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Abstract 

Short-chain fatty acids (SCFAs) are important functional metabolites. There is clinical 

evidence to show that they are useful in the prevention of the metabolic syndrome, 

bowel disorders and certain types of cancer. Therefore, supplementation of SCFAs to 

the daily diet brings benefits to human health. However, SCFAs are small and water-

soluble molecules that are quickly absorbed in the upper gastrointestinal tract. This 

project aimed to develop carbohydrate-based systems to deliver tripropionin (TP, 

glycerol tripropionate) and tributyrin (TB, glycerol tributyrate) as sources of propionic 

and butyric acids into the colon. Two types of emulsion systems were employed, i.e. 

surfactant-stabilised oil-in-water (O/W) emulsions (single and double-layer systems) 

and particle-stabilised O/W emulsions (Pickering emulsions). The systems were 

characterised in terms of structural stability, surface charge, rheological properties, 

lipolysis degree and release of SCFAs under a static in vitro gastrointestinal digestion 

and an in vivo study with ileal-cannulated pigs.  

 

In the screening experiments, several potential carbohydrate materials were explored, 

i.e. three modified starches (GUM, N46 and N-LOK), four pectins (PEC) and 

hydrophobically modified inulin (M-IN), to produce single-layer O/W emulsions. A 

double-layer O/W emulsion was also produced by combining whey protein isolate 

(WPI) and chitosan (CS) as the first and second layers, respectively. The capacity of 

emulsion systems for colon-targeted delivery of SCFAs was then tested using a static 

in vitro gastrointestinal digestion. The results show that PEC displayed the poorest 

emulsifying capacity amongst all investigated carbohydrates, leading to an emulsion 

droplets size (d32) of around 7.3 µm. However, PEC-based formulation was the best 
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Chapter 1 - Introduction 

1.1. General introduction 

There is increasing evidence that short chain fatty acids (SCFAs), such as propionic 

and butyric acids, play an important role in mediating gut integrity, regulating the 

immune system and preventing bowel diseases, including cancer (Besten, et al., 2013; 

Mortensen & Clausen, 1996; Tan, et al., 2014; Venegas, et al., 2019).  

 

SCFAs, are saturated aliphatic acids containing six or fewer carbon molecules and 

include acetic, propionic, butyric, valeric and caproic acids. They are produced in the 

colon when microbiota ferment non-digestible carbohydrates (dietary fibre). However, 

in the modern way of life, people often do not consume enough fibre to bring the 

benefits in the colon. Also, the type of SCFAs produced through fermentation differ by 

fibre type, while some SCFAs are known to be more beneficial than the others. This 

leads to the need for supplementation of SCFAs in the daily diet. However, these 

SCFAs are known to absorb in the upper gastrointestinal tract. Therefore, there is a 

need for appropriate delivery systems that will prevent premature absorption (and/or 

degradation) to achieve a colon-targeted delivery in order to harness the benefits of 

SCFAs.  

 

The development of target-delivery systems for SCFAs has attracted considerable 

attention from scientists worldwide. The research aimed to develop carbohydrate-

based systems to deliver SCFAs into the colon. Fig. 1.1 demonstrates two different 

pathways of delivering SCFAs into the colon, 1) fermentation of fibre that has been 
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widely described in the literature and 2) carbohydrate-encapsulated SCFAs (CE-

SCFAs) that will be investigated thoroughly in this study. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Two different pathways of delivering SCFAs into the colon 

 

In the first pathway, SCFAs are mainly produced in the colon through the fermentation 

of fibre. However, the type of SCFAs produced varies depending on the fibre type and 

individuals. This drawback could be addressed by the use of CE-SCFAs. In this thesis, 

it is hypothesized that SCFA production from CE-SCFA systems at the gastric stage 

is limited due to resistance of carbohydrates to gastric digestion. In the small intestine, 

higher proportion of SCFAs is released, which depends on the resistance of the 

delivery systems to bile-salt displacement and in the colon, all SCFAs are released. 

SCFAs could also be produced from carbohydrates through the ileal and colon 

fermentation but the amount is insignificant due to low concentrations.   
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In this thesis, effective CE-SCFA systems were developed, and characterised in terms 

of particle size, surface charge, structural stability, degree of lipolysis and release of 

SCFAs during in vitro and in vivo gastrointestinal digestion. This thesis sought to 

answer the following questions:  

1. a) How do O/W emulsions stabilised by different polysaccharides behave under 

in vitro gastrointestinal conditions?   

b) What is the impact of emulsifier surface coverage during this process?  

2. How does a Pickering emulsion stabilised by cellulose nanocrystals (CNCs) 

behave under the in vitro gastrointestinal conditions?   

3. Under in vivo conditions, to what extent are SCFAs released in the small 

intestine and in the colon?  

1.2. Thesis structure  

To achieve the project objectives, the study was conducted in four stages, organised 

into subsequent four research chapters.   

 

Chapter 2  

Literature review provides a review the role of SCFAs in the maintenance of gut health 

and the importance of delivering them to the colon. This chapter also summarises the 

advantages and disadvantages of previously reported colon-targeted delivery 

systems. The comprehensive review of the colon-targeted delivery systems leads to 

the selection of the carbohydrates as emulsifiers for traditional and Pickering O/W 

emulsions.  

 

Chapter 3  
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A screening study (research question 1a) presents the use of various carbohydrate 

materials, i.e. modified inulin, modified starches, chitosan and various types of pectin 

to produce single and double-layer O/W emulsions. As a control, an emulsion 

stabilised by whey protein isolate, was used that is known to be susceptible to gastric 

destabilization. Changes in the emulsion structure, surface charge, lipolysis and 

release of SCFAs were investigated by an INFOGEST static in vitro gastrointestinal 

digestion (Minekus, et al., 2014). A selected carbohydrate will be used in Chapter 4.  

 

Chapter 4  

This chapter (research question 1b) investigates the effects carbohydrate 

concentrations as well as coverage at the O/W interface on in vitro lipolysis and 

release of SCFAs. In addition, the displacement of the adsorbed carbohydrate at the 

O/W interface by bile salts was investigated quantitatively. The study provided an 

understanding of the carbohydrate-bile salt interactions, providing an evidence for the 

role of a thick layer at the O/W interface to improve resistance to bile salt displacement.   

 

Chapter 5 (research question 2) describes the formation of Pickering emulsions using 

hydrophobically-modified CNCs with octenyl succinate anhydride (OSA). Emulsion 

properties, including microscopic structure, surface charge, rheological properties and 

behaviours under various pH and ionic strengths were investigated. The INFOGEST 

static in vitro gastrointestinal digestion was performed to validate the suitability of the 

Pickering emulsions for delivery of SCFAs to the colon. This study revealed that 

adsorbed solid stabilisers could resist bile-salt displacement and delay digestion due 

to high desorption energy of the particles from the O/W interface.  
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Chapter 6 (research question 3) details an in vivo study of the selected emulsions 

using cannulated pig model. The microstructure of the digested emulsion obtained at 

the terminal ileum was investigated with confocal laser microscopy. Lipolysis and 

release of SCFAs in the small intestine and the colon were determined. An in vitro 

digestion of the same emulsion system was also conducted to compare with the pig 

study. The study confirms the biological relevance of in vitro models by comparing with 

the in vivo results. This provides a better understanding of the fate of chosen 

carbohydrate-based emulsion in the GIT, and ultimately provides useful knowledge for 

designing delivery systems for future human studies.  

 

Chapter 7 summarises the main findings of this study as well as highlights the future 

research prospects for colon-targeted delivery of SCFAs.  

 

The thesis structure, including main sections of each chapter is shown below. 

Chapter 1 - Introduction 

Chapter 2 - Literature review 

Chapter 3 - In vitro digestion of SCFA-supplemented emulsions using various 

carbohydrate surfactants: a screening study 

�x Hydrophobic modification of inulin  

�x In vitro digestion of various single-layer carbohydrate-based emulsions 

�x In vitro digestion of a multi-layer emulsion using WPI and Chitosan 

Chapter 4 - Optimising a carbohydrate-based system for colon-target delivery of 

SCFAs - an in vitro study 
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�x Gastric digestion 

�x Intestinal digestion 

�x Interaction of adsorbed carbohydrate and bile salts 

Chapter 5 - Design and in vitro evaluation of SCFA-supplemented Pickering 

emulsions using modified CNCs 

�x Hydrophobic modification of CNCs 

�x Responsiveness of modified CNCs-based emulsions to various pH and ionic 

strengths 

�x In vitro digestion of modified CNCs-based emulsions  

Chapter 6 - In vivo digestion of SCFA-supplemented emulsions using cannulated 

pig model 

�x In vitro digestion 

�x In vivo study 

Chapter 7 - Key findings and future research prospects 
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Figure A3.1. Size distributions of particles in various emulsions at different TP:SO 

weight ratio (1:0, 1:1 and 1:2) and WPI concentrations (wt%) 
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Figure A5.2. Particle size distribution of 1.00 wt% MCNC dispersion measured by a 

zetasizer (ZS Nano, Malvern Instruments Ltd, UK).  
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Figure A5.8. GC profiles of (A) short-chain triglycerides and (B) SCFAs of the 

sequential gastrointestinal-digested sample after 10 min of digestion.   
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