, 

amphiphilic and may interfere with lipase adsorption at the oil interface. Hence, lipolysis rates as 

well as the extent of FFA release are lower for long chain triglyceride (LCT) than for MCT 

(Alvarez & Stella, 1989; Armand et al., 1992; Reis et al., 2009). 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 - FFA release (%) as a function of time for the CO emulsion (filled symbol) and the 

(C/T) emulsion (empty symbols) with interval addition of CaCl2 to reach 30mM calcium. Bars 

indicate standard deviation. 

 Figure 3.5 illustrates the % FFA release as a function of time for two different emulsion 

systems, one containing canola and trimyristin oil (C/T), and the other containing only canola oil 

(CO), with interval addition of 30 mM calcium. The results show that even by continuously 

replenishing calcium salts, there was a difference in the % of FFA released depending on the 

type of lipid present. An inhibitory effect of LCFA was observed and the emulsion containing 

the C/T mixture had a higher extent of lipolysis (p<0.05). This result does not support previous 
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work by MacGregor and co-workers who found that an increase of calcium salts in the in vitro 

medium from 5 to 40 mM increased the lipolysis extent of LCT almost 2.6 times but did not had 

the same effect on MCT, which increased by only 50% (MacGregor et al., 1997). After back 

titration at pH 9 (Figure 3.6) and recovery of precipitated FFA, the C/T emulsion FFA release 

increased from 51.8 ± 0.6 to 91.2 ± 0.2 % while the CO emulsion increased from 45.4 ± 0.7 to 

82.9 ± 1.6 FFA%. To better understand the differences in the amount of FFA released over time, 

the kinetics of release of FFA from the two emulsions were also evaluated, by carrying out "back 

titrations" at 5, 10, 15, 30 and 120 min digestion. The amount of FFA recovered for the CO 

emulsions were higher than for the C/T emulsions, supporting recommendations that the "back 

titration" step be applied to correct the estimation of lipolysis in the pH-stat and the importance 

of calcium to the in vitro lipolysis of LCT (Figure 3.6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 - Free fatty acids recovered as a function of digestion time, for the canola oil 

emulsion (black) and canola oil-trimyristin emulsion (white), after “back titration” at pH 9, with 

interval addition of CaCl2 to achieve 30mM. Bars indicate standard deviation. 
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3.2.4 Differences between the shaking jar batch digestion and the pH-stat titrator 

 In vitro intestinal lipolysis is usually evaluated by the rate and extent of FFA release. The 

difference in the lipolysis profile of the same emulsion system using two established in vitro 

models was investigated. The pH-stat and the shaking jar models have different sample:SDF 

ratios and SDF ionic strengths. Different assays to calculate the released FFA have also been 

utilized between the approaches (Beisson et al., 2000; Malaki Nik et al., 2010; Torcello-Gómez 

et al., 2011). Another major variable between the models is the pH of the medium during 

digestion. In the shaking jar model, the physiological mineral composition of the SDF acts as a 

buffer system, whereas continuous titration with NaOH maintains a set pH (typically ~ 7) in the 

titration model. After 2 h digestion in the shaking jar model, the pH was found to be in the range 

of 6.5 - 6.8 (data not shown) which is considered in the lower range for optimum pH for 

pancreatic lipase activity (Carriere et al., 2000; Carriere et al., 2005; Larsen et al., 2011; Miled et 

al., 2000).  

 In addition, calcium soap formation is highly dependent on the ionization of fatty acids at 

their pKa values (MacGregor et al., 1997). With the range of pH values observed in the jar 

method, there could be accumulation of lipolysis by-products that hinder further digestion. It 

should be noted that the sample:SDF ratio used in the jar model was 1:3.7 (Malaki Nik et al., 

2010) while in the titration model it was almost the opposite at 4:1(McClements & Li, 2010a). In 

vivo experiments have indicated that a standard liquid test meal is diluted about 4 times when it 

reaches the duodenum (Carriere et al., 2000). The mixing methods utilized in both models also 

differ significantly from the dynamics of upper intestine peristalsis (Guerra et al., 2012; Larsen et 

al., 2011). Furthermore, the two in vitro methods apply different shearing conditions to the 

samples. In conclusion, a difference in the kinetics and the extents of FFA release between the 

two models was expected. Figure 3.7 shows the FFA release over time during the in vitro 

digestion of the C/T oil in water emulsion in the pH-stat model at pH 7 using the titrator 

compared to the shaking jar model at both 7.5 and 30 mM calcium using the NEFA kit assay. 

There was no significant difference between the models at each individual calcium 

concentrations. However, the kinetics of FFA release differed. The concentration of calcium 

present affected the results, with the shaking jar model showing higher rate of FFA release at 7.5 

mM calcium. The CO emulsions showed the same trends and differences in the treatments as 
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those of the C/T oil in water emulsion. The results suggest the interference of calcium 

concentration on the NEFA kits results, so further investigation was carried out (see below). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 - FFA % released over time during the in vitro digestion of the C/T oil in water 

emulsion comparing pH-stat model at 7.5 mM calcium (filled circle ●) , the shaking jar model at 

7.5mM calcium (empty circle ○), pH-stat model at 30mM calcium (filled triangle ▲), and the 

shaking jar model at 30mM calcium (empty triangle ∆ ).  

3.2.5 Differences between FFA determinations by titration versus colorimetric kit: 
 

 The variability between FFA determinations by titration versus enzymatic kit was 

examined. NEFA kits were used to analyze FFA release during the pH-stat titration to compare 

the results of both assays. Figure 3.8 shows the differences between FFA release (%) using two 

assays; after controlling for the type of oil in the emulsion using a multivariate regression model 

(see methods section). There was no difference between the two assays in terms of obtained 

values except in the case of samples with low calcium concentrations (i.e. 7.5 mM). In this case, 

higher FFA release values were obtained with the kit versus titration. Another evidence of the 

effect of calcium on the NEFA kits results. Henceforth, a recovery study was carried out to 

determine the performance accuracy of the FFA kits at 7.5 and 30 mM calcium, using pure oleic 

acid. Known amounts of pure oleic acid were added to only digestive fluids samples. Then, the 

NEFA kits were used to compare expected values to the obtained values. At both calcium 
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concentrations, the obtained values were significantly lower than the expected values. Calcium 

concentration at 30 mM, showed values up to 60% lower than the expected values (data not 

shown). In conclusion, the possibility of underestimating FFA release was observed with both 

models, either related to titration pH or the calcium concentration.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 - Differences between FFA release (%) results at different calcium conditions using 

two assays; Titration (black) and the FFA kits (white) after controlling for the type of oil in the 

emulsion using a regression model. Values are least square means showing standard error bars, 

asterisk (*) shows p<0.05.  

 

3.3 Conclusions  

 In vitro digestion models are rapid and reproducible tools that provide preliminary 

answers to questions that are critical in the design of functional food systems, including structure 

breakdown after ingestion, the viability of bioactives and their subsequent transfer and potential 

uptake. Results from current study, showed that adding calcium continuously controlled the 

kinetics of FFA release and that calcium concentration impacted the kinetics in the pH-stat 

model. Henceforth, calcium concentration and mode of addition should be chosen considering 

the purpose of investigation, the potential interference that calcium salts exerts on in vitro 

digestion models and the physiological range of the reported human fed-state calcium 

concentrations. In addition, including the back titration step increased the total FFA release, and 
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helped alleviate the underestimation problem. The use of a batch digestion in a jar allows for a 

more complex mixture of salts and buffers to be used, and it is a model often used when 

observing microstructural changes or viability of bioactives. The FFA enzymatic kits showed 

higher FFA release at 7.5 mM calcium compared to 30 mM, the results point to an 

underestimation of the FFA release when using the NEFA kits. Further analysis of digestion by-

products e.g. protein and peptide profiling, bio-accessibility and cellular uptake can be combined 

with the shaking jar in vitro digestion model, however, in this model, the presence of calcium 

interfered with the measurement of FFA using the NEFA kits assay.  On the other hand, the pH-

stat model allows more accessible approach for investigating the kinetics of the in vitro lipolysis, 

but further analysis of the digestates is hindered due to the toxicity and interference of the added 

NaOH. The results indicate that it is very important to select the appropriate in vitro model for 

rapid screening and in depth study of emulsion digestion.  
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Chapter 4: Using a two-staged static in vitro digestion model to evaluate 

intestinal lipolysis and hydrophobic bioactive transfer in O/W and W/O/W 

emulsions  

4.1 Abstract 
 

Various reviews on multiple emulsions have reported their increasingly successful 

applications as delivery systems in pharmaceutics, cosmetics and nutraceutics. Multiple 

emulsions are also studied for fat reduction strategies or for general improvement of nutritional 

profiles in processed foods. The current study investigates the in vitro lipolysis profiles and 

stability during digestion, of two 10 % canola oil/water emulsions systems; a single O/W and a 

double W/O/W emulsion. Additionally, the bioaccessibility of a lipophilic bioactive molecule, β-

carotene (β-C), is assessed to reflect the effect of the structural properties of the emulsions on β-

C micellization and transfer. The stability of the emulsions was different, with double emulsions 

highly unstable in intestinal fluids compared to the single emulsions. Slower rates of lipolysis 

and a lower extent of FFA release and β-C transfer were measured for multiple emulsions 

compared to single emulsions. The differences in lipolysis were attributed to microstructural 

differences. This research demonstrates the potential of W/O/W emulsions for low-fat products 

applications and to modulate hydrophobic bioactive transfer. 

4.2   Introduction 

Emulsion-based delivery systems can be structurally modified to increase their 

functionality; the emulsion droplets act as protective capsules that could carry food bioactives 

and increase their bioavailability (McClements & Li, 2010b). These systems are used in 

manufacturing novel food products or what are currently being called functional foods. The term 

functional food is used to describe foods that are able to provide an additional health benefit to 

consumers, beside their initial nourishing and nutritional purposes. The name “functional foods” 

was first proposed in Japan (Hasler, 1998). Now, functional foods are widely available in 

grocery stores and are in high demand in developed Countries; the health oriented food products 

promise improving the quality of life, enhancing immunity, and lowering the risk of diabetes and 

high blood pressure (Kotilainen et al., 2006). 
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In the food industry, emulsion systems are either processed as a whole consumable 

product e.g. fortified juices and dairy or as an ingredient added during the manufacturing of solid 

and semi solid products e.g. omega-3 low fat spreads (Dwyer et al., 2012; Pawlik & Norton, 

2014). In this regard, there are many recent literature reports of attempts by food scientists to use 

single emulsions, double or “multiple emulsions” (Aditya et al., 2015), mixed layers emulsions 

(Zeeb et al., 2015), nanoemulsions, Pickering emulsions (Timgren et al., 2011), solid lipid 

nanoparticles (Guri et al., 2013), and oleo-gel filler particles emulsions (Zetzl & Marangoni, 

2012). The choice of the matrix depends on the physical and the chemical characterization of the 

bioactive, to avoid the inherent limitations and encapsulation failure.  

More complex emulsion systems, i.e., water-in-oil-in-water (W/O/W) emulsions, have 

been studied as a possible solution to reduce fat (Day et al., 2014) and improve the nutritional 

profile of processed foods (Jiménez-Colmenero et al., 2001; Cofrades et al., 2013; Arihara, 

2014). Multiple emulsion based-delivery systems are already employed in several 

pharmaceutical and cosmetic application, both topical and oral applications (Buyukozturk et al., 

2010; Ashara et al., 2014; Kakran & Antipina, 2014). With trials of formulations and structural 

modifications using different surfactants and biopolymer stabilizers and emulsifiers, several 

studies have characterized the physico-chemical properties of W/O/W emulsions. Limited 

studies have focused on their in vitro digestion behaviour. The potential of using double 

emulsions arise from the ability to use them with both lipophilic food bioactives e.g. rich 

omegas-fatty acids (Dwyer et al., 2012) and hydrophilic bioactives e.g. antioxidant plant 

pigments (Frank et al., 2012), and the possibility of obtaining good separation of the phases and 

enhanced stability of the bioactives. 

One major potential for developing food grade double emulsions is using their multiple 

phase systems to design reduced fat products, by replacing the oil content used in a regular single 

O/W emulsion with a dispersed W/O emulsion that act as a filler in the oil droplet and 

manipulating the internal droplet volume fraction (Leal-Calderon et al., 2012). The principle 

could be used in processing low fat bread spreads or salad dressings (Dickinson, 2011). Such 

efforts have been reported successful to imitate the textural, measurable sensory properties of a 

full fat fresh white cheese using W/O/W emulsion system to reduce the fat content, compared to 

conventional cheese product, using gum Arabic and low-methoxyl pectin as stabilizers and 
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polyglycerol polyricinoleate (PGPR) as the hydrophobic emulsifier (Lobato-Calleros et al., 

2008).  

The objective of this work was to evaluate the lipolysis in vitro of a double emulsion, 

W/O/W compared to a single emulsion (O/W) with the same oil content. It is hypothesized that 

the presence of the inner aqueous phase in the oil droplets will modify the digestion behaviour of 

the oil fraction. The structural differences between a single and a double emulsion are shown in 

Figure 4.1. The potential applications of such systems are promising; higher water in oil volume 

fraction could enhance the flavour by creating the sensory illusion of higher fat content (Le 

Révérend et al., 2010). The structural differences between the emulsions will affect not only the 

lipolysis of the emulsion but also the bioaccessibility of a model lipophilic bioactive, β-carotene. 

This hypothesis will be tested by comparing the in vitro digestion behaviour using a gastric and 

intestinal model.  

4.3 Materials and Methods 

4.3.1 Materials  
 

Trans-β-carotene (β-C) (Type I, synthetic, ≥93% (UV), powder), porcine Pancreatin (4xUSP, 

contains amylase, lipase, trypsin, chymotrypsin, and ribonuclease), porcine bile extract (contains 

glycine and taurine conjugates of hyodeoxycholic acid and other bile salts according to the 

supplier), porcine pepsin (powder, ≥ 250 units/mg), hexane (>95%, spectrophotometric grade), 

analytical grade hydrochloric acid (HCl), sodium hydroxide (NaOH), Phospholipase A2 (PLA2) 

from porcine pancreas, butylated hydroxytoluene (BHT, ≥ 99%) and oleic acid (purity > 99% 

GC) were purchased from Sigma–Aldrich Chemical Co (St. Louis, MO, USA). Acetone 

(>99.5%, A.C.S reagent), and anhydrous ethanol (A.C.S reagent) were also obtained from 

Sigma–Aldrich Chemical Co (St. Louis, MO, USA). ALCOLEC® PC 75 (Fat free soybean 

lecithin, 70% phosphatidylcholine) sample was provided by American lecithin company 

(Oxford, CT, USA). The non-esterified fatty acid kit (NEFA-HR2) was purchased from Wako 

Pure Chemical Industries (Richmond, VA, USA). Palsgaard® PGPR-4150, Polyglycerol ester of 

polyricinoleic acid (PGPR), was purchased from Palsgaard Ltd. (Juelsminde, Denmark). Total 

bile acids colorimetric kit was purchased from BQ Kits (San Diego, CA, USA). Sodium chloride, 
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sodium bicarbonate, potassium chloride, potassium dihydrogen phosphate, magnesium chloride 

hexahydrate, ammonium carbonate and all other chemicals were of analytical grade and were 

obtained from either Fisher Scientific or Sigma-Aldrich Chemical Co. Canola oil purchased from 

a local supermarket, was vacuum filtered in 0.22 μm pore filter (MAGNA, nylon, Fisher 

Scientific Inc.) before using. Sodium caseinate-180 was provided by Fonterra Inc. (Rosemont, 

IL, USA). All reagents and buffers were prepared using Milli-Q water (Millipore Corp., Bedford, 

MA, USA). 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 - Difference in structure between single (O/W) and double (W/O/W) emulsions. The 

difference in the volume fraction of oil due to the occupancy of the inner phase with water is 

highlighted. Notice that the outer particle sizes should be the same for comparable in vitro 

lipolysis experiments, since lipolysis is an interfacial reaction. 

4.3.2 Sample preparation 
 

 Beta-carotene 0.05 % (w/w) was dissolved in canola oil (Malaki Nik et al., 2011b), and 

the mixture was continuously stirred for 5 h. After stirring, the β-carotene/canola oil mixture was 

filtered with a 0.22 μm and placed in dark glass jars, flushed with nitrogen, stored at -20°C and 

used to prepare emulsion samples within 2 weeks (Wright et al., 2008).  

 Single O/W emulsions were prepared by pre-homogenizing 10% (w/w) canola oil with 

90% sodium caseinate solution (1.6 % (w/w) final concentration) using a handheld mixer (Ultra-
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Turrax, IKA T18 Basic, Germany) for 2 min. The emulsion was then immediately homogenized 

at 10 MPa, 1 pass, using a high pressure valve homogenizer (Emulsiflex C5, Avestin, ON, 

Canada). Sodium caseinate stock solution (2% w/w) was prepared in ultrapure water and was 

refrigerated overnight to ensure complete hydration. Sodium caseinate concentrations between 

1.5 and 2 % are reported to stabilize W/O/W emulsions, for up to 4 weeks in 4°C (Su et al., 

2006; Su et al., 2008), while concentrations above 3 % lead to depletion flocculation of emulsion 

droplets (Singh & Ye, 2013). 

 Water in oil in water emulsions were prepared using two-step homogenization (Su et al., 

2006; Garti, 1997). First, a water in oil emulsion (W1/O) was prepared by dissolving 4% (w/w) 

PGPR in the oil, using continuous stirring for 20 min. Water in soybean oil emulsions prepared 

using 4 and 6 % PGPR are physically stable for 7 days of refrigeration (Su et al., 2006). Sodium 

chloride 0.1 M was dissolved in the water phase to equilibrate the osmotic pressure and avoid 

droplet swelling or shrinking (Hino et al., 2001; Muschiolik, 2007; Dickinson, 2011). An 

emulsion of 70% (w/w) oil and 30% (w/w) water was prepared by mixing for 2 min using a hand 

held mixer and homogenizing in the microfluidizer (110S-91150-Microfluidics, Newtown, MA) 

for 11 passes at 7.8 MPa. The final emulsion (W1/O/W2) was prepared by dispersing the W/O 

emulsion in sodium caseinate solution (1.6 % (w/w) final concentration) for 1 pass at 10 MPa 

using a high pressure valve homogenizer (Emulsiflex C5, Avestin, ON, Canada). The final phase 

ratio of the double emulsion W/O/W was 1:2.33:19.9, making the final concentration of oil in the 

multiple emulsion 10%. 

4.3.3 Average droplet size of emulsions 
  

 The apparent size of the W/O emulsion droplets was measured using diffusing wave 

spectrometry (DWS) (Massel et al., 2014). Briefly, W/O emulsion samples were pipetted into an 

optical glass cuvette of path length 5 mm that was placed in a 25°C water bath sample holder. 

Using a monochromatic solid-state laser (model 532-100MBS, Omnichrome, Chino, CA, USA), 

with a wavelength of 515 nm and 350 mW of power, as the light source to be projected at the 

sample. The scattered light is then collected with a single mode optical fibre (Oz Optics Ltd, 

Carp, ON, Canada) and fed into a photomultiplier (HC120-03, Hamamatsu, Loveland, OH, 

USA). Photomultipliers amplify the light signals and send them for cross-correlation analysis in 

a FLEX2K-12×2 correlator model (Bridgewater, NJ, USA). Average particle size of the water 
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droplets is calculated using a developed computer software (Mediavention Inc., ON, Canada) 

attached to the apparatus; based on collective input of the particle concentration, particle shape, 

and the refraction index and the dynamic viscosity of canola oil as 1.465 and 0.056 Pa.s, 

respectively at 25°C (Canola Council of Canada). Measurements of the emulsion samples were 

taken 3 times after calibrating the laser intensity using a latex spheres standardized preparation 

(Portland Duke Scientific, CA, USA) of 260 nm diameter. The average size of water droplet in 

the primary emulsion (W/O) was 300±0.5 nm. 

 The average droplet size of the W/O/W double emulsion and O/W single emulsion were 

determined using laser diffraction (Mastersizer 2000 S, Malvern Instruments Inc., Southborough, 

MA). Measurements of both the volume average diameter (d4,3) and the surface average diameter 

(d3,2) were taken after homogenization and after 1 day storage (the day of in vitro digestion) at 

4°C. The measurements were carried out to follow the size distributions for each independently 

prepared emulsion and ensure that both single and double emulsions had comparable particle 

size distribution for accurate comparison of interfacial lipolysis. The average droplet size of the 

prepared emulsions (d32); single and multiple emulsions were 1.8±0.5 µm. Changes in particle 

size distributions were also measured throughout the gastric and the intestinal in vitro digestion 

(Su et al., 2006; Malaki Nik et al., 2011b). 

4.3.4 Microstructure of double emulsions 
 

Confocal laser microscopy imaging was used to evaluate the development of the control 

W/O/W emulsions. Nile red (72485, Sigma Aldrich Chemical Co., MO, USA) was used to stain 

Canola oil before preparing the multiple emulsions at 0.01% (w/w) per oil weight. Undiluted 

emulsion samples were placed on a concave glass slides, covered and sealed tight to prevent 

sample dryness. Examinations of samples were carried out using an upright Leica DM 6000B 

microscope connected to Leica TCS SP5 system (Heidelberg, Germany) coupled with the Leica 

LAS AF Imaging software; with an excitation wave of 543 nm and a 100x oil immersion 

magnification lens (Gaygadzhiev et al., 2009). 
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4.3.5 In vitro digestion  

 Simulated digestion fluids were prepared according to published guidelines (Minekus et 

al., 2014). Table 4.1 summarizes the electrolytes concentration in both the gastric and intestinal 

simulated fluids. Enzyme activities were identified either through the manufacturer specification 

sheets or through analysis in our laboratory. The activity of porcine pepsin was provided by the 

manufacturer; 1064 U/mg of powder. The lipase activity of pancreatin (Pn) was measured using 

the tributyrin assay in the automatic titrator (Minekus et al., 2014; Carriere et al., 1993) with 

minor modifications. An aqueous assay buffer was prepared from 18 g NaCl, 40 mg CaCl2, 7.2 

mg Tris-(hydroxymethyl)-aminomethane and 416 mg sodium taurodeoxycholate in 200 mL of 

de-ionized water. Then, 0.5 mL of the substrate, tributyrin, was added to 15 mL of the prepared 

buffer into a jacketed glass vessel kept at 37°C using water bath, connected to the pH-stat 

titrator. The pH of the medium was adjusted to 8 before adding 300 μL of freshly prepared (1 

mg/mL) solution of extract. Pancreatin powder was dissolved in 150 mM NaCl as recommended 

(Minekus et al., 2014). The rate of 0.1 N NaOH titration was recorded until the slope appeared 

linear; the assay was stopped, after 15 min. The lipase activity was reported as TBU units per mg 

of powder according to the following formula: 

 

��� = ���� ����� × 1000 ÷ (	 × � !)  Eq. 4.1 

 

where the mean slope is the rate of NaOH dispensed in μmole per minute, (V) is the volume of 

enzyme solution added in μL and the [E] is the concentration of enzyme solution in mg/mL. 

Three different experiments at different enzyme concentrations were done to confirm activity 

(Bakala N’Goma et al., 2012; Ville et al., 2002; Sek et al., 2002). Pancreatin lipase activity was 

found to be 28.9±0.3 TBU/mg. 

 Bile salt concentration in the porcine bile extract was measured using a commercial kit 

following the protocol of the manufacturer. The concentration of bile salts was 1.34 mmol per g 

of extract powder. Finally, each digestion jar had a final concentration of 10 mM bile salts in the 

simulated chyme (Minekus et al., 2014). On average, adult human beings consume around 2-4 g 

of phospholipids daily, with phosphatidylcholine (PC) as the dominant type. In the intestinal 

lumen solely, there are approximately 8 g of PC mixed with chyme (Borgström, 1980). 
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Phospholipids secretion is positively regulated by the intra-canaliculi concentration of bile salts 

(Rahman et al., 1986). The addition of intestinal phospholipids in the in vitro digestion model is 

essential to evaluate micellization and bioactive material transfer as method of assessing 

bioavailability (Sugawara et al., 2001; Malaki Nik et al., 2011b). The amount of PC used in the 

current in vitro digestion model was 1 mM, prepared by dissolving PC particles in SIF together 

with bile extract, using sonication followed by invert stirring until complete dissolving (Malaki 

Nik et al., 2010). Phospholipase A2 was also used in the current study to hydrolyze intestinal 

phospholipids and mimic the physiological enzymatic profile of pancreatic lipases. The activity 

of PLA2 was 903 U/mg (per manufacturer’s specification), where one unit will hydrolyze 1 

μmole of phosphatidylcholine per min at pH 8.0 and 37°C. Table 4.2 summarizes the volumes 

and concentrations in the simulated gastric (SGF) and intestinal (SIF) fluids per each digestion 

run. 

  Gastric digestion was started by mixing 10 mL of emulsion samples with 10 mL of the 

SGF in a dark glass jar. The pH of the mixture was checked and adjusted to 3 using 1N HCl, 

followed by incubating the jars at 37°C in a horizontal shaking water bath (model 89032-226, 

VWR International, USA) at 4 Hz for 30 min. Pepsin concentration in each jar was 2000 U/ml of 

final mixture. To each jar, 1.73 mg of BHT was added at the beginning of the digestion as an 

antioxidant (Wright et al., 2008). Immediately after, intestinal digestion was carried out by 

adding 20 mL of simulated intestinal fluids (SIF) which raised the pH of the mixture to 7. 

 SIF mixture in each digestion jar contained the buffer with added Pancreatin (5 mg/mL), 

bile salts (0.4 mmol), phospholipids (1mM) (Mansbach II et al., 2001), and 5μl of PLA2. Jars 

were incubated for another 2 h in the shaking water bath; multiple jars were assigned to different 

time points to terminate intestinal digestion at selected intervals, 5, 15, 30, 60 and 120 min. 

Lipolysis profile (rate and extent), particle size changes and bioactive micellar transfer were 

measured at each time interval. In a separate jar of digestion (a replicate), SIF without pancreatic 

enzymes was mixed at the end of the gastric phase, and then aliquots were taken for FFA and 

particle sizes analysis. These samples are referred to in the experiment as initial (0 min) intestinal 

time. Final concentration of calcium in SDF is 0.3 mM, which is considered below the lower 

bound of reported physiological concentration range of human fed state at 0.5 to over 5 mM 

(Zangenberg et al., 2001; Alvarez & Stella, 1989; Bronner, 2003). At such low calcium 

concentrations, interference with the enzymatic method of evaluating FFA is not expected. 
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However, low calcium concentration could influence the kinetics of lipolysis and the outcome of 

FFA release (Zangenberg et al., 2001; Devraj et al., 2013). 

 

Table 4.1 - Concentration of electrolytes simulated gastric and intestinal digestion fluids. Buffers 

were prepared at 1.25x concentration to allow volume for pH adjustment and mixing enzyme 

solutions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lipolysis profiles obtained during pilot trials in the automatic titrator using the Pancreatin 

concentrations proposed in the consensus paper; 2000 U/mL in final digesta mixture (Minekus et 

al., 2014), showed up to 85% lipolysis in the first 15 min of simulated intestinal digestion (data 

not shown). As a result, the concentration of Pancreatin was decreased, to enable observing 

lipolysis for 120 min of intestinal digestion, and allowing sampling during digestion for particle 

size analysis and estimating bioactive material transfer. The amount of Pancreatin added was 5 

mg/mL (of the final digesta mixture). 

 Final Concentration in 

Gastric phase (mM) 

Final Concentration in 

Intestinal phase (mM) 

KCl 6.9 6.8 

KH2PO4 0.9 0.8 

NaHCO3 25 85 

NaCl 47.2 38.4 

MgCl2(H2O)6 0.1 0.33 

(NH4)2CO3 0.5 - 

CaCl2(H2O)2 0.15 0.6 



 

55 

 

Table 4.2 - Buffer composition and enzyme activities used in simulating gastric and intestinal 

digestion in vitro, (adapted from Minekus et al., 2014) 

 Gastric Phase Intestinal Phase 

Simulated Fluids 6.4 mL (1.25x) stock SGF 11 mL (1.25x) stock SIF 

Enzymes 1.6 mL pepsin stock (25000 U/ml) 

Final activity in 40mL of digesta is 

2000 U/mL 

5 mL Pancreatin solution 

(40mg/mL), Final activity in 40mL 

of digesta is 144.5 TBU/mL 

Water 1.795 mL 1.305 mL 

CaCl2 5 μL (0.3mM) CaCl2 40 μL (0.3mM) CaCl2 

Others 0.2mL (1M) HCl 

1.73 mg of butylated 

hydroxytoluene (BHT) 

2.5mL Bile salt (0.4mmol), final 

conc. in digesta is 10mM 

4.8 μg of PLA2 (903 U/mg) 

0.03104g (1mM) Phospholipids 

150 μL (0.1M) NaOH 

pH 3 7 

Time 30 min 120 min 

 

4.3.6 Measurements of free fatty acids  

 In vitro intestinal digestion in a shaking jar model provides an advantage over the pH-stat 

model, as it allows sampling of the digestate without disruption. In contrast, in the pH-stat 

titration method, the samples are diluted and further analysis is no longer possible because of the 

addition of NaOH. Therefore, in the current study, FFA release was measured using the 

enzymatic assay kit, as the shaking jar model was used.  
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 Aliquots were taken from the digestion jars at 0, 5, 15, 30, 60, 120 min. To extract the 

FFA, 100 μL of digestate was added to 100 μL of 0.1 M HCl (Sek et al., 2002) to stop lipolysis. 

Immediately after, 900 μL of hexane were added for extraction (Malaki Nik et al., 2010; Reis et 

al., 2008). The mixture was then mixed and centrifuged at 13000 g (5415D-Eppendorf 

centrifuge, Hamburg, Germany) for 30 min. Centrifuged samples were diluted in another 2000 

μL of hexane, making the final dilution factor 31. Diluted samples were kept in amber glass 

vials, tightly sealed to prevent evaporation of solvent until the end of the assay. Analysis was 

then carried out according to the kit manufacturer’s instructions. Briefly, 5 μL of diluted samples 

were mixed with 225 μL of reagent A into a 96-well plate, then were incubated at 37°C for 10 

min. Afterwards, 75 μL of reagent B were added to each well, followed by the second incubation 

at 37°C for another 15 min for complete color development. A sample blank was used to 

estimate the background optical density contribution of bile extract solution and a reference 

standard curve was prepared using oleic acid solutions ranging in concentration from 0.1 to 1 

mM. Color development in the well plate was measured as absorbance at 550 nm using a 

UV/Visible micro-plate spectrophotometer (Biotek-SynergyTM HT-KC4, Vermont, USA). The 

percentage of lipid hydrolysis and free fatty acid release were calculated based on the weight of 

lipid in the sample, the oil molecular weight and total volume in the digestion jar (Malaki Nik et 

al., 2010). 

 

4.3.7 Beta-carotene bioaccessibility  

 

 β-carotene transfer to the micellar phase was evaluated to estimate the bioaccessibility of 

β-C in the prepared emulsions after in vitro digestion. The concentration was measured using 

solvent extraction and spectrophotometry (Wright et al., 2008; Biehler et al., 2010; Liu et al., 

2014). At time intervals; 0, 5, 15, 30, 60, 120 min, intestinal digestion was stopped by placing 

jars immediately in ice water. Digesta were ultra-centrifuged (Sorvall™ WX Ultra 80, Thermo 

Scientific Inc., MA, USA) shortly after digestion at 4°C and 144,800 g for 1h. Using a fine tip 

syringe, the aqueous part were collected, filtered using 0.22 μm syringe filters, stored in glass 

vials, flushed with nitrogen gas and stored at -20°C until analysis within one week.  

 For evaluating the bioactive transfer in the micellar phase, samples were thawed in a 

35°C water bath. Aliquots (1 mL) were transferred in sealable glass vials, and mixed with 1 mL 
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of ethanol using a vortex for 10 s. 6 mL and 2 mL of acetone and ultra-pure water, respectively, 

are added and mixed using a vortex for 10 s after each adding step. Hexane extraction was done 

in triplicate by adding 2 mL in a time, invert stirring, and collecting the organic layer after 

incubating for 5 min. At the end of the solvent extraction for each sample, 6 mL of hexane were 

collected and evaporated under nitrogen gas at 35°C until complete dryness. Evaporated samples 

were then reconstituted in 1 mL of hexane and mixed for 5 s. After filtration in 0.22 μm syringe 

filter, the absorbance was measured at 450 nm in a quartz cuvette (101-QS, HellmaGmbH, 

Mullheim, Germany) using Ultrospec-3100, UV/Visible Spectrophotometer (Biochrom US, 

MA). The concentration (mol/L) of β-carotene in samples was calculated using Beer-Lambert 

law:  

 #��$. = �/(ɛ ( )    Eq. 4.2 

 

Where (A) is the absorbance of the sample, (ɛ) is the molar extinction coefficient of beta-

carotene at 450 nm; 135,310 Lmol−1 cm−1 (Rich et al., 1998; Biehler et al., 2010) and (d) is the 

length path that the light travel in the cuvette (1 cm). This formula is applicable only in single 

solute solutions (Biehler et al., 2010). Then, the bioaccessibility of β-C is measured 

mathematically according to equation 4.3 (Salvia-Trujillo et al., 2013; Aditya et al., 2015), based 

on the original content of β-C in the emulsion and the content in the intestinal chyme after 

digestion. 

  �)��$$���)*)�+, % =  100 × -. /012312 41 546372823
914248: -. 41 ;<=:7401                    Eq. 4.3 

 

4.3.8 Statistical Analysis 

 All experiments were conducted at least in triplicate (three independent experiments), and 

results are reported as the mean and standard deviation. Significance was determined using 

analysis of variance (ANOVA) using repeated measures model and testing at (P< 0.05) using 

SAS® (V. 9.3., SAS institute Inc.; Cary, NC, USA). Regression analysis model with hyperbolic 

profile was used to evaluate the extent and velocity of lipolysis (FFA release) (Frank et al., 2012)  

 

     , = >?@A∗C
DEC                   Eq. 4.4 
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where y and x are the measured percent and time of FFA release, respectively, and ymax and k are 

parameters fitted by the model that describe the maximum predicted values of FFA release and 

the velocity of the lipolysis reaction, respectively.  

4.4 Results and Discussion 

 The digestion behaviour of O/W and W/O/W emulsion systems was studied using a static 

in vitro digestion model (Minekus et al., 2014). To better identify the effect of structure on 

delivery of bioactive components encapsulated in the emulsion, the bioaccessibility of β-C was 

also evaluated after digestion.  

4.4.1 Particle size distribution and microstructure of O/W and W/O/W emulsions 
 

All emulsions were prepared with similar particle size distributions. Control (W/O/W-

Control), single (O/W-β-C) and double (W/O/W-β-C) emulsions had the same percent of volume 

distribution and surface average diameter (d32) of 1.78 ± 0.5 µm, as shown in Figure 4.3A. This 

is important as lipolysis is a reaction occurring at the interface (Wilde & Chu, 2011). Figure 4.2 

depicts a typical confocal image for the W/O/W emulsions. It is clearly demonstrated that water 

droplets were encapsulated within oil droplets.  

 Since lipolysis is an interfacial reaction, its rate would depend on stability and surface 

area of the interface, which can change when exposed to gastric and intestinal conditions (Malaki 

Nik, et al., 2010). Figure 4.3 shows the changes in particle size distribution during in vitro 

digestion. In the current study, all emulsions were subjected to simulated gastric digestion for 30 

min. During the gastric phase, emulsions were diluted by the SGF, affected by its ionic strength 

and exposed to the acidic pH of the medium and the presence of pepsin. It is known that casein 

proteins at the interface are easily accessed and hydrolyzed by gastric pepsin in an in vitro 

medium (Singh & Ye, 2013; Liu et al., 2014). The proteolysis by pepsin and the acidic 

environment of the SGF resulted in the loss of the electrostatic charge and steric repulsion 

between droplets which led to aggregation and flocculation and eventually an increase in the 

average particle sizes, as previously reported in the literature (Day et al., 2014). Figure 4.3 shows 

the particle size distributions of the various emulsions after addition of SIF (without enzymes), 

or over time during intestinal digestion (with enzymes). In the presence of SIF with no digestive 
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enzymes present, it was clearly shown that the particle size did not substantially change during 

the gastric stage, agreeing with previous work on the in vitro digestion of W/O/W (Shima et al., 

2004; Frank et al., 2012) and that, in the case of double emulsions, some smaller particles were 

also noted (Figure 4.3B). Similar findings were also reported after in vitro digestion of soy-

protein stabilized single emulsions (Malaki Nik et al., 2011b). The re-emulsification could be 

attributed to the dilution of digestate with the SIF, the interfacial displacement of remaining 

peptides moieties with bile acids and phospholipids of the SIF (Singh & Ye, 2013), and the 

mechanical input of shaking (Malaki Nik et al., 2010).  

 Addition of SIF with pancreatic enzymes, lipase, phospholipase and more proteolytic 

enzymes, chymotrypsin and trypsin caused further proteolysis of the protein layer (Malaki Nik, 

et al., 2010). Residual surface active molecules are displaced by the surface active bile acids and 

phospholipids, followed by the initiation of lipolysis (Liu et al., 2014). There seemed to be a 

profound difference in the evolution of droplet size between the O/W emulsion and the multiple 

emulsions, which already after 15 min showed larger aggregates, as well as a polydistribution in 

terms of size. In both W/O/W emulsions, regardless of the presence of β-C, early destabilization 

occurred and could be attributed to intense flocculation and coalescence of oil droplets (Shima et 

al., 2004).  

 

 

 

 

 

 

 

 

 

Figure 4.2 - Confocal microscopic image of a 10% Canola oil W/O/W-Control emulsion 

stabilized with PGPR as the hydrophobic emulsifier and 1.6 % sodium caseinate protein as the 

hydrophilic emulsifier. Bar shows 5 um scale. 
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Figure 4.3 - Particle size distributions of the emulsion samples before digestion (A), after the 

gastric phase and mixing with the SIF without pancreatic enzymes (B) and 15 min (C), 30 min 

(D), 60 min (E), and 120 min (F) after adding the enzymes. W/O/W-β-C emulsion (▲), W/O/W-

control (∆) and O/W-β-C (●). Plots are representative of three independent experiments. 
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Table 4.3 - Changes in average particle diameter (d3,2 μm) of emulsions after gastric digestion 

and during incubation with SIF. (0’I) represents the emulsion samples after 30 min of gastric 

digestion and the addition of SIF without pancreatic enzymes. Data are the average of three 

independent experiments ± standard deviation. Different superscripts indicate significant 

difference between means (within rows), p<0.05. 

 

 Similar findings were reported on the particle size changes of whey protein-stabilized 

double emulsions during intestinal digestion, with the formation of small size droplets during the 

incubation with SIF (with enzymes) (Frank et al., 2012). Table 4.3 summarizes the values of 

average particle size (d3,2) (surface area weighted mean) as a function of incubation time with 

SIF, (d3,2) values are more reflective of the presence of fine particles in size distributions. 

The presence of smaller average droplet diameter was attributed to a decrease of the inner W1 

droplets size due to coalescence of W1 and W2 or what others call “lamellar thinning” (Benichou 

et al., 2004). Since the change was only noticed in samples mixed with enzymes, it is the 

lipolysis of the oil phase (thinning of oil layer) that leads to the coalescence not swelling-

Initial emulsion 
O/W-β-C W/O/W-β-C W/O/W-Control 

1.73 ± 0.02a 1.78 ± 0.05a 1.84 ± 0.05a 

Digestion time 

(min) 

Average droplet diameter (µm) 

0’I 1.73 ± 0.03a 0.79 ± 0.07b 0.4 ± 0.20c 

5 2.72 ± 0.15a 3.40 ± 0.24b 3.3 ± 0.10b 

15 3.22 ± 0.01a 4.11 ± 0.10a 3.2 ± 2.40a 

30 6.2 ± 3.00a 3.7 ± 0.80a 5.3 ± 1.10a 

60 11.9 ± 3.80a 9.7 ± 0.30a 3.8 ±  0.40b 

120 10.2 ± 1.80a 4.7 ± 0.10b 3.0 ± 0.60b 
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breakdown due to the osmotic gradient of the SIF, which was also refuted in earlier work (Frank 

et al., 2012). In contrast, the single emulsions (O/W-β-C) continued to show a prevalently 

monomodal distribution of sizes, but with a significant increase in average droplet diameter up to 

10±1.8 µm (Figure 4.3 and Table 4.3). This difference in the particle size distribution between 

W/O/W and O/W emulsions could affect the kinetics of lipolysis (McClements & Li, 2010b).  

4.4.2 Free fatty acid release during digestion 
 

 The release of FFA was followed during in vitro digestion. During lipolysis, pancreatic 

lipase and co-lipase, in the presence of surface active bile salt, anchor themselves to the interface 

and start hydrolyzing TAG molecules into 2 FFA molecules and one monoacylglycerol (Wilde & 

Chu, 2011). In the current study, measuring FFA release during lipolysis allows estimating % of 

oil lipolysis, assuming that for each TAG molecule there are 2 of the FFA. Figure 4.4 shows the 

differences in rate and extent of FFA released as a function of time. Regression analysis model 

of hyperbola profile was used to evaluate the kinetics of the lipolysis reaction and the predicted 

maximum FFA release (Frank et al., 2012). Curve fittings are shown in Figure 4.4, while the 

fitted parameters ymax and k used to compare the lipolysis profile for the single, double and 

control emulsion samples are shown in Table 4.4. Both the predicted maximum (ymax) and the 

obtained FFA% released from O/W-β-C emulsion after 2 h of lipolysis, were significantly higher 

than those of the double emulsions (both control and the β-C loaded samples) (p<0.05). 

 The differences in the k values (numerical value for the speed of the reaction to reach its 

maximum predicted FFA release) are explained by the structural differences of the emulsions 

during digestion, namely the differences in size and stability of the emulsions and the ability of 

lipase and surface active bile salts and phospholipids to access the interface, which may be 

hindered by droplets aggregation. It is known that the rate and extent of lipolysis is affected by 

the available oil droplet surface area (Armand et al., 1992), so the increase of particle size due to 

flocculation is another contributing factor in limiting the lipolysis reaction. Based on the fitted 

parameters model, the lipolysis reaction of the W/O/W-β-C emulsion would reach a maximum 

FFA release around 22% after only 4.8 min (Table 4.4), suggesting an early inhibition of the 

lipolysis reaction.  
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4.4.3 Bioaccessibility of β-carotene in the miceller phase 

 The absorption and bioavailability of dietary hydrophobic bioactives such as β-C are 

strongly dependent on the type of food matrix in which they are present (Castenmiller & West, 

1998). Free fatty acids released during digestion of oil-water emulsions, are surface active 

molecules that together with bile salts and phospholipids are capable of forming transport vehicle 

and mixed micelles that are essential for transfer of hydrophobic bioactives across the intestinal 

epithelium and their incorporation into lipoproteins for transport in the blood (Borel et al., 1996; 

Yonekura & Nagao, 2007; Liu et al., 2012). Therefore, lipolysis and the formation of micelles 

are considered limiting steps in the bioaccessibility of hydrophobic bioactives (Salvia-Trujillo et 

al., 2013). Previous trials for optimizing intestinal in vitro models demonstrated that the 

composition of SIF, that is to say pancreatic lipase and co-lipase, bile salt, phospholipids, and 

PLA2, strongly affects β-C micellization (Malaki Nik, et al., 2010). 
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Figure 4.4 - FFA% released during intestinal in vitro lipolysis of emulsions against time; O/W-

β-C (●), W/O/W-Control (∆) and W/O/W-β-C (▲). Curves show a hyperbola regression model 

to evaluate the speed of the reaction. Data represents the average of 3 independent experiments 

and error bars represent standard deviation. 

 

Table 4.4 - Regression fitting parameters (predicted values) describing the extent (ymax %) and 

the rate (k) of the in vitro lipolysis of O/W-β-C, W/O/W-β-C and W/O/W-Control emulsions ± 

standard error. Significance of the fitted parameters was tested using t-test (P<0.05). Superscripts 

indicate significant difference between regression parameters (across columns). 

 ymax % k (min) 

O/W-β-C  35.1±1.2a 6.25±1.0a 

W/O/W-β-C  22.1±0.1b 4.88±1.0a 

W/O/W-Control  23.2±1.1b 6.35±1.5a 
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 The amount of β-C as a percentage of the initial emulsion concentration, recovered in the 

intestinal phase of digestion is plotted in Figure 4.5. Both emulsions had relatively low β-C % 

transfer, up to only 10 %. The large emulsion diameter (initially, 1.8 ± 0.5 µm) and the high 

hydrophobicity of the β-C molecules, both contributed to the lower bioaccessibility of β-C in the 

micellar phase. Statistical analysis showed higher percentage of transfer after digestion of single 

emulsions compared to the W/O/W emulsions. Results conform to the higher extent and rate of 

lipolysis observed in case of the single emulsion samples, and agree with earlier studies; the 

extent of β-C transfer to the aqueous phase is bound to the extent of lipolysis (Liu et al., 2012; 

Liu et al., 2014). It is expected that the hydrolysis of the protein interface that was started in the 

gastric phase would liberate some of the β-C. Figure 4.5 shows that a small percentage of β-C 

was transferred to the aqueous phase at the beginning of the intestinal phase (in the absence of 

pancreatic enzyme), in both emulsions. This was further facilitated by the presence of bile salts, 

phospholipids and surface active peptides released during proteolysis (Liu et al., 2014). Although 

both the bile salt and the phospholipids are key blocks in the building of intestinal micelles and 

other aqueous phase structures, they alone are not capable of incorporating the β-C in the 

micelles and triacylglycerol lipolysis and the liberation of monoacylglycerols and fatty acids are 

essential in such regard (Borel et al., 1996). On the other hand, lower % of β-C transfer in case of 

the double emulsions suggests that some destabilization started earlier in the gastric phase.  

 Figure 4.6 shows the correlation between FFA % release and β-C transfer. The single 

emulsions and double emulsions had strong correlations between their lipolysis and β-C transfer, 

with r2 = 0.99 and 0.97, respectively. Results agree with previous work (Malaki Nik et al., 

2011b) and explain the low transfer % in samples without the pancreatic enzymes. The β-C 

transfer was lagging behind FFA release, 10% transfer versus 35% FFA release. Observations 

agree with previous work on the bioaccessibility of β-C. It was suggested that the high 

hydrophobicity of β-C and their affinity for the oil droplets core rather than the interfaces (Borel 

et al., 1996; Fernández-García et al., 2007) affect its bioaccessibility. In the current study, the 

initial emulsion size could be another contributing factor. Lower lipolysis reported after in vitro 

digestion of initially large size emulsions (Armand et al., 1999) results in limited availability of 

surface active moieties and monoacylglycerols essential for micelle formation. 
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Figure 4.5 - Beta carotene transfer (%) into the aqueous phase as a function of digestion time 

(min). Double emulsions (black) and single emulsions (white), samples mixed with SIF without 

pancreatic enzymes are labeled (0). Error bars represent standard deviation.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6 - Correlation between β-C transfer and FFA release during the simulated intestinal 

digestion of single (○) and double emulsions (●), r2 = 0.99 and 0.97, respectively. Error bars 

represent standard deviations.  
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Another explanation for lower bioaccessibility in the case of large size emulsions would be the 

inaccessible portion of β-carotene that is retained in the undigested oil (Salvia-Trujillo et al., 

2013). 

4.5 Conclusions  
 

 The current study evaluated in vitro digestion of single and double emulsions of the same 

oil contents to assess the effect of the emulsions microstructure on the kinetics of lipolysis in 

vitro. The early inhibition of lipolysis in case of double emulsions supports the potential food 

application of W/O/W emulsion systems, as a substitute for conventional single emulsion in high 

fat products. The double emulsion showed lower rate and extent of lipolysis in the in vitro 

model; however its low stability under intestinal conditions hindered the bioaccessibility of the 

lipophilic bioactive. 

 Although both emulsions had the same initial particle size and oil content, the structural 

characteristics of double emulsions made them more resistant to lipolysis in vitro compared to 

single O/W emulsions. Results hence supported the application of W/O/W in low-fat functional 

food. Further studies on the physical and chemical properties of these emulsions with long 

storage times are needed before these systems may be applied as matrices in processed foods. 

 Further investigations regarding the physical and rheological characteristics of W/O/W 

are needed to assess their palatability and perception by consumers. The success of such 

substitution depends of the ability of a low fat % W/O/W emulsion to simulate the oral-sensory 

perception of a high fat O/W emulsions. Structural modifications could combine different 

techniques to replicate the pleasant flavor that is linked to human oral perception of fat taste 

(Day et al., 2014); manipulating oil fraction through double emulsions (Leal-Calderon et al., 

2012), using thickeners in the continuous phase or choosing an oral-stable hydrophilic emulsifier 

(Camacho et al., 2015). Most importantly, for the potential application of double emulsions in 

food industrial scale, challenges such as long term stability and the usage of food grade 

stabilizers, needed to be addressed (Dickinson, 2011). 
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Chapter 5. General Conclusions 
 

Modelling human digestion in vitro is a simulation tool for preliminary evaluation of the 

effects of certain elements on human health after oral administration. It is used for 

pharmaceutical and nutraceutical applications as well as evaluating toxicity of environmental 

chemicals. Also, in vitro digestion models are used to evaluate novel food matrices and 

microstructures developed as functional food products. These food products are considered a part 

of a unanimous trend to improve the quality of life through choosing healthier food options. In 

vitro models are screening tools that limit the number of studies to be done on animals or 

humans which is a crucially important value. Furthermore, these tools are necessary to 

mechanistically understand the factors involved in digestion and absorption of nutrients, and 

better explain human intervention trials. They are also practical and reproducible and allow for 

easier collection of samples for further analyses. Various models have been developed by 

different laboratory groups and they are continuously evaluated and validated. 

In the first part of the current research project, two in vitro digestion models often employed 

in the evaluation of intestinal lipolysis of O/W emulsions were investigated, in parallel. The pH-

stat titrimetry technique was compared to a batch digestion model that is followed by enzymatic 

evaluation of lipolysis products, namely FFA. Parameters known to be influential on the kinetics 

of lipolysis were studied; pH of titration, calcium concentration and mode of addition, and type 

of fat in the emulsion; long (LCT) and medium chain triglyceride (MCT). Calcium plays an 

important role in the in vitro pancreatic lipolysis of LCT, precipitating surface active FFA and 

preventing their accumulation on the oil/water interface which could hinder the interfacial access 

of lipase for further lipolysis (Patton & Carey, 1979; Armand et al., 1992; Ye et al., 2013).  

It was hypothesized that continuous replenishing of calcium during in vitro digestion, 

simulating intestinal cellular uptake, would improve the kinetics of lipolysis of LCT. The results 

showed that, indeed, calcium is important for improving the kinetics of lipolysis. In the titrimetry 

technique, however, the pH of the medium is a limiting factor. At pH 7 (the most commonly 

chosen pH for titration) non-ionized FFA calcium soaps are not titrated, leading to an 

underestimation of the extent of lipolysis. When the pH is raised to 9 (covering the pKa values of 

most long chain fatty acids) the recovered precipitated FFA are then measured increasing the 
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values of total lipolysis. On the other hand, in the case of the enzymatic estimation of FFA, 

different concentrations of calcium were found to significantly interfere with the enzymatic kit 

and in turn the lipolysis profiles of both fat emulsions.  

The comparison of the two methods supported the use of pH-stat titrimetry technique at pH 

7 and 9 as a screening tool for evaluating lipolysis of O/W emulsions; however, factors inherent 

in the model e.g. extreme dilution of the sample and the addition of NaOH during titration render 

the post-digestion analysis difficult in most cases e.g. protein analysis, cell culture assays and 

microstructural characterization. Hence, batch digestion is still necessary when further analysis 

of the digestates is needed. 

Recently, another static in vitro digestion model has been developed under advisement of an 

international task force. This model was published to set guidelines for various steps in the 

digestion process to be reproduced by different research groups (Minekus et al., 2014). The 

guidelines included recommended enzyme concentrations and activities, electrolyte 

concentrations, pH, transit times and sample: digestion fluids ratios. The model was employed in 

the second part of the current research to test its reproducibility and its limitations. This model 

allowed for continuous sampling of digesta for evaluating structural changes during digestion. 

For that part, lipolyses of double oil/water emulsion samples were evaluated against single 

emulsions. Double emulsion systems are being investigated by food scientist for potential 

applications in low-fat and improved-fat quality products (Dickinson, 2011; Cofrades et al., 

2013)  

It was hypothesized that the microstructural difference between single and double emulsion 

samples of the same oil content and particle size would influence their lipolysis profile. β-

carotene was used as a model hydrophilic bioactive, loaded in both emulsion samples, to 

additionally evaluate the effect on bioaccessibility. Results showed an early inhibition of 

lipolysis in the double emulsion samples compared to single emulsion samples of the same 

particle size. Early destabilization of double emulsion in intestinal medium hindered lipolysis 

and consequently limited the β-carotene transfer to the aqueous phase. This work clearly 

demonstrated that by designing different microstructures it is possible to influence the digestion 

kinetics of double emulsions, and further work in this area is recommended. Additionally, 

investigating the potential sensory benefits of using double emulsions substituting conventional 
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single emulsions used in high fat products e.g. dressings and spreads could be another step 

towards successful and commercial use of double emulsions as functional food systems.  

In summary, this work emphasizes the importance of continuously evaluating and validating 

the various methodologies used for in vitro digestion modelling. Further learning about the 

advantages and limitations of each model will helps in choosing the most relevant model to the 

food system under investigation and other post digestion analyses. 
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