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Summary 

 

Health-promoting benefits of probiotics after oral administration are challenged by 

antimicrobial bio-barriers in human gastrointestinal (GI) tract. The objective of this 

project was to develop an applicable delivery system based on chitosan-coated sub-100 

µm Ca
2+

-alginate gel microcapsules for improved colonic delivery of probiotic lactic 

acid bacteria (LAB). 

Flow cytometric analysis (FCM) was utilized to evaluate sucrose and lecithin vesicle on 

six probiotic LAB strains for the protection against the GI defensive factors – gastric pH 

and bile acids, respectively. Three subpopulations (intact, injured and dead) could be 

clearly identified in each sample. In the presence of the protectants, significant 

expansion of the intact subpopulation was observed, whereas the dead subpopulation 

was highly decreased. 

The protectants were then incorporated in Ca
2+

-alginate microcapsules prepared by an 

internal-gelation/emulsification technique. With the protection of the reinforced sub-100 

µm delivery system, all four examined probiotic strains showed improved survival 

through an 8-h sequential treatment of the simulated GI fluids. The degradation of the 

delivery system was also found to respond to the extracted enzymes from human faeces. 

Approximately 80% of the embedded probiotic bacteria were released within 8-h 

suspension in the simulated colonic fluid, whereas the release ratio was only 10% in the 

absence of the colonic enzymes. Additionally, the probiotic delivery system was further 

confirmed to enhance the storage stability of the probiotic LAB strains and have no 

obvious adverse influence on the probiotic (e.g. antimicrobial) effect of the embedded 

probiotic bacteria. 

The mucoadhesive property of the probiotic delivery system was modified by coating 

with chitosan. The coated system could retain markedly more probiotic bacteria on 

HT29-MTX colonic epithelial monolayer. The coatings were further demonstrated in an 

innovative tensile test to exert stronger mucoadhesion to the colonic mucosa tissues at 
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near neutral pH and with less ambient water, which highly conforms to the 

physiological environment of the colon. 

In conclusion, the novel probiotic delivery system was proved to be an efficient vehicle 

for the colonic delivery of a variety of LAB probiotic strains. The developed probiotic 

delivery system also indicates the readiness for future research on in vivo confirmation 

and clinical trials.  
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Chapter 1. General introduction 

1.1. General introduction 

Probiotic bacteria are defined as live microorganisms which, when administered in 

adequate amounts, confer a beneficial physiological effect in the host [1]. More recently, 

probiotics have become a driving force in the design of functional foods, especially 

from dairy products. Scientific evidence is accumulating, supporting the use of 

probiotics to maintain human health, particularly against certain gastrointestinal (GI) 

disorders. Nowadays, most probiotic strains that have been intensively researched by 

academia and industry belong to the lactic acid bacteria (LAB), e.g. lactobacilli and 

bifidobacteria. Further to the original role of LAB in the dairy industry, the extended 

probiotic functions of selected LAB strains have opened up the new horizon of 

increased market potential for health products, which also turns into a new research 

focus in New Zealand [2]. 

Colonic delivery of viable probiotic bacteria is an essential prerequisite for many 

probiotic effects to initiate. However, stability of probiotic bacteria, i.e. the preservation 

of viable cells, is frequently challenged by various stress-factors during processing, 

storage, and post-consumption passage in the GI tract. Therefore, the development of 

effective delivery systems is consistently pursued for successful probiotic products with 

assured efficacy. 



Chapter 1 - General introduction 

2 

As a promising technology for the preservation of many types of probiotics, 

microencapsulation has made its contribution in many reported applications, and is thus 

recommended by many as a mandatory practice for achieving the promised health 

benefits. Microencapsulation has been defined as “the technology of packaging solid, 

liquid and gaseous materials in small capsules that release their contents at controlled 

rates over prolonged periods of time” [3]. Such technology is of significant interest to 

the pharmaceutical sector, but also has relevance for the food industry. It applies a 

physical barrier to protect bioactive components against any adverse environmental 

conditions. In regard to viable probiotics, it becomes more and more recognized that 

microencapsulation can have positive influence on stabilizing cells and bestow 

convenience to handling and storage of many probiotics on an industrial scale [4]. Some 

LAB strains have also been reported to profit from microencapsulation in matrices 

during dehydration and lyophilisation [5]. 

Many previously reported microencapsulation practices of probiotics were carried out 

with polysaccharide beads that have a size range of several millimetres. However, 

microcapsules at a reduced dimension (i.e. below 100 µm) offer a number of 

distinguishing features, which may make them a more efficient colonic delivery system 

for probiotic bacteria. Firstly, only particles less than 100 µm can avoid oral detection, 

thus providing an unaltered texture when incorporated in foods, such as yoghurt, ice-

cream, and fermented drinks. Secondly, the reduced size may also allow a more 

efficient release of entrapped contents, in response to environmental releasing triggers, 

such as colonic-microflora-induced degradation of polysaccharide gels. Thirdly, the 

reduced size can mitigate inconsistencies in the performance of large probiotic beads 

caused by heterogeneous formations in wall matrix and uneven distribution of 

embedded bacteria. Fourthly, the increasing coating-to-core ratio can significantly alter 
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the physiochemical characteristics of microcapsules by highlighting the effects of 

applied coatings, e.g. the potential of mucoadhesive coating materials. Finally, 

microcapsules with reduced sizes are more prone to be lodged in surface folds and 

crevices of the lower GI tract, and subject to less forces of dislocation, thus supporting 

the prolonged GI retention of the system. Therefore, the value of such probiotic delivery 

systems is enormous. Hence, the current project will be dedicated to the development of 

such a colonic delivery system for probiotic bacteria based on the concept of sub-100-

µm polysaccharide microcapsules. 

1.2. The scope of the current project 

In recent years, probiotic bacteria have attracted great attention for their promising uses 

as functional food ingredients and therapeutic agents. However, considerable difficulty 

lies in delivering this potential functionality to consumers. Microencapsulation has been 

reported in many studies to improve the survival of probiotic bacteria against various 

stresses. The principle is to apply polymer matrix and thus separate embedded cells 

from direct disturbance of harsh environments. Ca
2+

-alginate hydrogel provides a 

successful example for this application. 

Reducing the size of probiotic microcapsules (e.g. below 100 µm) can confer some 

extra advantages for the oral delivery of probiotic bacteria. However, the accordingly 

decreased protection by microcapsules inevitably questions the efficiency of such 

systems, particularly when they are subjected to the potent GI bio-barriers (e.g. gastric 

pH and bile). On the other hand, the conventional enumeration techniques based on 

proliferation (e.g. plate count) was suggested to be limited in providing in-depth 

evaluation of the stresses to probiotic bacteria. Flow cytometric (FCM) analysis was 

therefore considered to be a powerful supplement to the current research. In addition, 
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mucoadhesive properties of the delivery system are also worthy of careful investigation. 

The delivery system is expected to prolong retention time in the colon where release is 

triggered. Since the reduced size also opens the opportunity of increased amount 

(relative to per unit core content) of mucoadhesive coating, the use of novel 

mucoadhesive materials such as thiomers may be extended to improve the efficiency of 

colonic delivery of probiotics. 

Therefore, the objectives of this study are summarised as follows: 

1. Use FCM analysis to evaluate two hypothesized protectants for improved 

survival of probiotic bacteria against the GI stress factors 

2. To prepare probiotic microcapsules with a narrow size distribution of 100 µm by 

a modified emulsion method; the microcapsules to provide a protective shield 

for probiotic cells against simulated GI challenges; 

3. To evaluate the protection by the delivery system during lyophilisation and 

storage; to evaluate the probiotic function (e.g. antimicrobial effect against food-

borne pathogens) after model probiotic strain is immobilized in the delivery 

system. 

4. To evaluate the mucoadhesive property of the delivery system for prolonged 

colonic retention; to evaluate the potential use of thiomer as a mucoadhesive 

coating material. 

The following experiments were conducted to test the hypothesis and fulfil the 

objectives. The results are detailed in the remainder of this study. 

Chapter 2, the literature review, provides knowledge on probiotic bacteria, strategies for 

improving the survival of probiotic bacteria at various stages, advantageous FCM 
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analysis for evaluating protection to probiotic bacteria, colon delivery, and strategies for 

improved colonic retention.  

Chapter 3 describes the use of flow cytometry for the evaluation of two hypothesized 

protectants metabolisable sugar and lecithin vesicle for the protection of probiotic LAB 

strains over the GI stress factors. 

Chapter 4 describes the development of the probiotic delivery system based on sub-100 

µm chitosan-coated Ca
2+

-alginate microcapsule and its performance against simulated 

GI challenges. 

Chapter 5 evaluates the survival of probiotic strains in the probiotic delivery system 

during lyophilisation and storage. The probiotic inhibitory effect on food-borne 

pathogens after immobilization in the delivery system was also demonstrated on a 

model strain L. reuteri DPC16. 

Chapter 6 evaluates the mucoadhesive property of the delivery system. Thiolated 

chitosan was also tested as the mucoadhesive coating for the probiotic delivery system 

for its improved mucoadhesion performance. 

Finally, Chapter 7 concludes with a summary of experimental results and identifications 

of future utilization of developed models, modelling methods, and FCM. 
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Chapter 2. Literature review 

This chapter is a review on probiotic bacteria, strategies for improving the survival of 

probiotic bacteria at various stages, advantageous FCM analysis for evaluating 

protection to probiotic bacteria, colonic delivery, and strategies for improved colonic 

retention. 

2.1. Probiotics as functional food ingredients and therapeutic agents 

2.1.1. Probiotics 

Probiotics are attracting substantial attention as an important functional food ingredient 

owing to prophylactic and therapeutic effects on maintaining or restoring the 

physiological state of the human GI tract. Probiotics are “live microorganisms which 

when administered in adequate amounts confer a health benefit on the host” [1]. Many 

of the probiotics currently available for medical and commercial use are lactic acid 

bacteria (LAB), which predominantly come from the genera Lactobacillus and 

Bifidobacterium. They are also components of important intestinal microflora which 

contribute to the healthy human GI tract [6-7]. Evidence-based reports have claimed a 

variety of beneficial functions of probiotics over the years, which suggested that certain 

probiotics or combinations of probiotics can normalize the intestinal microflora, 

reinforce the mucosal barrier against invasion by potential pathogens, ameliorate lactose 

intolerance, relieve symptoms for several types of diarrhoea, provide adjuvant cure of 

irritable bowel syndrome (IBS) and inflammatory bowel disease (IBD), prevent colon 
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cancer, modulate immune function, potentially enhance calcium absorption, and reduce 

cholesterol level [8]. With more accumulation of knowledge, it is hence believed that 

the application and utilisation of these probiotics will be enriched. 

2.1.2. Administering routes of probiotics 

The applications of most probiotics are associated with their delivery to the human GI 

tract, which body region is their most popular habitat and site of function. Besides, most 

probiotic LAB are also largely incorporated as functional food ingredients, especially in 

dairy products (cheese, yoghurt, beverage and etc.). Therefore, oral consumption is 

always the most popular method for the intake of probiotics for household consumers. 

It was also suggested that oral routes may not be essential for probiotic functions to take 

place, whereby alternative administering routes in some cases could exert the same 

effect [9]. As valuable supplements to oral administration, alternative administering 

routes of probiotics may also be practised for specific therapeutic purposes. Topical 

administration of probiotic strains selected from the skin microflora was innovatively 

demonstrated to stimulate innate immunity in a few cases [10-11] and was used to 

control the burn wound infection [12]. In another case, the parenteral administration of a 

probiotic strain L. salivarius 118 was proven to exert non-specific anti-inflammatory 

effects and attenuate the symptoms of colitis and arthritis in mice [9]. 

Nevertheless, these studies on unconventional administration of probiotics, however 

innovative, compose only a small fraction of the mainstream research. Current focus is 

still given to orally administered probiotics, owing to the incomparable ease of 

administration. 
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2.1.3. Mechanisms of probiosis 

A number of mechanisms of probiosis have been postulated to elucidate the probiotic 

benefits.  

 Many probiotics show markedly inhibitory effects against pathogens and reinforce 

the frontier protection of the GI tract.  

Probiotics can compete for adhesion sites and nutrients, and therefore reduce the chance 

of the colonisation by pathogens. An extensively investigated strain - Escherichia coli 

strain Nissle 1917 (EcN) – sets an elegant example for this probiotic function. Studies 

revealed more than seven iron uptake systems are encoded in this strain’s genome, 

which enable this strain to effectively compete for the limited iron resources with the 

pathogenic bacteria [13-14].  

Some probiotic strains are also able to produce distinct antimicrobial substances. Class 

II bacterioncin Abp118 produced by L. salivarius strain UCC118 [15] and reuterin 

produced by L. reuteri species bacteria serve as typical examples.  

Short chain fatty acids (SCFA) are also found to show inhibitory effects on certain 

pathogenic bacteria. Other antimicrobial mechanisms including anti-adhesive effects, 

anti-invasive effects and antitoxin effects are highlighted as well [16]. 

 Probiotics are capable to further ferment resistant carbohydrates or break down 

indigestible carbohydrates and produce SCFA.  

The accumulation of acidic metabolites reduces the pH of the colon, which impedes 

proliferation of pathogenic bacteria, and also provides certain nutrition to colonocytes. 

It may even alter gene expression of epithelial cells owing to the production and 

accumulation of butyrates, for instance, the expression of interleukin (IL)-8 and 
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monocyte chemoattractant protein 1 (MCP 1). This mechanism is more related to the 

discussion of the next function. 

 Probiotics can modulate hosts’ immune system and probably promote homeostasis. 

The main target cells for this modulation in GI tract are intestinal epithelial and gut-

associated immune cells. Lomax and Calder [17] reviewed the human immune 

functions modulated by probiotics and summarised, including: (a) cytokines, IgA, IgE 

were regulated in a mixed pattern; (b) the NK cell activity was generally enhanced by 

most probiotics; (c) phagocytosis could be improved by lactobacilli but not clear for 

other probiotics; and (d) no obvious effects were observed on T cell activation. 

Similarly, Pagnini et al. [18] studied the multiple probiotic formulation VSL#3 for the 

prevention of intestinal inflammation and further concluded that probiotics promoted 

gut health through stimulation, rather than suppression, of the innate immune system. 

In terms of most of the probiotic functions, the viability of probiotics obviously is a 

prerequisite to exert interactive protection and promotion of host’s homeostasis. 

Therefore, how to ensure the delivery of viable probiotics at the function site is of 

paramount importance. 

2.2. Solutions to the obstacles facing production, storage and in vivo delivery 

of probiotic products 

2.2.1. Obstacles challenging the effectiveness of administering probiotics 

2.2.1.1. During manufacture and processing 

Probiotic cultures for food applications are usually supplied in frozen or dried form 

(either as freeze-dried or spray-dried powder). Production of probiotic products often 

involves incorporating probiotics in food-based media. Processing operations inevitably 
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expose these sensitive probiotic cells to a mixed range of harmful environments and 

conditions. Extremes such as heat, cold, osmotic and oxidative stress, can impact the 

viability of probiotics and thus affect their probiotic effects in the first place [19].  

Heat stress occurs in thermal drying processes. For instance, during spray drying, 

probiotic cultures are suspended in a flow of hot air up to 200 ºC. Fatty acids in the cell 

membrane are very susceptible to heat. Aggregation of proteins and dysfunction of 

ribosomes and RNAs also occur under such condition. Probiotics such as lactobacilli 

and bifidobacteria are commonly sensitive to a temperature above 50 ºC. Strains with 

high thermal tolerance are rare, but this property would be an advantage in selecting 

successful probiotic strains [20-21]. 

Cold challenge during processing and storage, on the other hand, can reduce membrane 

fluidity. It also affects the level of DNA supercoiling, increases the rate of DNA strand 

breakage and rigidifies the secondary structures of DNA and RNA [22]. At low 

temperatures, vital activities such as energy metabolism, enzyme activity, protein-

folding and ribosome functions are reduced. This lethargic state leaves probiotic 

bacteria less active in adapting to other stresses [23]. In addition, the cellular membrane 

can be compromised under freezing condition, either by the hyperosmotic stress caused 

by concentrated gases and solutes or by the intracellular formation of ice crystals [24]. 

Oxidative stress is presented to probiotic bacteria at various stages of production [25]. 

Reactive oxygen species (ROS) can be generated from partial reduction of oxygen and 

affect probiotic viability. Radicals such as superoxide anion radical (  
 ) and hydroxyl 

radical (OH
·
) can react with proteins, lipids and DNA to cause lethal damage [26]. 

Oxidation of cysteine in the active site of enzymes can also occur [27]. 
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2.2.1.2. During storage 

Dried concentrated probiotic cultures are considered the most convenient form for 

incorporation into foods [28]. However, the premature rehydration of dried probiotics is 

the major impedance in delivering the label-claimed number of viable probiotic cells for 

most probiotic products by the time of consumption. It emphasizes that the storage 

condition such as the storage temperature and the relative humidity can significantly 

influence the dried probiotic cultures. Although the real mechanism is still not fully 

clear, the selected protectants such as trehalose or sucrose for lyophilisation were found 

to replace most of the cell water as compatible osmolytes during drying. This is 

believed to transform the cytoplasm into a metastable glassy (amorphous solid) state 

[29-30], in which materials exhibit very high viscosity and show extreme retardation of 

diffusive molecular motions [31]. The glass transition temperature (Tg) is commonly 

used to differ the glassy state from the rubbery (amorphous liquid) state. Above Tg, the 

viscosity drops significantly. The mobility of the system, thus the susceptibility of dried 

cell, increases accordingly. Tg in relation to temperature and water content is depicted in 

Figure 2.1. The preservation in such highly viscous state can alleviate deleterious 

changes in the structure and chemical composition by immobilisation of cellular 

constituents and thus diffusion inhibition. Higl et al. [32] hence concluded that, 

although the control of Tg cannot account for all goods for bacterial stability during 

storage, rapid loss of product stability is often found above Tg. 
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Figure 2.1 A simplified state diagram shows the glass transition curve which relates the glass 

transition temperature and moisture content. Molecular mobility and deleterious reaction rates in 

the glassy state are extremely low, while they increase at the storage conditions above the curve 

(rubbery state) [32].  

Another cause of damage during storage of dried probiotic cells is due to changes in the 

fatty acid profile (ratio of saturated to unsaturated fatty acids) of the membrane, wherein 

lipid oxidation plays an important role [33-35]. Lipid oxidation was reported to be 

responsible for some physical changes in membrane functions and structure [36-37]. It 

was assumed that the increased proportion of saturated fatty acids could decrease the 

membrane fluidity and cause severe membrane leakage during rehydration. Free 

radicals can also occur at the end of many biological oxidations, which appear to attack 

fatty acid moieties thus lowering the hydrophobicity due to the introduction of 

hydrophilic groups. The reduced hydrophobicity therefore weakens the interactions of 

fatty acids with membrane proteins required to maintain a proper function. In addition, 

free radicals may also directly impact DNA synthesis and herald catastrophic events 

leading to cell death. 

2.2.1.3. Gastric acidity 

The gastric pH of the stomach of a healthy human adult in the fasting state can reach as 

low as approximately 1.5. Therefore, the first challenge to ingested probiotics is to 



Chapter 2 - Literature review  

13 

survive through this acidic environment. Long time survival at such low pH is a rare 

case even for LAB strains which generally exhibit a good acid tolerance down to pH 4. 

Hood and Zottola [38] reported a total loss of L. acidophilus cultures following 45 min 

exposure to pH 2.0. By contrast, there was no significant reduction at pH 4.0 after 2 h. 

Other commonly used probiotic strains share a similar susceptibility to gastric acid. 

Among them, Bifidobacterium species are universally found to be more sensitive than 

Lactobacillus species [39]. 

From a microscopic prospective, a sudden reduction of environmental pH introduces an 

elevated chemiosmotic pressure and thus imposes a great burden on cell membrane. It 

also disturbs the functions of membrane-bound proteins. Meanwhile, accumulation of 

the influent proton directly exposes intracellular organelles to the acid challenge, which 

further damages the DNA through protonisation of bases and disruption of glycosyl 

bonds [19]. In addition, more oxidizing intermediates also frequently occur at lower pH. 

2.2.1.4. Bile challenge in intestine 

Bile acids are amphipathic molecules that are synthesized from cholesterol. They serve 

as an important type of detergent for digesting fats and absorbing fat-soluble vitamins. 

The physiological concentration of bile acids is within the range of 0.2 to 2% in the 

human small intestine in response to the amount of fat intake in the diet. At high 

concentrations, their potent antimicrobial property is primarily attributed to rapidly 

dissolving membrane lipids and causing dissociation of integral membrane proteins [40-

41]. This nearly instantaneous solubilisation results in the leakage of cell contents, thus 

cell death. Low concentrations of bile acids do not give instant antimicrobial effect but 

also disrupt cell membrane integrity in subtle ways. Membrane permeability and 

fluidity are affected, including altered activity of critical membrane-bound enzymes and 
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increased transmembrane flux of divalent cations [40, 42]. Low levels of bile have also 

been shown to affect the physical chemical properties of cell surfaces, including 

hydrophobicity and zeta potential [43-44]. 

Binding of bile acids to membrane lipids correlates with their hydrophobicity [45-46]. 

Unconjugated bile acids are usually more effective than conjugated bile acids and can 

flip-flop passively across the lipid bilayer, thus entering the cell. The rate of flip-flop is 

dependent on both the number and the position of hydroxyl groups [47]. For instance, 

bovine bile, which contains trihydroxyconjugated bile salts, is less inhibitory than 

porcine bile, which contains dihydroxyconjugated bile salts [48]. During passage in the 

caecum and colon, conjugated bile acids can be transformed to deconjugated 

counterparts by the indigenous bacterial flora, which leads to increased inhibitory 

effects to the bacteria [49-50]. 

Bile acids which can diffuse across cell membrane further damage the cell from inside. 

They can affect DNA, secondary RNA structure formation and protein folding. Bile 

stress can also generate free radicals. In addition, acid stress via intracellular bile salt 

dissociation and iron or calcium chelation can occur. 

2.2.1.5. Challenge at mucosal surfaces especially in the GI tract 

Subsequent to the arrival of probiotics at the site of function, the colonisation still 

depends on a successful initial attachment to the mucosal surface. Pre-treatment with 

low pH and pepsin was found to reduce the adhesion of some probiotic strains to human 

intestinal mucus, indicating that the passage through the upper GI tract could impact the 

later colonisation of these microorganisms [51]. The adhesion process of probiotic 

strain to mucin was also suggested to be closely related to the functioning state of the 

cell-wall components, which could be susceptible to the bio-barriers in the human GI 
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tract [52]. Accordingly, probiotics that maintain good vigour and integrity at the site 

function can gain further advantages to initialise successful colonization and compete 

for a turf with local microflora. 

2.2.2. Strategies for overcoming the obstacles 

2.2.2.1. Strain selection 

A number of operable criteria are applied by researchers to select microbial strains as 

candidate probiotics [6, 53]. They include:  

 the “generally recognised as safe (GRAS)” standard;  

 the origin preferred from human microflora;  

 the capability of surviving physiological extreme conditions, in particular low pH, 

bile salt;  

 low viability loss during food processing and storage;  

 the capability of antimicrobial activity/antagonisms against pathogens;  

 the capability of modulating host’s immune system and promoting homeostasis; and 

 other features like synergism with prebiotics.  

In terms of ease for incorporation into foods, Ross et al. [54] further detailed the 

physiological traits of probiotics as oxygen tolerance, acid tolerance, bile tolerance, heat 

tolerance, the ability to grow in milk and the ability to metabolize prebiotics.  

It is noticed that current practices of probiotics selection are mainly based on the above 

propositions [55]. However, in terms of analytical methods, it has been suggested by 

some researchers that the introduction of advantageous techniques, such as flow 

cytometry, as a supplement to the traditional proliferation-based enumeration 
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techniques may improve efficiency of lab work and the accuracy of results [56-58]. This 

will be further discussed in Section 2.2.3. 

In addition to the DNA techniques applied in taxonomic study, it is noteworthy that 

modern genomic studies on probiotics or candidates show a potential to revolutionize 

the process of probiotic strain selection. O’Sullivan et al. [59] lately presented such an 

exemplar study, in which they proposed 9 “barcode” genes to identify the niche origin 

(i.e., dairy, gut or multi-niche) of specific LAB strains. The relevance of their findings 

on probiotic strain selection to potential applications is obvious. Similar approaches on 

identification of shock-adaptation genes from certain probiotic strains are equivalently 

enlightening. 

2.2.2.2. Stress responses 

Cellular stress response has been exploited to improve the survival of probiotic bacteria. 

Brief exposure to sub-lethal condition such as mild acid, heat, bile salts, osmotic 

pressure, or dehydration can elicit strong intracellular responses at molecular level (e.g. 

gene expression, protein synthesis) and induce resistance to challenges of elevated level. 

This behaviour is termed stress response [60].  

Recently, efforts have been directed to understanding the underlying mechanisms of the 

stress responses of lactobacilli, so as to improve their viability and stability during 

industrial production [54]. In a real application, acid adaptation was demonstrated to 

elicit the acid stress response of L. acidophilus species and increased their survival in 

yoghurt [61]. Kullen and Klaenhammer [62] revealed a large set of up-regulated genes 

of L. acidophilus which were involved in the acid stress response. In particular, up-

regulation of genes in charge of the synthesis of the membrane-bound F1F0-ATPase was 

explicitly connected to the improved tolerance to the gastric pH.  
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Cross-resistance is common for stress response. Prasad et al. [63] observed that to sub-

stress L. rhamnosus HN001 either with heat (50°C) or salt (0.6 M NaCl) could 

significantly improve its survival of storage at 30°C in the dehydrated state. The 

subsequent 2D gel electrophoresis revealed that the cells stressed by either method 

could share quite a number of up-regulated shock proteins in common. 

Genetic manipulation was also studied for the potential use in improving the stability of 

probiotic products. For instance, by overproducing the heat shock protein GroESL in L. 

paracasei NFBC338, a 54-fold increase in thermotolerance over that of the unmodified 

control was reported [64-65]. This sheds lights on the possibility to extend the use of 

otherwise susceptible strains, although the safety and stability of such strains deserve 

concern as well. 

2.2.2.3. Packaging and formulae 

Putting probiotics research in an even bigger picture, every technical detail deserves to 

be exploited for the improvement of probiotics. Some studies presented us with a few 

innovative perspectives and enriched the mainstream topics. Miller et al. [66] 

questioned the current packaging systems which, although favoured by manufacturers, 

played a negative role in preventing viability loss during storage. They compared a 

package with improved gas-barrier property to a few market-available packages of 

probiotic products and concluded that getting rid of dissolved oxygen during storage 

could benefit the survival of probiotic bacteria. Another interesting study performed by 

Liu and Tsao [67] suggested great improvement of the survival of L. bulgaricus, L. 

rhamnosus and L. reuteri (up to 10
6
-fold) in fermented milk in the presence of yeast, 

although the mechanisms remained to be explored.  
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2.2.2.4. Microencapsulation 

Encapsulation is the most widely applied technique in research and industrial practices 

to improve the survival of probiotics, owing to its universal efficacy and little influence 

to the embedded microorganisms. Within the context of the present work, the 

encapsulation material is expected to be a food grade agent [68-69]. The basic principle 

is that the probiotic bacteria are immobilized in such material and thus protected from 

the harsh conditions [70].  

The strict requirement on preservation of viability and functionality of probiotic cells 

during preparations imposes substantial stringency on the choice of encapsulation 

techniques. Many of the previously discussed techniques, however productive or 

efficient in other pharmaceutical applications, are intrinsically incompatible with 

probiotics production for either presenting harsh processing conditions or involving 

toxic chemicals. Considerations are particularly emphasized for the microencapsulation 

of probiotics for production purpose [71-74], including: 

 Easily available and cheap encapsulation materials; 

 Easily performed techniques to generate appropriate particle size; 

 Encapsulation materials having desired the mechanical strength; 

 Encapsulation giving appropriate release of the cells at the target site; 

 Encapsulation withstanding the adverse environment in vivo and protecting the 

cells; 

 Biocompatible and biodegradable encapsulation materials with the food product; 

 Safety: non-toxic to both the embedded cells and consumers. 

Brief descriptions of the current microencapsulation techniques for encapsulating 

probiotic microorganisms are given in Table 2.1. It is easily noticed that, despite the 
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diverse operations, the principle is all about the embedment of probiotics in a hydrogel. 

Similar to the wide application in pharmaceutical area, hydrogel microencapsulation can 

protect the sensitive active pharmaceutical ingredient (in this case, viable probiotic 

bacteria) against deterioration or adverse environmental conditions. It also allows 

entrapping probiotics in protective polymer that controls the release under specific 

conditions [75-76]. The advantages are obvious: (1) once encapsulated in matrix, the 

cells are easier to handle than in suspension; (2) the number of cells in microcapsules 

can be quantified, allowing the dosage to be readily controlled; (3) cryo- and osmo-

protectants can be incorporated into the matrix, which can enhance the survival of cells 

during processing and storage; and (4) once the matrix microcapsules have been dried, a 

further surface coating can be applied to alter the aesthetic and sensory properties or to 

confer extra protection on the cells [77]. 

Table 2.1 Techniques used for encapsulating probiotic microorganisms. 

Modified from [78-79] 

Encapsulation 

techniques 
Description Comment 

Spray-drying 

The probiotic cells are suspended in a 

melt or polymer solution. The solution 

is then atomized and dried in a flow 

chamber. The probiotic cells then 

become trapped in the dried particle. 

The product in dry form is collected at 

last. 

(1) the setup is widely 

used and available in 

industry 

(2) the heat and 

unflavoured dehydration 

process can injure and kill 

cells 

Emulsion- 

gelling/coating-

drying 

Cells are suspended in an aqueous 

solution together with gelable polymer. 

The solution is mixed and dispersed in 

an immiscible organic phase as 

(1) the beads are in perfect 

spherical shape; 

(2) the setup can be easily 

scaled-up; 
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droplets. A gelling agent is then added 

or the gelling condition is triggered 

(depending on the gelling mechanisms). 

The obtained beads are then coated, 

hardened and dried. 

The gelling mechanisms can be either: 

ionotropic (e.g. Ca
2+

-alginate, Ca
2+

-

pectin) thermotropic (e.g. agarose, agar) 

enzyme-induced (e.g. rennet-milk 

protein) 

The drying options include freeze-

drying, spray-drying, laminar drying, 

etc. 

(3) the beads have a wide 

size distribution. 

Extrusion- 

gelling/coatin-

drying 

Cell-containing, cross-linkable polymer 

solutions are extruded through a small 

tube or needle, permitting the droplet 

formed to fall freely into a hardening 

bath where they are cross-linked by the 

addition of an appropriate reagent 

depending on the gelling mechanism. 

The gelling mechanisms can be either: 

ionotropic (e.g. Ca
2+

-alginate, Ca
2+

-

pectin) thermotropic (e.g. agarose, agar) 

(1) the beads have 

uniform size; 

(2) the setup is not 

suitable for industrial 

scale up; 

(2) the beads tend to be of 

teardrop-shape 

Microfluidic- 

gelling/coating-

drying 

This technique takes advantage of 

precise control of capillary-driven 

break-up of a liquid stream formed by 2 

immiscible fluids. It represents a mini-

scale of extrusion technique in terms of 

micro-channels in the device. 

The gelling mechanisms can be either: 

ionotropic (e.g. Ca
2+

-alginate, Ca
2+

-

(1) very-small-sized beads 

can be obtained; 

(2) the beads are in good 

spherical shape; 

(3) the shearing force in 

hydrodynamic focusing 

could be harmful to cells; 

(4) the microfluidic device 
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pectin) thermotropic (e.g. agarose, agar) is prone to block and fail 

and impossible to fix. 

Layer-by-layer 

By this technique, thin shells can be 

obtained by alternate deposition of 

layers of oppositely-charged poly-

electrolyte molecules. 

This technique is better 

applied in a cell surface-

engineering scenario. The 

tedious operation and the 

very-thin shell formed on 

the surface of cells make it 

unsuitable for probiotics 

delivery. 

 

A number of materials have been extensively investigated for microencapsulation of 

probiotic bacteria. The most commonly used materials include alginate [80-81], 

chitosan [82-83], hydroxypropyl methylcellulose, gelatin [84], Eudragit S [85] and 

resistant starch. Inefficient protection and unsuccessful delivery in the GI tract were 

associated with the drawback of using only one encapsulating material. Therefore, 

combinations of multiple materials in a system or addition of responsive coatings gain 

more attractions by current researchers, which can create more versatile applications in 

microencapsulation of probiotics [75, 83-84]. 

By contrast to probiotic microcapsules (beads) conventionally prepared by many 

researchers in lab at sizes of millimetres, probiotic microcapsules in probiotic products 

for household consumers are preferred to be prepared at reduced size owing to the 

following advantages: 
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 The presence of probiotic microcapsules at reduced size does not alter the mouth-

feel of products (e.g. yoghurt), whereas large microcapsules can be detected by 

mouth and perceived as gritty [86]. 

 Probiotic microcapsules of reduced size are more prone to be lodged in the surface 

folds and crevasses on mucous membranes [87]. They may therefore be subjected 

only to minor dislodging stress. 

 The smaller the particle, the greater the surface-area-to-volume ratio, and therefore 

the greater chance for mucoadhesive materials to be applied and take effect [87]. 

 Small probiotic polysaccharide microcapsules are more efficiently released by 

prolonged releasing mechanisms such as microbiota in human colon. 

 However, reduced size also causes decreased protection by wall polymer matrix 

over stress factor such as the bio-barriers in the human GI tract, which consequently 

requires the presence of appropriate protectants in encapsulation formula [88]. 

2.2.3. Advantageous fluorescent-probe-based flow cytometric methods for probiotics 

research 

The limit of the conventional enumeration technique based on microbial proliferation, 

also known as the standard culture technique (SCT), has been emphasized by some 

microbiological researchers [56, 58]. Arguments were based on the time- and labour-

consuming operations, the relatively high variance in replicate results and above all 

facts that such techniques only enumerate the cultivability of bacteria rather than the 

viability. Increasing evidences have confirmed that stressed bacteria can enter into a 

“viable but non-cultivable” (VBNC) state. The transient loss of the capability of 

proliferation may therefore bias the SCT results. Particularly in the case of probiotics, 

viable count may underestimate the required amount of probiotics to elicit the beneficial 

effect, whereas the microorganisms are still able to exert probiotic functions. 
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Flow cytometry (FCM) was invented to enumerate, examine and sort microscopic 

particles on single-unit basis. It allows simultaneous multiparametric analysis of the 

physiological status of individual cell. Subpopulations are distinguished based on the 

combination of results indicated by various fluorescent markers. Since FCM analysis is 

commonly performed on a large number of individual bacterium, the result will 

naturally bear an increased statistical precision. When both SCT and FCM were 

validated against propidium monoazide (PMA)-qPCR technique [89] and another 

modified culture technique [90], FCM was confirmed as a rapid and accurate 

complement to SCT and provided more insightful information of bacterial samples. 

2.2.3.1. Various fluorescent probes feature a physical/chemical multiparametric 

observation by FCM 

FCM has a long history of application in the medical analysis of mammalian cells, 

which gradually matured into a powerful high-throughput technology [91]. Since FCM 

became more sensitive and available, probes routinely worked on eukaryotes were 

extended to bacteria. 

Propidium iodide (PI) is a charged molecule that can intercalate between DNA (or 

RNA) bases with little sequence preference. Its fluorescence enhances up to 30 folds 

once bound to nucleic acids. Because strongly charged PI is impermeable to an intact 

cell, it selectively stains bacteria with a compromised membrane. Since integrity of cell 

membrane plays a pivotal role in maintaining proper cellular functions, highly PI 

stained bacteria are commonly deemed dead in many applications. Stains of similar 

function but with increased fluorescence enhancement and narrower spectrum were also 

available, e.g. SYTOX
®

 series. The idea that PI selectively stains dead bacteria 

originates from past research on eukaryotes. It was also reported to give accurate 
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detection in a few studies of bacteria. However, arguments on the limit of PI were also 

heard. Shi et al. [92] claimed that, during early exponential growth, up to 40% 

examined bacteria could be stained by PI, whereas the number dropped to less than 5% 

when they grew to early stationary phase. This may cause a problem in environmental 

samples, in which bacteria at different growth phases are present. However, this 

particular concern is less relevant in the area of probiotic bacteria research. In fact, most 

probiotic bacteria are cultured to a stationary phase before further processing or 

administering, simply because at this stage they are more resistant to stress. Research of 

probiotic strains is hence commonly carried out on cultures of stationary phase. In 

addition, multiple probes are routinely applied in FCM to counteract the inadequacy of 

single probes. 

Esterified fluorochromes are another popular type of viability probe for bacteria. They 

remain non-fluorescent until they are cleaved by intracellular esterases, and then release 

a fluorescent product [93]. For instance, carboxyfluorescein diacetate (cFDA) is such a 

plausible probe for intracellular enzyme activity. It is not charged, and can freely enter 

into the cytoplasm. Only bacteria with a normal activity of intracellular esterase can 

cleave cFDA and release fluorescent carboxyfluorescein (cF). cF is membrane-

impermeant and thus confined to the cytoplasm, rendering stained bacteria with green 

fluorescence. Consequently, the positive observation indicates two folds of meanings: 

(i) marked substrate cleavage via proper function of cytoplasmic enzymes and (ii) 

fluorescein retention by an integral membrane [93-94]. Additionally, some bacteria 

under an energized state may actively pump out cF by certain membrane associated 

efflux mechanisms [94]. Bunthof and Bloemen [56] took advantage of this behaviour to 

study the energy status of the examined bacteria by tracing the loss of intracellular 

fluorescein over the time. On the other hand, derivatives with improved cellular 
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retention were also developed for the purpose of cell tracing. For example, 

chloromethylfluorescein di-acetate (CMFDA) has a chloromethyl moiety that 

covalently links the cleaved fluorescein to intracellular molecules [93]. In many 

practical applications, esterified fluorochromes such as cFDA, cFDA-AM and cFDA-

SE are applied jointly with PI. The combination increases the credibility in determining 

the viability of bacteria. Sub-populations with distinguished physiological state are 

discerned. Successful applications of these fluorescent probes were reported for some 

probiotic LAB [56-57]. 

Some other reported useful probes are listed in Table 2.2. which were modified from 

[95]. 

Table 2.2 Frequently used fluorescent probes in combination with FCM for microbiology [95]. 

Fluorochrome substrates Description Reference 

Cell Tracer 

Carboxyfluorescein diacetate 

succinimidyl ester (cFDA/SE) 

cleaved by intracellular esterase and 

reduced to cF/SE 
  

Green fluorescent protein (Gfp)  [96] 

Metabolic activity 

5-cyano-2,3 ditolyl tetrazolium chloride 

(CTC) 

reduced by dehydrogenases to CTC-

formazan;  

relative toxicity of intracellular 

accumulation 

[97] 

Calcein-AM  [98] 
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ChemChrome V6 (CV6; Chemunex) 

with enhanced uptake of fluorogenic 

substrates and reduced extrusion by 

active pumps 

[99] 

Membrane potential (vary from 100 to 200 mV in viable bacteria) 

Carbocianes, DioCn(3), Rhodamine 

(Rh123) 

cationic dyes which accumulate inside 

polarized cells 
[100] 

bis-(1,3-dibarbituric acid)-trimethine 

oxonol (DiBAC4(3); BOX) 

oxonols, anionic and lipophilic 

accumulate inside non-viable cells. It is 

used to detect depolarized cells of 

numerous species usually in combination 

with SYTO or PI 

[101] 

Membrane integrity 

SYTOX, cyanines (TO-PRO, TOTO 

series) 

nucleic acid binding and emitting 

fluorescence in cells with compromised 

membrane 

 

DNA content measurement  

1,5-bis{[2-(di-methylamino) 

ethyl]amino}-4,8-dihydroxyanthracene-

9,10-dione (DRAQ5) 

permeable to cells and specifically 

intercalating between adenine and 

thymine bases. 

[102] 

2.2.3.2. FCM is a powerful tool for probiotic strain selection (studies based on pH and bile 

salt tolerance) 

Tolerance to low pH and high concentration of bile salts is generally accepted as an 

important criterion for probiotic strain selection. Since the cell membrane is the initial 

site of challenge in both cases, a probe like PI that instantly evaluates the status of 
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membrane become very helpful. Amor et al. [57] evaluated the viability via FCM and 

cell sorting of two Bifidobacterium strains challenged by bile salts. The results 

confirmed that the cFDA/PI staining was capable of revealing the physiological 

complexity within the population of the bile-salt-stressed strains. In another example, 

Bunthof et al. [73] applied cFDA/TOTO-1 staining to a number of LAB strains either 

used as probiotics or dairy starters which underwent acid or bile salt challenges. The 

results also proved that FCM analysis served as a more reliable and versatile assay 

technique than SCT. They explicitly pointed out that this type of FCM application could 

be used for screening LAB strains for potential probiotic use in terms of their tolerance 

against bile, acid or other various conditions. Following the suggestion, we designed a 

similar protocol and evaluated the acid and bile-salt tolerance of the probiotic L. reuteri 

DPC16 [103]. The FCM result was used to compare with other strains reported in other 

literatures. The outstanding tolerance of DPC16 was hence evident. 

2.2.3.3. FCM is a valuable tool in evaluation of stress on probiotic cells during process and 

storage 

In the past decade, FCM has been gaining popularity among researchers in LAB and 

probiotic related food industry where the time-critical quality control techniques and 

accurate enumeration methods are highly demanded. Increasing cases of FCM 

applications are proving that probiotics research can benefit from including FCM 

approach. 

Rault et al. [104] used FCM to assess the viability of four cheese starter strains of L. 

delbrueckii that had been exposed to freezing challenge during storage. cFDA and PI 

were combined for this purpose. Three distinct subpopulations were successfully 

identified as viable (cF+/PI-), injured (cF+/PI+) and dead (cF-/PI-) cells. Diverse 
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tolerance of the four strains was clearly characterized by the shift of composing 

proportions among these three subpopulations. The percentage of viable subpopulation 

was reported to be comparable with the plate count results. Considering the largely 

reduced time- and labour- consumption, the authors concluded FCM as a convenient 

and rapid tool to evaluate the viability of LAB.  

In another case, using a similar FCM setup, Ananta et al. [105] studied spray drying in 

the production of skim milk-based preparations containing L. rhammosus GG 

ATCC53103. Based on the FCM results, they profiled the impact of the composition of 

carrier matrix and the temperature of spray outlet on the final survival rate of this strain. 

The FCM results also indicated that cell death was caused mainly by the damage to cell 

membranes. The degree of membrane disintegration was correlated to the increase of 

the outlet temperature. 

Muller et al. [106] applied FCM to study the resuscitation of the dried cultures (Bf. 

longum NCC3001 and L. johnsonii La1), which was a critical step in reactivating 

probiotic bacteria before use or consumption. A multivariate design of experiment 

(DoE) approach was used to model the PI-probed cell-membrane integrity. The 

obtained response surface model suggested that pH had a significant influence on the 

reactivation of the two strains. Their research also demonstrated that FCM could be 

recruited as an important part of the high throughput routine for modelling and 

optimising parameters of processing. 

2.3. Strategies for colon-specific delivery 

Orally-consumed probiotic bacteria need to reach the lower GI tract in order to exert 

their probiotic function. In particular, it is preferred that they be delivered alive to the 

colon. Successful delivery systems are therefore expected to recruit mechanisms to 
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target this region, while preventing immature release which exposes probiotics to bio-

barriers too early in the preceding compartments of the GI tract. 

2.3.1. Physiology of colon and the benefits of colon delivery 

As the most distal segment of human digestive tract, the colon has little digestive 

function but mainly serves the purposes of lubricating waste products, absorbing fluids 

and salts, and storing waste products until excretion. 

The colon is around 1.5-m long with a surface area of 0.3 m
2
, which contrasts sharply 

with the small intestinal surface area of ~120 m
2
 [107]. This lower surface area results 

from the lack of villi on the colonic mucosa. A primary physiological feature of the 

colon is absorption of water. Early researchers reported that the fluid volume in the 

caecum, ascending colon, and proximal transverse colon measured in humans 

(postmortem) was, on average, 83 mL (ranging from 7 to 430 mL) [108]. After the mid-

transverse colon, a short transition area of 1 to 2 cm long was observed to control the 

efficient water absorption and transform the colonic contents into hard, dry pellets. 

More recently, free fluid in the GI tract was quantified using magnetic resonance 

imaging [109]. The free fluid in the large intestines was present as dispersed fluid 

pockets of 2 mL. The total volume of the free fluid showed individual variability but 

had an average of 12 mL, which was insignificantly different between in fasting state or 

after a meal. In addition, the free fluid was found to be markedly lower than in stomach 

or small intestines. Ingested model tablets were also found to have the least possibility 

to contact the free fluid pockets in the colon compared to all other compartments in the 

GI tract. 

Another distinct environmental factor is the microbiota in the colon. Each gram of 

material in the colon can contain bacteria of approximately 10
11

-10
12

 colony forming 
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units (CFU), which belong to as many as 3000 different species [110]. The microbiota 

can ferment the constantly arriving undigested food material (polysaccharides and 

proteins) to produce energy. A variety of polysaccharides, including those that are 

indigestible by human pancreatic enzymes, are vigorously digested by the colonic 

bacteria. Consequently, the fermentation activity and products have a high impact on 

the conditions of the colonic lumen, such as the viscosity, pH, and redox potential 

[111]. 

The human colon has a slightly acid to neutral pH. However, the colonic transit is the 

most variable part. Compared to the relatively consistent transit time of the small 

intestine, the general transit time of the colon falls widely within the range of 6 – 48 h 

described by Coupe et al [112] while reports on values in excess of 70 h are not rare 

[113]. It may be even more complicated if taking pathology into account. Decreased 

colon transit time is commonly observed in patients with ulcerative colitis. In addition, 

asymmetric distribution of materials also aggravate under pathological conditions, 

which significantly reduces the exposure to therapeutic agents. 

A number of colon-specific delivery mechanisms have been proposed, and explored by 

using those physiological conditions of the colon. 

2.3.2. pH-controlled colonic delivery system 

The significant increase of the physiological GI pH from stomach to small intestine has 

long been exploited to deliver therapeutic agents to small intestines. Particular polymers 

containing carboxylic acid groups were found to dissociate poorly under acidic 

condition of the stomach, but ionise and dissolve preferably at the neutral pH of the 

proximal small intestines. Coating with these pH-sensitive polymers prevents core 
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agents from dissolution in the stomach. This rationale of pH-controlled delivery was 

naturally extended to colon-specific delivery. 

However, contrary to the general belief of constant pH increase along the GI tract, 

profiling in vivo objects proved that a sharp drop in pH occurred at the transition from 

ileum to caecum and the average pH of colon was in fact noticeably lower than small 

intestine [114]. Investigations on pathological cases further demonstrated that extremely 

low colon pH could occur in patients who suffered from inflammatory bowel diseases 

[115-116]. Although natural or synthetic pH-sensitive polymers are still evaluated for 

colon-specific delivery, the system which uses pH as the sole trigger appears inefficient. 

However, enteric coating is still a universal practice to guarantee the intact passage 

through stomach and mitigate the challenges of acid and gastric enzymes. 

2.3.3. Time-controlled colonic delivery system 

Time-controlled colonic delivery systems utilize a pre-determined delayed release. 

Strategies in practice include rupturable polymeric coatings, erodible polymeric 

coatings, diffusive polymeric coatings, capsule systems with release-controlling 

polymeric plugs, and osmotic systems [117].  

However, location of initial drug release is still hard to predict due to the variety of 

transit time in the GI tract. Contrary to the relatively consistent transit time in small 

intestines, the retention time in stomach, however, falls in a wide range. It justifies why 

time-controlled colon delivery system is often coupled with pH-controlled element to 

circumvent the drawback of unpredictable retention time in stomach. Moreover, as 

aforementioned, an accelerated transit time through different regions of colon can occur 

in patients with inflammatory bowel diseases. It also questions the accuracy of the time-

dependent colonic delivery systems [118]. 
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2.3.4. Pressure-controlled colonic delivery system 

The relatively strong peristaltic motion in colon is utilized by pressure-controlled colon 

delivery systems. For example, the well-described pressure-controlled colonic delivery 

system - PCDC - consists of a capsular shaped suppository coated with insoluble ethyl-

cellulose [119]. In the upper GI tract where environmental fluid is abundant (as either in 

stomach or in small intestine), the system was not directly subject to luminal pressure. 

In the meantime, the ethyl-cellulose coating prevented the liquefied suppository core 

from premature release. When it reaches the colon, a large volume of ambient water is 

absorbed. It increases the viscosity of luminal content. As a result, the increased 

intestinal pressure finally breaks the ethyl-cellulose coating by colonic peristalsis, and 

the loaded content is subsequently released. 

However, this releasing mechanism crucially depends on the occurrence of raised 

pressure, which follows the circadian rhythm at its maximum frequency after wakeup or 

meals, or during defecation [113]. Therefore, administration of such pressure-controlled 

colonic delivery system should be well managed to obtain the desired release in place. 

2.3.5. Microbiota-controlled polysaccharide colonic delivery system 

More recently, microbiota-triggered colonic release has attracted much attention during 

the latest development of colon-specific delivery. 

The huge and complex microbial community of the colonic microbiota produces a 

versatile capability of catabolising various carbohydrates. Members of the gut 

microbiota share a great number of distinctive gene clusters related to carbohydrate 

catabolism. In a large-scale comparative metagenomic analysis, Kurokawa et al. [84] 

screened faecal samples from 13 healthy Japanese of various ages. 647 novel gene 

families specific to human intestinal microbiomes were distinguished from the 
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microbial communities of other natural niches. These gut microbiome-enriched genes 

were further grouped as clusters of orthologous groups (COGs) and classified into 20 

functional categories for either adult/child or infant. 24% of the COGs in the adult/child 

subjects were identified as under the functional category of carbohydrate metabolism 

while the number was even higher in the infant subjects. More than 14 families of 

glycosyl hydrolases enriched in adults are involved in the depolymerisation of plant-

derived dietary polysaccharides and host-tissue derived proteoglycans or 

glycoconjugates. In contrast, most genes for fatty acid metabolism were selectively 

suppressed, indicating that the colonic microbiota preferred polysaccharides and 

peptides for energy production and the biosynthesis of cellular components. 

The human gut microbiota has very efficient machinery for polysaccharides utilization. 

Several stages consist of the hydrolysis process. Initially, a handler protein binds to an 

ambient sugar molecule with certain specificity. It then subjects the molecule to outer 

membrane polysaccharide lyases by which small pieces of oligosaccharide are cut off. 

The oligosaccharide pieces are then passed to adjacent porins to be internalised 

following intracellular degradation and utilization. For example, a remarkable flexibility 

of Bacteroides thetaiotaomicron was observed, for it could opportunistically deploy the 

different subsets of 209 paralogs of SusC (porin) and SusD (handler), and 226 predicted 

glycoside hydrolases, plus 15 polysaccharide lyases. The findings explained its 

prodigious capacity of digesting various dietary fibres and host mucus glycans, and the 

rapid adaptation to the host's diet [120-121]. This distinct catabolism of polysaccharides 

supported the assumption that the indigenous microbiota could be exploited to release 

entrapped content from polysaccharide matrix. Natural polysaccharides which are 

indigestible by the host but fermentable by the gut microbiota have thus been widely 

involved in studies of colon delivery [122].  
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A variety of polysaccharides which were evaluated for the degradation by the colonic 

microbiota and proved to have the potential to be used for colonic release are listed in 

Table 2.3. 

Table 2.3 Polysaccharide substrates for the colonic microbiota [123]. 

Polysaccharide References 

Amylose [124-125] 

Amylopectin [124-125] 

Arabinogalactan [124] 

Arabinoxylan [126] 

Carageenan [127] 

Chitosan [128] 

Chondroitin [124] 

Dextran [129] 

Gum Arabic [124-125, 130] 

Gum ghatti [124-125] 

Gum locust bean [124-125] 

Gum tragacanth [124-125] 

Hyaluronate [125] 

Inulin [131] 

Laminarin [124, 132] 

Pectin [125, 127, 133] 

Polygalacturonate [124, 133] 
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Psyllium hydrocolloid [133] 

Ulvan [134] 

Xyloglucan [135] 

Xylo-oligosaccharides [136] 

2.4. Prolonged colonic retention by mucoadhesion 

2.4.1. Physiological role of colonic mucus 

Most epithelial surfaces are coated with a type of viscous and heterogeneous biological 

product – mucus. It serves a wide range of purposes, such as lubrication for minimizing 

shearing stresses, maintenance of a hydrated epithelium layer, protection barrier against 

harmful substances and permeable interface for the exchange of materials. In the 

digestive tract, mucus is synthesized and secreted by the specialized goblet cells which 

are present on the whole organ that are exposed to the external environment. Large 

granules storing mucus are located near the apical side of the goblet cells and 

subsequently released by either exocytosis or exfoliation of the whole cell.  

Mucus consists mainly of water (up to 95% weight), mucin (up to 4% weight), 

inorganic salts (about 1% weight), lipids (1~2% weight), DNA (approximately 0.02%) 

and cellular debris. The randomly interwoven network of mucin sustains the three-

dimensional structure of mucus whilst all other soluble constituents are involved in 

determining the viscosity and helping maintain an unstirred environment inside [137]. 

The dynamic composition is associated to the viscoelastic properties of mucus. At the 

macroscopic level, unlike classic solids and liquids, mucus is a non-Newtonian 

thixotropic gel, which behaves like an elastic solid or a viscous liquid in response to low 

or high shear respectively.  
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The mucin content plays a vital role in the interaction between mucus and microflora. 

Mucins can be generally separated into two families: (1) the membrane-associated 

mucin which ranges from 100 to 500 nm in length and (2) the secreted mucin (either 

gel-forming or non-gel-forming) which is up to several microns long. Two layers of 

mucus were thus observed (a cell-adherent layer and a non-adherent layer) especially in 

the gastrointestinal and the cervicovaginal tracts [138]. Recently, Johansson et al. [139] 

reported that these two layers had similar protein compositions in mice colon. They also 

observed that the cell-adherent layer in physiological state was devoid of bacteria 

whilst, in contrast, the non-adherent outer layer was heavily colonised by bacteria. The 

in vivo study by Autma et al. [138] on the mucus thickness of rats confirmed increased 

depth of both types of mucus layers in the lower GI tract, particularly in the colon 

(Figure 2.2). It was partly attributed to the prevalent occurrence of goblet cells, and the 

elevated recovering rate and the reduced turnover of mucus in this region. Despite the 

lack of in-depth knowledge on the human GI tract, the mucus of human large intestines 

has been widely reported to be markedly thicker than small intestines. Some reported 

measurements of mucus thickness of the different regions of the human GI tract are 

summarised in Table 2.4. This distinct characteristic of colonic mucus opens a new 

horizon for taking advantage of mucoadhesion to achieve a prolonged retention of the 

colonic delivery systems. 
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Figure 2.2 The thickness of adherent (dark grey) and non-adherent (light grey) mucus layers in the 

GI tract of rat [138]. 
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Table 2.4 Mucus layer thickness in the human GI tract [140]. 

Region in the human GI tract Thickness (µm) References 

Oesophagus Absent [141] 

 

95 ± 12 [142] 

Gastric antrum 144 ± 52 [143-144] 

Duodenum 16 ± 5 [143-144] 

Proximal colon 107 ± 48 [145] 

Distal colon 134 ± 68 [145] 

Sigmoid colon 66 ± 47 [143-144] 

Rectum 155 ± 54 [145] 

2.4.2. Mucoadhesion and its advantages 

Mucoadhesion is defined as a phenomenon of attachment of natural or synthetic 

polymer to a mucosal surface [87]. 

The advantages of mucoadhesive delivery system have been suggested as follows: 

 As a result of adhesion and intimate contact, the formulation stays longer at the 

delivery site which can improve the bioavailability. Therefore, therapeutic agents 

after incorporation into dosage forms can be applied at lower concentrations; 

 The use of specific mucoadhesive materials allows the potential benefit of 

selectively targeting biological mucus-rich regions; 

 Increased retention time in combination with controlled release may justify less 

frequent administration; 

 Dose-related side effects may be reduced due to the localisation of therapeutic 

agents at disease site, and cost reduction may also be achieved. 
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The mucoadhesion process is considered to consist of several distinct steps [87]. First, 

wetting and swelling of polymer allows intimate contact with mucus surface; then loose 

polymer chains physically interpenetrate the mucus layer and entangle with the mucin 

chains; finally, the formation of chemical bonds occurs. Based on the study of 

mucoadhesion in the rat GI tract, Rubinstein and Tirosh [146] suggested that the colon 

and caecum exerted superior effects of mucoadhesion compared to stomach and 

jejunum. 

2.4.3. Theories of mucoadhesion 

To explain mucoadhesion, a number of general theories have been adapted from the 

investigation of mucoadhesion [87, 147-149]. 

The wetting theory. Wetting describes how a liquid (or a low viscosity drop) spreads 

across the contact interface in terms of adhesive forces between this liquid and solid. 

Cohesive forces within the mucoadhesive tend to determine the swelling and spreading 

behaviour on the mucus layer. 

The electronic theory. This theory presumes that the electron transfer may occur at the 

immediate contact surface between the mucus and the molecular chains of the 

mucoadhesive polymers. This phenomenon comes from the divergent electronic 

structure of each material and creates a jacket layer of electrical charges at the interface. 

The attraction forces are consequently created. 

The adsorption theory. This type of adhesion is commonly associated to the physical 

interaction among macromolecules by secondary bonds (e.g. van der Waals forces, 

hydrophobic interaction and hydrogen bond). Nevertheless, it also refers to primary 

bonds due to chemisorption as a result of ionic, covalent and metallic bonding. The 
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attractive interactions are remarkably stronger than the force referred by the electronic 

theory. 

The diffusion theory. Concentration gradients mainly drive the interpenetration of 

polymers chains across adhesive interface. The depth of diffusion and the extent of 

physical entanglement with mucin are assumed to be related to the diffusion coefficient, 

the molecular weight, the cross-linking density, the chain flexibility and its spatial 

conformation. In addition, diffusion increases with the time of contact. 

The mechanical theory. Mechanical interlocking of adhesives according to the irregular 

feature of rough surface has also been proposed as a mechanism [150]. However, it was 

also suggested that the according surface treatment merely provided an increased 

contact area of the substrates available for improved wetting characteristics [151]. The 

energy dissipated at the interface during joint failure may also be increased. 

The actual phenomenon of mucoadhesion is a result of interactions of all the proposed 

theories. Figure 2.3 summarizes the aforementioned theories and illustrates the 

sequential occurrences of the distinct phases during the continuous mucoadhesion 

process [87].  

A noteworthy fact is that the distal end of the GI tract does not provide an easily 

accessible mucosal surface. It means that the mucoadhesive formula cannot be directly 

placed onto the mucosa. The possible blockage of the GI tract also undermines the 

application of large-sized formulations. In contrast, the design of micro- and nano- 

formulations owing to a reduced size and a greatly enhanced surface-to-volume ratio 

could prolong the retention in folds and protrusions of intestines, and meanwhile 

provide a superior opportunity for the application of adhesive material. 
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Figure 2.3 The illustrative mucoadhesion process (theories and bondings) 

as it happens along the time. Summarized and adapted from [87]. 

2.4.4. Conventional mucoadhesive polymers 

Mucoadhesive polymers feature a wide physicochemical range depending on particular 

application purposes, for example, soluble/ insoluble, non-biodegradable/biodegradable, 

hydrogel, thermoplastic, homopolymer/copolymer, natural polymer/synthetic polymers 

[152]. In this review, my focus will be on biodegradable natural polymers which are 

“generally recognised as safe” (GRAS) and suitable for delivering probiotic bacteria to 

the colon. Natural dietary polysaccharides, such as alginate, pectin and chitin-derived 

chitosan, are all adhesive to human GI mucus owing to their prevalent linear long chains 

and polar groups (hydroxyl, carboxyl or amide groups) in the molecules. They can 

interact with the mucin network via either secondary chemical bonds (hydrogen bond, 

electronic bond or van force), or physical entanglement. Natural dietary polysaccharides 

are also preferred by probiotics researchers for biocompatibility and biodegradability. 
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Because these materials are extensively used in encapsulating probiotic bacteria, they 

usually confer some mucoadhesiveness to the final system. Here follow two examples: 

Anionic Pectins. Pectin is an anionic polysaccharide with rich carboxylic groups. Pectin 

has a very complex structure which contains α-D-galacturonic acid with 1-4 linkage. 

The degree of (methyl-)esterification (DE) of galacturonic acid in the backbone is 

usually used to classify pectin type. DE also determines the performance of 

mucoadhesion. Schmidgall and Hensel [96] reported that rhamnogalacturonans with a 

low DE and linear oligogalacturonides derived from pectin showed a significant 

bioadhesion to colonic mucus membranes while high DE pectins with neutral 

backbones were ineffective. Similarly, Thirawong et al. [153] also reported the 

comparatively much stronger adhesion of pectins to colonic tissue than all other regions 

of the GI tract. However, they claimed that the strength of mucoadhesion of pectin was 

more related to molecular weight instead of the previously assumed DE. 

Cationic Chitosan. Chitosan is a natural polycationic hydrophilic polymer produced by 

deacetylation of polysaccharide chitin. Good biocompatibility and biodegradability 

together with wide availability of chitosan promote its increasing importance in 

industrial application. Strong mucoadhesive properties were observed for chitosan due 

to the formation of hydrogen and ionic bonds between positively charged amino groups 

of chitosan and negatively charge sialic acid residues of mucin glycoprotein. The linear 

chitosan molecule also provides chain flexibility for interpenetration. However, chitosan 

is a weak base and has a pKa value around 6.5. Therefore, it is insoluble at neutral and 

basic environments, which make it unsuitable as the major absorption enhancer in a 

colonic delivery system. However, due to the rich active amino groups exposed on 

chitosan molecule, it is flexible to be modified to obtain novel polymers with altered 
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physiochemical property. For example, chitosan solubility can be achieved by 

trimethylating its primary amino groups. 

2.4.5. Novel strategies for enhanced mucoadhesion 

Those aforementioned natural polysaccharides together with some synthesized 

mucoadhesive polymers (e.g. polyacrylic acid), are categorised as the first-generation 

mucoadhesive systems [87]. They provide delivery system with some “off-the-shelf” 

mucoadhesiveness [87]. In order to extend the performance, novel strategies have been 

explored, which address the question in terms of (i) cell-specific recognition (lectins), 

(ii) enhanced adhesion by forming covalent bond (thiomers), and (iii) environment-

sensitive mucoadhesion (pH-sensitive mucoadhesive polymers). 

2.4.5.1. Lectins 

Lectins belong to a class of proteins of non-immune origin that bind glycans reversibly 

and non-covalently without inducing any change. Plants, animals and microorganisms 

recruit lectins to fulfil a wide range of defensive or pathogenic biological recognition 

functions. Promising applications of lectin-based systems do not only rely on targeted 

specific attachment, but they also allow efficient delivery of the macromolecules of 

therapeutic agents via active cell-mediated drug vesicular transport following lectin 

recognition. Positive applications particularly in the GI tract have been reported, for 

example, the targeting gut associated lymphoid tissue (GALT) for immunisation by the 

lectins specifically attaching to M-cells, or in another example E. coli K99 fimbriae 

lectin used to target the corticosteroid 6-methyl-prednisolone to areas in the colon 

affected by Crohn’s disease. 

However, concerns regarding lectin toxicity, immunogenicity and adverse effect of 

repeated lectin exposure undermine their wide application. Safety issues should be also 
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taken good care on lectin-induced antibodies which could otherwise impact the effect of 

subsequent administration of same lectin-based vehicles or on occasional lectin-induced 

systemic anaphylaxis. 

2.4.5.2. Thiomers 

Thiomers are a new generation of mucoadhesive polymeric drug carriers [154]. The 

concept of thiomers targets on the insufficiency of mucoadhesion by relatively weak 

non-covalent bonds between polymers and mucins, which may affect effective retention 

of delivery system. Thiomers display reactive thiol groups on their side chains. 

Therefore, thiol exchange reactions and/or oxidation processes can form covalent 

disulfide bonds that link polymer molecules to cysteine-rich subdomains of mucus 

glycoproteins. It is worth mentioning that cysteine-rich subdomains are prevalent in 

almost all secreted gel-forming mucins manifesting as C-/CK-domains at the C end of 

mucin polymer [155], which justifies the concept of thiomers. Thiomers have been 

demonstrated in vitro to markedly prolong the adhesion performance, and thus the 

retention period [156]. An in vivo example of this gastroretentive property was also 

reported [157-159]. 

Since the advent of the concept of thiolated polymers, many first-generation 

mucoadhesive polymers have been derivatised for the desired mucoadhesiveness. Some 

examples and the according enhancements in mucoadhesiveness are given in Table 2.5. 

Thiomers were proved to provide a more endurable bonding with mucin regardless of 

the changes of ionic strength and environmental pH. 
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Table 2.5 A group of thiomers and the improvement on measured mucoadhesion [160]. 

Polymer 
Enhancement of mucoadhesive bonding 

strength 

Chitosan-iminothiolane 250-fold improvement 

Poly(acrylic acid)-cysteine 100-fold improvement 

Poly(acrylic acid)-homocysteine Approx. 20-fold improvement 

Chitosan-thioglycolic acid 10-fold improvement 

Chitosan-thioethylamidine 9-fold improvement 

Alginate-cysteine 4-fold improvement 

Poly(methacrylic acid)-cysteine Noticeable improvement 

Sodium carboxymethylcellulose-cysteine Noticeable improvement 

As the modified polymers, concerns toward thiomers’ cytotoxicity deserve to be well 

addressed, especially in the food or pharmaceutical applications. Evidence of bio-safety 

is accumulating for various thiomers [161-162]. For instance, Guggi et al. reported that 

chitosan-TBA (thiolated with 2-iminothiolane) showed a comparable toxicity profile to 

the corresponding unmodified chitosan, which should not compromise its use as a 

pharmaceutical excipient [163]. 

2.4.5.3. pH-responsive mucoadhesive polymers 

The pH responsive polymers, such as acrylic-based polymers, can be widely seen in 

enteric formula where gastric (low pH) release is unexpected. The mucoadhesive 

properties of these pH-responsive polymers can be further improved by grafting 
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adhesive promoters such as poly(ethylene glycol) (PEG) onto their backbone. The so-

designed copolymers were classified as complexation hydrogels [164]. Such polymers 

therefore acquire both pH-responsive and enhanced mucoadhesive behaviours. When 

the environmental pH is substantially lower than the pKa of the copolymer, an 

interpolymer complexation forms between electron deficient moieties, such as the 

carboxylic acid groups found along the backbone of polyacids, and moieties containing 

regions of high electron density, such as the ether groups comprising poly(ethylene 

glycol)(PEG). Once the environmental pH approaches the pKa of the copolymer, 

deprotonation occurs causing the network to decomplex and swell. When such polymer 

system comes into contact with the mucus, the concentration gradient across the 

interface causes the PEG chains to diffuse out of the network and penetrate into the 

mucus layer. However, as the surface coverage of PEG tethers increases, the repulsion 

between the tethers among themselves can also increase, thus provoking the 

displacement of some of the tethers inside the hydrogel. As a consequence, the tethers 

available for the interaction with the mucus decreased, resulting in a lower polymer-

mucus interaction [165-167]. It therefore requires necessary optimisations for this type 

of system. 

Other strategies to elicit a specific recognition to certain cells or surface molecules on 

mucosa include amino acid sequences and antibodies. However, they are more related 

to the treatments of certain pathological conditions and may not be suitable for 

generally administering probiotics in the GI tract, thus are not covered by this review. 
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2.4.6. Methods for mucoadhesion analysis 

2.4.6.1. In vitro methods 

In vitro methods and related techniques for measuring the mucoadhesive property of 

polymer are summarized in Table 2.6. The methods developed particularly for 

measuring mucoadhesion performance of polymer-based microsphere were basically 

altered from those methods, with recruiting some precise machinery. They include: the 

electrobalance-based method [168] and the novel electromagnetic force transducer 

(EMFT) method [148]. In addition, scanning electronic microscopy (SEM), electron 

microscopy and scanning tunnelling microscopy (STM) are also frequently applied to 

study the surface morphology of polymer-based microspheres, because the smooth 

texture of the microsphere surface is believed to lead to weak mucoadhesive properties, 

while the coarser surface texture improves the adhesion through stronger mechanical 

interactions. 
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Table 2.6 Methods for measuring the mucoadhesion property of polymer, modified from [169]. 

Description of method Comment  

By measuring the detaching performance 

A polymer-coated plate was raised from 

mucus gel. The detaching force to remove the 

plate was measured by a microbalance. 

Different polymers were ranked according to 

the microbalance readings. 

This method:  

(1) was easy to set up; 

(2) did not consider the possible dissolution 

of polymer; 

(3) lacked the involvement of a biological 

tissue. 

 

A textural analyzer was used to measure the 

tensile force when detaching two pieces of 

freshly excised animal (porcine) intestinal 

tissue (up and down) with a compressed 

polymer disc in the middle.  

(1) Results could be influenced by 

variables as contact force, contact time and 

the removing speed of probe while a longer 

contact and higher probe speed were found 

to give a greater sensitivity; 

(2) This method could be altered to emulate 

shearing stress.  

 

A number of compressed polymer discs were 

attached to freshly excised porcine intestinal 

tissue which had previously been spanned 

onto a stainless steel cylinder. The cylinder 

was then placed in a dissolution apparatus 

and rotated at a predetermined speed. 

Records were made at a fixed time interval 

until all the discs were either disintegrated or 

detached from the mucosal surface. 

This method allowed the measurement of 

mucoadhesion under the application of a 

shearing stress. 

 

By rheology measurement of mucoadhesion 
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The binary blend of candidate polymer and 

mucus was compared to either the similarly 

concentrated monocomponent mucus or the 

polymer according to rheological sum. 

(1) This method could examine the 

synergistic interaction between the polymer 

and mucus from the bond forming 

perspective; 

(2) The synergistic interaction was found to 

be polymer-concentration dependant; 

(3) The replacement of fresh mucus with 

rehydrated mucin could affect the 

measurement especially to ion-sensitive 

polyacrylic acids depending on the 

preparation of the mucin. 

 

Fluorescent-probe-based methods 

The lipid bilayer of cultured human 

conjunctiva cells was labelled with 

fluorescent probe pyrene. The adhesion of 

polymers to these cells caused a change in the 

intensity of fluorescence due to surface 

compression when compared to control cells. 

The degree of change was assumed to be 

proportional to the amount of polymer 

binding. 

Findings suggested that highly charged 

carboxylated anions exhibit the best 

properties for bioadhesion. 

 

Fluorochrome-labelled polymers were 

delivered onto animal mucosal tissue. A 

washing solution was applied at a fixed rate 

to mimic bio-fluid flow. The eluted material 

was measured by fluorometer. 

  

Other methods 
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This measurement was via the BIACORE 

instrumentation based on the principle 

underlying an optical phenomenon called 

Surface Plasmon Resonance (SPR). SRP 

response is sensitive to the solute 

concentration on the sensor chip. 

This instrument setup allowed the real-time 

measurement and label-free detection of 

polymer mucin binding. 

 

2.4.6.2. In vivo methods 

In vivo mucoadhesive studies are less frequently reported than in vitro tests due to cost, 

time constraints and, more importantly, ethical considerations [169]. Therefore, novel 

non-invasive techniques are sought to overcome those drawbacks. 

γ-scintigraphy is a technique whereby the transit of a dosage form through its intended 

site of delivery can be non-invasively imaged in vivo via judicious introduction of 

appropriate short lived gamma emitting radioisotope. For example, Anande et al. [170] 

reported using this technique that Eudragit S100 coated gelatine capsule retarded the 

release of Con-A conjugated microsphere at low pH and released microspheres slowly 

at pH 7.4 in the colon. 

In another interesting case [171], an oral delivery system based on thiomer matrix 

coated by pH-responsive polymer was subject to test. The internal dry form protected 

by pH-responsive polymer through stomach was imaged by matrix-entrapped 

gadolinium complex (Gd-DTPA), which does not show positive magnetic resonance 

signal until it is hydrated and ionised. 

These techniques provided good examples of the non-invasive technique, which help to 

extend the knowledge on how the delivery system may respond to in vivo environment. 
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Chapter 3. Flow cytometric assessment of protectants for 

enhanced survival of probiotic lactic acid bacteria through 

human gastro-intestinal environment 

This chapter describes the use of flow cytometry for the evaluation of two hypothesized 

protectants (i.e., metabolisable sugar and lecithin vesicles), for the protection of 

probiotic LAB strains over the GI stress factors. 

3.1. Introduction 

Lactic acid bacteria (LAB) such as lactobacilli and bifidobacteria are commonly used as 

dietary supplements for their favoured probiotic attributes and are administered orally 

for obvious convenience. Because the benefits were more pronounced under the 

functional status, probiotic bacteria are favoured to be delivered to the distal area of the 

human gastro-intestinal (GI) tract in a live state [16, 172]. However, the stress factors in 

the GI tract inevitably affect the cellular functions of probiotic bacteria [51, 173-174]. 

Their physiological conditions including the integrity of cellular membrane, 

intracellular pH, functional enzymes, etc., are constantly challenged by the stress factors 

such as gastric acidity, bile acids and other digestive enzymes. In particular, the acidity 

of gastric juice as low as pH 1.5 under a fasting state can rapidly inactivate LAB, 

exhausting them in retaining a constant cytoplasmic pH [175]. It was also reported that 

strains of LAB, even if they commonly exhibited good intrinsic tolerance to pH 4, 

suffered increased sensitivity at pH values below 3 [176-177]. In the attempt to enhance 
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the survival in acidic environments, metabolisable sugars were tested on some probiotic 

LAB and improved their transient endurance [178-179]. The protection was further 

attributed to the membrane-bound F1F0-ATPases which could actively pump out 

overabundant protons under the energized state [174, 179-181]. In regard to another 

major stress factor, bile acids (or their salts) are potent bio-surfactants especially in the 

unconjugated form. They exhibit a substantial anti-microbial effect by disturbing the 

cell membrane integrity, lowering the intracellular pH and interfering with normal 

cellular metabolism [173]. The minimum inhibitory concentrations (MIC) were reported 

to be 3 to 13 mM for cholic acid (CA) and 0.3 to 0.8 mM for deoxycholic acid (DCA) 

individually for a variety of LAB [182]. My previously published work also confirmed 

this bactericidal effect, whereby 2-h exposure to 0.4% (wt/vol) of mixed CA and DCA 

(50:50, equal weight) induced around two-log drop in CFU count among all the four 

examined probiotic strains [88]. 

In most previous studies on probiotic LAB, proliferation-based techniques (e.g. plate 

count) were widely employed as the standard method for viability enumeration. 

However, the drawbacks of these have been highlighted by some probiotics researchers 

in recent years [56, 183]. It is argued that, in many cases, the proposed probiotic 

mechanisms are dependent on metabolic activity rather than cell replication [184]. 

Additionally, a good re-growth in the laboratory may not always represent a comparable 

proliferation capacity in the intestine [183]. It has also been confirmed that stressed 

probiotic bacteria can enter into a viable-but-not-culturable (VBNC) state, in which 

bacteria fail to grow on nutrient agar but still possess some properties typical of viable 

cells [183, 185]. The arguments complicate the story of the viability enumeration. It is 

reasonable to justify that proliferation-based methods provide only a limited view of the 
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physiological status of cells. Therefore, alternative techniques are desired for revealing 

viability in terms of physiological status and functionality rather than cultivability. 

Flow cytometry (FCM) in combination with fluorescent labelling is a rapid technique 

for single-cell-oriented multi-parametric assessment. A variety of fluorescent probes 

have been applied to examine different physiological parameters including cell 

membrane integrity, intracellular enzyme activity, cellular vitality, cytoplasmic pH and 

membrane potential [186]. Among the numerous choices, propidium iodide (PI) and 

carboxyfluorescein di-acetate (cFDA) are the most widely used combination. FCM 

analysis combined with cF/PI dual staining was successfully applied to discriminate the 

physiological heterogeneity in some Bifidobacterium and Lactobacillus species which 

were exposed to a variety of biological and environmental stress factors such as acid, 

bile salts, freezing, lyophilisation, heat, ultrasound and high pressure [56-57, 89, 103-

104, 187-189]. In some studies, the correlation between the probe-indicated viability 

and the cultivability for the cells from heterogeneous subpopulations was also explored 

by FCM-based single-cell sorting technique [57, 190]. 

In the current investigation, FCM analysis was applied to profile the physiological 

status of six probiotic LAB strains which were challenged by the simulated human GI 

stressors. Improved protection provided by the selected protectants was expected to be 

reflected in altered patterns of FCM-enumerated physiological heterogeneity. Single-

cell-sorting technique was also utilized to compare the FCM-enumerated viability with 

the proliferation-based cultivability. 
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3.2. Materials and methods 

3.2.1. Materials 

Bile salts (mixture of 50% sodium cholate and 50% sodium deoxycholate) were 

procured from Sigma-Aldrich (Australia). The fluorescent probes, PI and cFDA, were 

procured from Invitrogen Inc (U.S.). Egg yolk lecithin (>98% phosphatidylcholine) was 

donated by GMP Pharmaceuticals NZ (New Zealand). The simulated gastric fluid 

(SGF) and the simulated intestinal fluid (SIF) were prepared following U.S. 

Pharmacopeia 29 (USP29):  

 The SGF test solution was prepared by dissolving 2.0 g of NaCl and 3.2 g of 

purified pepsin in 7.0 mL of HCl and sufficient water to make 1000 mL (either with 

or without 20 mM glucose supplement). This test solution had a pH of about 1.2;  

 The SIF was prepared by firstly dissolving 6.8 g of KH2PO4 in 250 mL of water, 

mixing, and adding 77 mL of 0.2 N NaOH and 500mL of water, then adding 10 g 

pancreatin, mixing and adjusting the resulting solution with either 0.2 N NaOH or 

0.2 N HCl to a pH of 6.8, and finally diluting with water to 1000 mL. Bile salts at 

different concentrations were prepared based on the SIF by dissolving according 

weight of bile salts powder. 

The preparation of lecithin vesicles followed the method of Hope et al. [191]. Briefly, 

egg yolk lecithin (average mol wt 760.09 g/mol) was dried under nitrogen, dissolved in 

warm tert-butanol, frozen at -80°C, and lyophilised overnight. It was then suspended in 

Tris-buffered saline, vortexed vigorously for 20 min, followed by five freeze and thaw 

cycles using liquid nitrogen, and extruded under nitrogen through the paired 0.1-µm 

polycarbonate filters. The extruded vesicles were stored under nitrogen at 4°C and used 
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within a week. Vesicles formed this way had a uniform surface available for surface 

interactions. 

3.2.2. Strains and culturing conditions 

Probiotic strains including Lactobacillus acidophilus DPC201 (BRNZ#001DU), 

Lactobacillus plantarum DPC206 (BRNZ#006DU), Pediococcus acidilactici DPC209 

(BRNZ#009DU), Lactobacillus reuteri DPC16 (NZRM 4294), Lactobacillus 

rhamnosus HN001 (BRNZ#001FP) and Bifidobacterium lactis HN019 (BRNZ#002FP) 

were obtained from Bioactives Research New Zealand (BRNZ, New Zealand) culture 

collection, delivered as frozen. These strains were revived anaerobically in deMan-

Rogosa-Sharpe (Difco, USA) broth supplemented with 0.5 g/L cysteine (MRSc) for 36 

h at 37°C. The culture was again purified via single colony purification by sterile 

streaking. The identification of each purified strain culture was confirmed at species 

level by API 50 CHL system and API Rapid ID 32A system (bioMérieux, Inc., 

Australia). Prior to experimenting, each strain was anaerobically propagated twice in 

MRSc broth at 37°C to the early stationary phase. Enumeration was performed by the 

drop plating technique on MRS agar plate. The inoculated plates were incubated in an 

anaerobic system at 37°C for 24 hours. 

3.2.3. Simulated gastric fluid and sucrose supplement 

For each strain, 5 mL fresh culture was harvested by centrifugation at 4,000 × g for 5 

min, re-suspended in 5 ml SGF and agitated (120 rpm) at 37°C for 2 hours. By the end 

of this duration, 1 ml samples were withdrawn from the SGF solution. The pH was 

neutralized with 0.1 M NaOH. The probiotics in each sample were centrifuged and re-

suspended in 2 mL 1x PBS pH 7.4 prior to fluorescent staining and FCM analyses. The 

energy supply for probiotics to survive low pH was studied following the same process 
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except that the SGF was supplemented with 20 mM sucrose. Freshly harvested bacteria 

of each strain served as positive control while heat-killed bacteria (85°C, 45 min) served 

as negative control. Both control groups followed identical harvest and wash process as 

treated groups. 

3.2.4. Simulated intestinal fluid and lecithin vesicle supplement 

Bile salts were weighed and dissolved in the SIF to make bile-salt-SIF solutions (bsSIF) 

at concentration 0.4 and 0.8 g/100mL. For each strain, 5 mL fresh culture was harvested 

by centrifugation at 4,000 × g for 5 min, re-suspended in 5 ml bsSIF solution and 

agitated (120 rpm) at 37°C for 2 hours. By the end of this duration, 1 ml samples were 

withdrawn from the bsSIF solution. The probiotics in each sample were centrifuged and 

re-suspended in 2 mL 1x PBS pH 7.4 prior to fluorescent staining and FCM analyses. 

The protection provided by lecithin vesicle for probiotics to survive bile salt challenge 

was studied following the same process except that the bsSIF was supplemented with 

2% (w/v) lecithin vesicles. Freshly harvested bacteria of each strain served as positive 

control while heat-killed bacteria (85°C, 45 min) served as negative control. Both 

control groups followed identical harvest and wash process as treated groups. 

3.2.5. Time course study of bile salts challenge to L. reuteri DPC16 at serial concentrations 

L. reuteri DPC16 strain was exemplified to demonstrate the time course challenge on 

probiotics induced by bile salts at different concentrations. The treatment followed the 

same procedure as described in Section 3.2.4. Two time points (0.5 and 1.5 h) were 

selected for viability enumeration and bsSIF solutions were prepared at 0.05%, 0.1%, 

0.2%, 0.4%, 0.8% and 1.2% (w/v, g/100mL). 
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3.2.6. Fluorescence labelling and FCM analysis 

FCM analysis followed the same method described in my previously published study 

[103]. Briefly, cFDA was prepared as a 10-mM stock solution in anhydrous DMSO and 

was further diluted in DMSO to 1-mM working solution before use. Each treated 

bacteria concentrate was suspended and diluted using an anaerobic PBS (pH 7.0; 

containing 1 mM DTT) to approximately 10
7
 CFU/mL. Ten microlitre of cFDA 

working solution was added into 990 µL bacteria suspension, mixed well and incubated 

in the dark at 37°C for 10 min. Afterwards, the bacteria were spun down and washed 

once using the anaerobic PBS (pH 7.0) to remove excess of cFDA. The cF-stained 

bacteria were re-suspended in 980 µL of anaerobic PBS (pH 7.0). PI was supplied by 

the manufacturer as a 1-mg/mL solution in distilled water and was used as the working 

solution. Twenty microlitre of PI solution was added in the cF-stained bacteria 

suspension and mixed well. The dual stained bacteria suspension was further incubated 

in the ice-bath for 15 min prior to FCM analysis. 

FCM analysis was performed with the BD LSR II Flow Cytometer (BD Biosciences, 

New Zealand). The cytometer was adjusted at low flow rate to count 100,000 

fluorescent events. The measurements acquired for each bacterium included the forward 

scatter (FSC), the side scatter (SSC), the green (FL1) and the red fluorescence (FL3) 

channels. The cF-stained bacteria were detected at 530 nm. The PI-stained bacteria were 

detected at 635 nm. Both were excited by a laser beam with a wavelength at 488 nm. 

All signal channels were recorded on logarithmic scale. The data were collected by BD 

FACSDiva program and were stored in the standard “.fcs” format. 

The raw data were analyzed with FlowJo program (v7.6.1, Tree Star, Inc. USA) in the 

post-run mode. A polygon gate was created on dot plot of FSC vs. SCC to discriminate 

bacteria population. On dot plot of FL1 (cF) vs. FL3 (PI), four quadrants were divided 
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by cross-line gating. The four quadrants were defined clockwise starting from the top-

left one as Q1, Q2, Q3 and Q4. Three heterogeneous subpopulations were observed as: 

Q1 (cF+/PI-): the intact (healthy) sub-population, Q2 (cF+/PI+): the stressed sub-

population and Q3 (cF-/PI+): the damaged sub-population.  

3.2.7. Cell sorting 

Cell sorting followed the method described by Papadimitriou et al. [190] with few 

modifications. The EPICS Elite Flow Cytometer (Beckman-Coulter, UK) ran under the 

compatible workstation software ver. 4.5. The instrumental settings involved the 15 

mW air-cooled argon ion laser (488nm), the confocal beamshaper (15 x 60 µm spot-

size) and the 76 µm sort sense flow cell operating at 15 psi sheath pressure with a 

droplet frequency at 38 kHz. Bacteria were discriminated by their FSC/SCC signals and 

were sorted based on the region of interest with cF (FL1) only, cF and PI (FL1 and FL3) 

or PI (FL3) only fluorescence. Discriminator was created as a noise background <50 

events/s on a filtered sheath sample. Sorting rate was set at <300 cells/s. Coincidence 

abort and triple drop deflection were activated. The probiotic bacteria of each strain 

were challenged by either SGF or bsSIF in the presence of corresponding protectant. 

They were labelled with the probes and analyzed by FCM. Twenty cells from each 

subpopulation were sorted on an MRS agar plate for proliferation evaluation. 

3.2.8. Statistical analysis 

Results were generated from five independent experiments, each performed in 

duplicate. P = 0.05 was selected as the significance level unless otherwise specified. 

The type of statistics was stated separately for every result being presented and/or 

discussed.  
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3.3. Results 

3.3.1. SGF challenge and sucrose supplement 

FCM analysis clearly distinguished the physiological heterogeneity of the challenged 

bacteria population. Taking L. acidophilus DPC201 for instance, Figure 3.1 shows the 

acquired FCM dot plots (FL1 vs. FL3) of this strain that had been exposed to simulated 

GI challenges either in the presence or the absence of the protectants. The x-and the y- 

axes in this plot represent the intracellular PI and cF fluorescent intensities in 

logarithmic scales, respectively. The plot space was divided into four quadrants in terms 

of the combinations of PI and cF intensities at low (-) or high (+) level. The four 

quadrants corresponded to the four subpopulations including intact (healthy) 

subpopulation (Q1: cF+/PI-), stressed (injured) subpopulation (Q2: cF+/PI+), damaged 

subpopulation (Q3: cF-/PI+), and artifacts (Q4). In Figure 3.1(a), the fresh L. 

acidophilus DPC201 culture (the positive control) mainly fell into the category of intact 

cell (Q1 quadrant) while Figure 3.1(b) shows that the heat-killed L. acidophilus 

DPC201 mainly fell into the category of damaged cell (Q3 quadrant). Both plots 

matched the characteristic of the respective control samples. After being challenged 

with SGF, L. acidophilus DPC201 in the absence of sucrose (Figure 3.1(c)) was found 

to suffer a huge loss of cell membrane integrity and enzyme activity. Nearly 97% of the 

cells appeared to be severely damaged and shifted to Q3 quadrant, making the plot quite 

comparable to the one of the heat-killed sample. In contrast, the presence of 20 mM 

sucrose in SGF (Figure 3.1(d)) substantially enhanced the survival of L. acidophilus 

DPC201. More than one tenth bacteria (Q1: 12.27%) were kept intact. In comparison, a 

nearly complete loss of the intact cells was observed in the non-supplemented sample. 

The number of bacteria in Q2 (consisting of injured but not severely damaged bacteria) 

also expanded more than 10 folds. The number of damaged bacteria was reduced by 
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more than half. For each strain, the composition of subpopulations was collected from 

the cF/PI dot plots and summarized in Figure 3.2. It is clearly shown that the supportive 

effect of sucrose is universal among all the six probiotic strains. Considering the 

particular enhancement for each strain, the highest yield of intact bacteria was observed 

in L. rhamnosus HN001 (Q1: 23.2%) while the lowest was seen in L. plantarum 

DPC206 (Q1: 12.3%). 

 

   

(a)     (b) 

   

(c)     (d) 
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(e)     (f) 

   

(g)     (h) 

Figure 3.1 Dot plots of the FCM-enumerated L. acidophilus DPC201 exposed to the simulated GI 

challenges in the absence and presence of the protectants. (a) Fresh culture, positive control; (b) 

heat-killed DPC201, negative control; (c) DPC201 exposed to SGF pH 1.2 for 2 h; (d) DPC201 

exposed to SGF pH 1.2 for 2 h in the presence of 20 mM sucrose; (e) DPC201 exposed to bsSIF 

(0.4% bile salts) for 2 h; (f) DPC201 exposed to bsSIF (0.4% bile salts) for 2 h in the presence of 2% 

lecithin vesicle; (g) DPC201 exposed to bsSIF (0.8% bile salts) for 2 h; (h) DPC201 exposed to bsSIF 

(0.8% bile salts) for 2 h in the presence of 2% lecithin vesicle. The y-axis indicates the logarithmic 

fluorescence intensity of cF (FL1). The x-axis indicates the logarithmic fluorescence intensity of PI 

(FL3). Four quadrants (sub-populations) are defined as Q1(cF+/PI-, healthy), Q2(cF+/PI+, 

stressed), Q3(cF-/PI+, dead), and Q4(cF-/PI-, artefacts). 
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Notes: 

1. C+ denotes the positive control (fresh culture). 

2. C- denotes the negative control (heat-killed culture). 

3. SGF denotes the treatment of the simulated gastric fluid treatment (pH 1.2). 

4. SGFs denotes the SGF supplemented with 20 mM sucrose. 

Figure 3.2 Summary of the FCM-enumerated viability of six probiotic strains which were exposed 

to SGF for 2 h either with the absence or the presence of 20 mM sucrose. The three subpopulations 

are indicated by the colours as intact: □, stressed: ■, and damaged: ■. The y-axis indicates cell 

number of the subpopulations in percentage. The y-axis error bars indicate the 95% confident 

interval. Data was acquired from five individual experiments, each performed in duplicates. 
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3.3.2. Bile-salt SIF challenge and lecithin vesicle supplement 

The presence of lecithin vesicle conferred a substantial protection on the LAB strains 

which were exposed to lethal concentrations of bile acids in SIF. FCM analysis 

successfully revealed this improvement by showing the significant changes among the 

heterogeneous subpopulations. Still taking L. acidophilus DPC201 for instance, Figure 

3.1(e)-(h) show the acquired FCM dot plots (FL1 vs. FL3) for this strain which was 

challenged by bsSIF either in the presence or the absence of lecithin vesicles. It is 

obvious in Figure 3.1(e) and Figure 3.1 (g) that after a 2-h challenge, bile acids at either 

concentration almost depleted the intact bacteria (Q1 quadrant), resulting in less than 

0.2% integral cells in the whole bacterial population. Similarly, only a small number of 

the bacteria fell in the category of stressed subpopulations, as defined by the Q2 

quadrant. In contrast, most of the cells (>98%) appeared to be damaged (Q3 quadrant) 

and resembled the heat-killed sample. This indicates a high potency of bile salts to 

disrupt bacterial cell membrane and interfere with the functionality of cytoplasmic 

enzymes in the light that both probes indicate the worst status. Comparatively, the 

supplement of lecithin vesicle to bsSIF substantially mitigated the harmful impact of the 

bile salts. The number of intact DPC201 rose from almost none to 67% in the case of 

bile-salt concentration at 0.4% (w/v) and to 50% in the case of 0.8%. The protection 

was further demonstrated to be universal among all the six examined strains. More than 

a half of the challenged cells benefited from the protection, remaining intact, whilst the 

number of damaged bacteria was reduced to below 20%. For each strain, the 

composition of the subpopulations was collected from the FCM data and illustrated in 

Figure 3.3. 
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Notes: 

1. C+ denotes the positive control (fresh culture). C- denotes the negative control (heat-killed culture). 

2. bsSIF 0.4% denotes the treatment with the simulated intestinal fluid in the presence of 0.4% (w/v) bile 

acids. bsSIF 0.8% denotes the treatment with the simulated intestinal fluid in the presence of 0.8% (w/v) 

bile acids. 

3. bsSIFlv denotes the bsSIF supplemented with 2% (w/v) lecithin vesicle.  

Figure 3.3 The summary of the FCM-enumerated viability of six probiotic strains which were 

exposed to bsSIF for 2 h either with the absence or the presence of 2% (w/v) lecithin vesicle. The 

three sub-populations are indicated by the colours as intact: □, stressed: ■, and damaged: ■. The y-

axis indicates cell number of the subpopulations in percentage. The y-axis error bars indicate the 

95% confident intervals. Data were acquired from five individual experiments, each performed 

with duplicate. 
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In addition, there was another unexpected observation on the interaction between the 

bacteria and bile salts at different concentrations. The 0.8% (w/v) bsSIF was found to 

induce slightly less damaged cells (one-tailed paired Student t-test, P = 0.044) and result 

in more stressed cells (one-tailed paired Student t-test, P = 0.043) than the 0.4% (w/v) 

bsSIF. This phenomenon was further demonstrated on L. reuteri DPC16 in the 

following Section 3.3.4. 

3.3.3. Cell sorting 

In order to verify the FCM-analysed improvement in viability, single-cell sorting was 

performed, which evaluated each subpopulation based on their proliferation capacities. 

The results are listed in Table 3.1. The intact subpopulations among all the strains 

through different treatments were proved to consist of most cultivatable cells, showing 

no less than 90% growth on agar plate. In contrast, no growth was observed in all the 

samples from damaged subpopulations. Growth of the stressed (injured) cells exhibited 

some complexities, whereby the percentages of the colony-forming cells ranged from 

35% for Bf. lactis HN019 challenged by 0.8% bsSIF to 72% for L. reuteri DPC16 

challenged by SGF. 
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Table 3.1 Percentages of cells of six LAB strains that formed or did not form colonies after being 

directly sorted on MRS agar plate. The cells were exposed to various treatments in simulated GI 

challenges in the presence of the selected protectants. The criterion of cell sorting was based on the 

cF/PI dual-staining results analyzed by FCM. Results were acquired from five independent 

experiments and presented as mean ± 95% confident interval.  

Treatment Strain 
Intact cells 

Q1: cF+/PI- 

Stressed cells 

Q2: cF+/PI+ 

Damaged cells 

Q3: cF-/PI+ 

Fresh culture 

Bf. lactis HN019 93% ± 1.9% 

NT NT 

L. acidophilus DPC201 94% ± 2.3% 

L. plantarum DPC206 95% ± 2.0% 

L. rhamnosus HN001 94% ± 1.4% 

P.acidilactici DPC209 95% ± 2.2% 

L. reuteri DPC16 96% ± 2.3% 

SGF challenge 

in the presence 

of 20 mM 

sucrose 

Bf. Lactis HN019 90% ± 3.1% 51% ± 2.6% NG 

L. acidophilus DPC201 93% ± 1.7% 61% ± 2.6% NG 

L. plantarum DPC206 95% ± 3.1% 66% ± 2.6% NG 

L. rhamnosus HN001 93% ± 2.6% 61% ± 1.4% NG 

P.acidilactici DPC209 91% ± 4.0% 65% ± 2.2% NG 

L. reuteri DPC16 96% ± 2.8% 72% ± 1.7% NG 

SIF (0.4% bile 

salts) 

challenge in 

the presence of 

2% lecithin 

vesicles 

Bf. Lactis HN019 88% ± 2.8% 36% ± 2.6% NG 

L. acidophilus DPC201 92% ± 2.8% 58% ± 3.5% NG 

L. plantarum DPC206 92% ± 2.8% 61% ± 4.6% NG 

L. rhamnosus HN001 91% ± 3.4% 59% ± 1.4% NG 

P.acidilactici DPC209 90% ± 4.4% 63% ± 1.7% NG 

L. reuteri DPC16 95% ± 3.1% 71% ± 2.6% NG 

SIF (0.8% bile 

salts) 

challenge in 

the presence of 

2% lecithin 

vesicles 

Bf. Lactis HN019 87% ± 3.5% 35% ± 2.2% NG 

L. acidophilus DPC201 91% ± 4.0% 59% ± 1.4% NG 

L. plantarum DPC206 92% ± 3.5% 61% ± 3.4% NG 

L. rhamnosus HN001 89% ± 4.6% 58% ± 2.8% NG 

P.acidilactici DPC209 90% ± 3.1% 62% ± 3.5% NG 

L. reuteri DPC16 94% ± 3.4% 70% ± 4.9% NG 

 

Notes: 

1. NT denotes that no test was performed due to the low percentage of this subpopulation. 

2. NG denotes that no growth on nutrient agar plate was detected for this subpopulation. 
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3.3.4. Time course study of bile salts challenge to DPC16 at serial concentrations 

In the previous bsSIF challenge test, we observed that 0.8% (w/v) bsSIF unexpectedly 

induced slightly less damage to the LAB strains in comparison to 0.4% bsSIF. This 

phenomenon was further demonstrated on the strain L. reuteri DPC16 at a wider range 

of bile-salt concentrations using FCM analysis. The results are summarized in Figure 

3.4. It was observed that the presence of bile salts at concentration around 0.1% to 0.2% 

started to inflict noticeable damage on L. reuteri DPC16. However, this damaging effect 

did not uni-directionally increase with the elevated bile-salt concentrations. It peaked 

when the bile-salt concentration reached around 0.4% (w/v). In the case that the bsSIF 

challenge was as brief as 0.5 h, the number of intact cells showed a slight increase at 

higher bile-salt concentrations. Similarly, the stressed subpopulations substantially 

expanded at the bile-salt concentrations above 0.4%, accompanying the reduction of 

damaged cells. This phenomenon was still visible in the 1.5 h samples although only to 

a much reduced extent. 
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Figure 3.4 FCM-enumerated physiological heterogeneity of the L. reuteri DPC16 populations which 

were exposed to bsSIF challenge. Bile-salt concentrations in SIF ranged from 0.05% to 1.2% (w/v). 

The three sub-populations are indicated by the colours as intact: □, stressed: ■, and damaged: ■. 

Two time points: (a) 0.5 h and (b) 1.5 h were selected for the enumeration. The y-axis error bars 

indicate the 95% confident interval. 
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3.4. Discussion 

In this study, FCM assessment combined with cF/PI dual staining was successfully 

applied to evaluate the protective effects of sucrose and lecithin vesicles on six early-

stationary-phase probiotic strains of LAB. The use of multiple physiological probes 

provided a superior discrimination of physiological heterogeneity within the bacteria 

population, and overcame the deficiency of single probe. Some studies reported that the 

viability count based on the cF-stained bacteria tended to give an overestimated result as 

compared to plate count [57, 192]. The discrepancy is attributed to the existence of 

viable-but-not-culturable (VBNC) cells which are injured and fail to grow on nutrient 

agar but still preserve good enzyme (esterase) activity and hence get stained by cF. This 

type of VBNC cells was observed in the current study in all examined strains. In 

particular, VBNC cells occurred in a large quantity in the stressed subpopulations 

(stained by both cF and PI) as evaluated by cell sorting. It may suggest that the process 

of proliferation involves sensitive mechanisms which are easily compromised by certain 

environmental stressors. The existence of VBNC cells of some LAB strains was 

investigated and was suggested to be very common among probiotics [183, 185], which 

makes enumeration complicated.  The other probe used in my study PI was considered 

as a sensitive probe for cell membrane integrity. False positive results of this probe, 

however, were reported on some environmental strains during the early exponential 

growth, possibly because fast cell size growth affected the cell membrane integrity [92]. 

The experiment settings of my current study avoided this potential problem by growing 

the bacteria to early stationary phase when cell membrane was fully developed and 

underwent only limited structural change. The measured integrity loss was subsequently 

considered to be caused mainly by environmental stress factors. The use of early-

stationary-phase probiotic bacteria has another advantage. Stationary-phase probiotic 
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culture was found to be inherently resistant to a variety of stressors, which would 

benefit following processes such as encapsulation and spray-drying [60, 76, 193]. The 

resistance was considered to rise from the stress response elicited by starvation and sub-

lethal acidity of the spent media [194-195].  

The intrinsic tolerance to acidic environments can facilitate the passage of probiotics 

through the host’s stomach. However, the availability of an energy source proved to be 

equivocally important in order to maintain the function for the acid tolerance. The 

current study showed that the presence of sucrose coincided with the significantly 

enhanced preservation of favourable physiological conditions among all the six strains. 

It agreed with the reports about the supportive role of metabolisable sugars for the acid 

tolerance of bacteria [179, 196]. The protection is fulfilled by energizing the membrane-

bound F1F0-ATPase proton pump [180, 196], which consequently maintains a near-

neutral cytoplasmic pH for bacteria. Because the esterase activity of LAB strains was 

commonly found to be optimal at pH 6 to 7 and severely inhibited below pH 4 [197-

199], the normal functionality of intracellular enzymes as revealed by cF staining may 

have provided evidence for the undisturbed internal pH under the stress of acidity. In 

addition, the results may have some useful indications for the effective administration of 

oral probiotics. The probiotics are better to be administered with food or soon after a 

meal when the gastric pH is elevated, a supportive food matrix is present and the 

transient time is shortened. 

Bile acids, one of the major components of bile, are strong biological membrane 

disruptors due to their amphiphilic characteristic, particularly in unconjugated form. All 

the six probiotic strains in the study suffered a huge loss of the cell membrane integrity 

in the presence of bile salts, as evaluated by permeation of PI. The two bile-salt 

concentrations used in the study represent critical ranges around (as of 0.4%) and above 
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(as of 0.8%) the critical micelle concentration (CMC) of the mixture of sodium cholate 

and sodium deoxycholate. It also covered the highest biological presence of bile salts in 

human bile which is up to 14 mM. Interestingly, the bile salt concentration (0.4%) near 

the CMC was found to induce slightly more damage to the examined bacteria than the 

higher concentration (0.8%). The underlying mechanisms of this unexpected increase in 

survival are unclear. However we propose that it may be due to the occurrence of 

secondary aggregates of bile salt micelles. It has been reported that, at concentrations 

above CMC, the average aggregation number of primary bile-acid micelles increases, 

creating an expanded spatial formation of various irregular shapes [200-202]. Complex 

secondary aggregates are spontaneously assembled from these expanded primary 

micelles due to increased hydrophobic effect and hydrogen-bonding [202]. We propose 

that the secondary aggregates are less toxic than the bile acid monomer or its simple 

micelles. The reduction in toxicity is assumed to arise from the increased stability of 

this type of aggregation, which impedes the free contact of monomer and small micelles 

with the membrane of bacteria. Further investigation, however, may be needed to 

explore this hypothesis, which is beyond the scope of the current study. 

The responsible role of lecithin vesicle for the protection of probiotic bacteria over bile 

salt challenge was affirmed by FCM assessment in this study. Probiotic bacteria, 

especially for commercial use, are generally judged and selected by their tolerance to 

bile salts. However, to the best of my knowledge, no particular protectant was ever 

investigated to mitigate the toxic effect of bile salts for the purpose of delivering viable 

probiotic bacteria. In the current study, the protection was evaluated in terms of the 

preservation of cell membrane integrity and cytoplasmic enzyme activity, both of which 

are the direct targets of bile-salt stress. The substantial increase of intact (cF+/PI-) 

bacteria in the presence of lecithin vesicles provided evidence that lecithin vesicle 
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effectively protected the cellular membrane from the disturbance of bile salts. Similar to 

the formation of secondary aggregates of bile-salt micelles above the CMC, the 

presence of lecithin vesicles promotes the formation of a type of hybrid (lecithin and 

bile acids) micelles [203-204]. Because bile-salts monomers and simple micelles are 

most potent in terms of disrupting biological bi-layers, their concentration, also termed 

the inter-mixed micellar/vesicular concentration (IMC) [205], influences the damaging 

effect of bile salts. The formation of the hybrid micelles is considered to reduce the bile 

salt IMC and therefore produce the protective effect.  

In conclusion, sucrose and lecithin vesicles were assessed for the protective effects on 

six probiotic LAB strains which were exposed to stressful GI-simulated environments. 

FCM analysis disclosed significant improvements of survival in the presence of the 

protectants among all the examined probiotic bacteria in terms of their physiological 

conditions. Cell sorting of the FCM-discriminated bacteria subpopulations further 

confirmed a comparable enumeration between the proliferation-based cultivability and 

the probe-indicated viability in the samples of the intact and the damaged 

subpopulations. It also revealed the complexities of the stressed (injured) subpopulation. 

Thus, FCM analysis proved to be a useful analytical tool for probiotics research.
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Chapter 4. Development of the probiotic colonic delivery 

system based on microencapsulation with protectants 

This chapter describes the development of a probiotic delivery system (i.e., probiotic 

bacteria being immobilized in sub-100 µm chitosan-coated Ca
2+

-alginate microcapsule 

supplemented with the selected GI protectants) and its performance in protection against 

simulated GI challenges. The colonic release of the immobilized probiotic bacteria from 

the delivery system was also assessed in the simulated GI environments. 

4.1. Introduction 

Probiotics are able to confer prophylactic and, in some cases, therapeutic benefits to the 

host, once these bacteria reach and start functioning at the distal regions of the host’s 

digestive tract. Many in vitro studies confirm their positive contributions in regulating 

the host homeostasis [16, 172], while animal and clinical trials sometimes present less 

consistent results [206-209]. Such in vitro/in vivo inconsistency is partly attributed to 

the fact that the colonisation and the function of probiotics always encounter great 

challenges from the defensive factors within human body. Among these barriers, the 

most stringent are extreme acidity in stomach, surfactant bile acids in intestinal fluids 

and assorted digestive enzymes along the gastrointestinal (GI) tract [51, 173-174, 210]. 

The gastric pH of stomach of healthy human adult in fasting state is approximately 1.5, 

which can elevate to between 3.0 and 5.0 during feeding. Long-time survival in such an 

acidic environment is rare for the majority of ingested bacteria [181]. Initially, damage 
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occurs as an unrestrainable influx of protons. The presence of excessive protons finally 

leads to the disintegration of the cellular membrane, disturbing normal metabolism and 

reproduction processes. Although some probiotics, e.g. strains belonging to lactic acid 

bacteria (LAB), exhibit a good acid tolerance down to pH 4, intrinsic resistance to 

gastric acid is still a relatively rare probiotic property [211]. Some studies have revealed 

that the resistant bacteria recruit a number of strategies to survive low pH including 

proton pumps, the protection or repair of macromolecules, cell membrane adaptation, 

the production of alkali, and the alteration of metabolic pathways [174]. Among those 

diverse mechanisms, F1F0-ATPase is a universal proton pump widely reported for LAB 

to generate a physiological proton motive force (PMF) at the expense of ATP [196, 212-

213]. The important role of F1F0-ATPase played in the survival of probiotic strains is 

attracting attention among researchers of the related acid-tolerance studies [180]. Some 

cross-resistance cases have also been reported [214]. The value of supplying probiotics 

with metabolisable sugars was therefore emphasized in order to achieve an enhanced 

survival during passage through the stomach [179]. 

In human intestines, bile acids contribute to digestion by emulsifying and solubilising 

fats. The surfactant character of bile acids also enables them to interact with bacterial 

membrane lipids, thereby conferring a potent antimicrobial property on bile. Due to the 

less durable structure of their membrane, Gram-positive bacteria (to which most LAB 

belong) are more sensitive to the bactericidal effect of bile than Gram-negative bacteria 

[173]. Even within the group of LAB commensals, the diversity concerning bile 

tolerance is often observed, thus imposing a strict criterion on the selection of 

successful probiotic strains. In the light of the protective role of lecithin vesicle for 

preventing bile salt injury to biliary and GI epithelia [215-216], we have applied the 

flow cytometric analysis to evaluate its potential use for improving the survival of 
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probiotic bacteria against bile-salt challenge in the previous chapter. In this chapter, the 

novel application of lecithin vesicles is further investigated in a formula of probiotic 

microencapsulation. 

Orally administered probiotics commonly suffer significant loss of viability and 

impaired probiotic functions following sequential exposures to the detrimental 

conditions in the host’s GI tract. Therefore, probiotics have to be consumed in large 

amounts and in a consecutive manner to achieve their successful transient colonisation 

in the host’s gut. To improve efficacy, strategies have been sought to reduce viability 

loss during the passage in the GI tract. Immobilization in a polysaccharide matrix under 

mild preparation conditions as a cell-preservation method has been widely applied to 

tackle this practical issue. Many studies have extensively reviewed this type of 

technique in regard to encapsulation method and mechanism, property of wall materials, 

storage stability, etc [77, 217]. The general principle is to establish physical protections 

to prevent probiotic cells from direct exposure to injurious conditions. Since the 

emergence of the practice of encapsulating probiotics, a large number of studies have 

been carried out based on probiotic microcapsules with a size range of millimetres. 

However, due to the advantages of reduced size, as reviewed in Chapter 2 Section 

2.2.2.4, the trend for smaller-sized capsules of less than 100 µm is developing over 

time. Surprisingly, the reduced size was also reported to weaken the protection provided 

by the wall matrix that served the role to curb the permeation of stressful factors [218-

220]. It was even suggested that the Ca
2+

-alginate microcapsules, if prepared at a size 

range of sub-100 µm, showed no noticeable effect in preserving the viability of 

probiotics against the stresses in the GI tract [219, 221]. 

Although microcapsules with reduced sizes have been questioned for their ability to 

protect encapsulated probiotics, we hypothesized that an appropriately designed formula, 
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which is supplemented with the selected protectants as evaluated in the previous chapter, 

might overcome the problem. The aims of the study descried in this chapter were to 

assess the protective effect of sub-100 µm microcapsules for the survival of 

encapsulated probiotics in the simulated GI environments, and to develop and to 

evaluate the probiotic colonic delivery system based on the sub-100 µm microcapsules 

reinforced with the selected protectants (i.e. metabolisable sugar and lecithin vesicles), 

which were proposed to promote the survivability of probiotics in the GI tract. 

4.2. Materials and methods 

4.2.1. Materials 

Sodium alginate, chitosan (low molecular weight), maltodextrin, ultrafine calcium 

carbonate and bile salts (mixture of 50% sodium cholate and 50% sodium 

deoxycholate) were procured from Sigma-Aldrich (Australia). The fluorescent stains 

propidium iodide (PI) and carboxyfluorescein di-acetate (cFDA) were procured from 

Invitrogen Inc (U.S.A). Egg yolk lecithin (>98% phosphatidylcholine) was donated by 

GMP Pharmaceuticals NZ. The wall material for microencapsulation was prepared 

according to the encapsulant formula, hereafter termed “FormE”, comprised of 2% 

(w/v) sodium alginate, 50mM sucrose, 0.5% (w/v) yeast extract, 0.5% (w/v) soluble 

starch and 20 mM egg yolk lecithin (in the form of unilamellar vesicle; see below for 

the preparation method). The simulated gastric fluid (SGF), the simulated intestinal 

fluid (SIF) and lecithin vesicles were prepared following the methods described in the 

previous chapter. 
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4.2.2. Strains and culturing conditions 

Probiotic strains including Lactobacillus plantarum DPC206, Pediococcus acidilactici 

DPC209, Lactobacillus reuteri DPC16 and Bifidobacterium lactis HN019 were 

obtained from Bioactives Research New Zealand (BRNZ, New Zealand) culture 

collection (under accession numbers 006DU, 009DU, 016DP and 002FP respectively), 

delivered as frozen. These strains were revived anaerobically in deMan-Rogosa-Sharpe 

(MRS, Difco, USA) broth supplemented with 0.5 g/L cysteine for 36 h at 37°C. For the 

microencapsulation preparation, a fresh culture at stationary phase was propagated 

twice in MRS broth at 37°C each time for 20 hours. Enumeration was performed by the 

drop plating technique on MRS agar plate. The inoculated plates were incubated in an 

anaerobic incubator at 37°C for 24 hours. 

4.2.3. Preparation of microcapsules 

The microcapsules entrapping probiotics were prepared through emulsification/internal 

gelation method primarily adapted from the practice by Larisch et al. [222], with some 

modifications. Briefly, 10 mL fresh culture of each strain was centrifuged at 5,000 g for 

5 min and pellets were washed twice by re-suspending in an equal volume of PBS 

buffer (pH 7.4). The washed pellets were re-suspended in 10 mL FormE. Ultrafine 

calcium carbonate powder was added in each suspension at 5% (w/v). After thoroughly 

vortexing, the mixture was dispersed into 40 mL canola oil (25% internal phase ratio, 

v/v) containing 2% (w/v) lecithin as the emulsifier by stirring at 800 rpm on a magnetic 

stirrer. After 15 min emulsification, 10 mL of canola oil containing glacial acetic acid 

(acid/Ca molar ratio of 3.5) was introduced drop wise into the emulsion. The stirring 

speed was reduced to 400 rpm and remained for 30 min to allow calcium carbonate to 

solubilise. Microcapsules were recovered in a separatory funnel (Pyrex
®

 125 mL, 

Corning Inc., USA) from oil phase by using an acetate buffer supplemented with 15 
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mM sucrose at pH 5.8, and washed once with this buffer to remove oil residues. 

Afterwards, the microcapsules were suspended in 40 mL chitosan-coating solution and 

stored in 4°C for 3 h to allow adsorption of chitosan polymers. Microcapsules prepared 

by the same method but using 2% (w/v) alginate alone or using the FormE recipe 

without lecithin vesicles (for the following bile salt challenge assay) were also prepared 

for comparison and hereafter termed “AlgC” and “FormE-w/o-lv” respectively. 

4.2.4. Particle size analysis 

The size distribution of microspheres both before and after coating by chitosan was 

determined in washing media by laser diffractometry using a Malvern Mastersizer 2000 

particle analyser, with a size range from 0.1 to 1000 µm. Measurements were made in 

triplicate for each batch. Particle size is expressed as volume mean diameter (µm) ± 

standard deviation. 

4.2.5. Challenge of simulated gastric fluid 

For each strain, approximately 500 µL (net volume) of wet microcapsules were 

transferred to PBS buffer, and incubated at 37°C for 15 min. The microcapsules were 

then centrifuged at 3,000 × g for 5 min and re-suspended in 5 mL SGF at 37°C for 2 

hours. At interval 0, 1 and 2 hours, 1 mL samples were withdrawn from the SGF 

solution. The sample pH was neutralized with 0.1 M NaOH. The microcapsules in the 

sample were spun down and re-suspended in 5 mL 0.2 M sodium citrate solution, in 

preparation for releasing the entrapped probiotic bacteria and subsequent plating. 
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4.2.6. Inactivation of the F1F0-ATPases of L. reuteri DPC16 and Bf. lactis HN019 in 

microcapsules 

Two strains were recruited to study the role of F1F0-ATPase in acid resistance of 

encapsulated probiotics. The samples were prepared following Corcoran’s method [179] 

with some modifications. Approximately 500 µL wet FormE microcapsules for each 

examined strain were suspended in 5 mL 0.25× Ringer’s solution, and incubated for 1 h 

at 37°C. N, N’-Dicyclohexylcarbodiimide (DCCD) (1.4 mM, Sigma, Australia), 

prepared as an ethanol stock containing 288.86 mg/ml, was added to each sample (250 

µg/mL, final concentration) 20 min prior to harvesting by centrifugation. The 

microcapsule samples were then assayed for the survival in SGF either in the presence 

or in the absence of 20 mM glucose as described above. The samples in PBS buffer 

were used as the controls. The fresh culture of each strain was prepared and treated the 

same way for comparison. 

4.2.7. Challenge of bile salt solution 

The AlgC, FormE-w/o-lv and FormE microcapsules for each strain were prepared for 

this study. 1.5 mL wet microcapsules were equivalently distributed in 5 vials each 

containing 2 mL 0.1% (w/v) peptone with additive bile salts giving a final concentration 

of 0.0%, 0.2%, 0.4%, 0.8% or 1.2% (w/v) respectively. The vials were kept at 37°C for 

2 hours. Afterwards, all the vials were centrifuged at 3,000 × g for 5 min. The 

supernatants containing bile salts were aspirated and the microcapsules re-suspended in 

5 mL PBS buffer. This procedure was repeated to remove bile salt residues. Finally, the 

microcapsules were suspended in 0.2 M sodium citrate solution, ready for the release 

and the plating experiments. 
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4.2.8. Probiotics release from chitosan-coated alginate microcapsules and plate count 

In order to release the probiotic bacteria, the treated microcapsules were suspended in 

0.2 M sodium citrate and later subjected to an ultrasonic homogenizer at 20 kHz for 30 

sec, with a 10-sec rest interval. The samples were kept on ice at all times to avoid heat. 

Disintegration of the microcapsules and release of bacteria were confirmed using a light 

microscopy. 

4.2.9. Epifluorescent microscopy of bile salt challenged samples 

Two fluorescent stains, PI and cFDA, were recruited to probe the membrane 

permeability and the intracellular enzyme activity respectively, which in combination 

visualised the viability of probiotics in microcapsules. Approximately 50 µL wet 

microcapsules were first suspended in 1 ml PBS buffer. 5 µL cFDA working solution 

was pipetted in and vortexed well. The mixture was kept at 37°C for 20 min before the 

microcapsules were harvested by centrifugation at 3,000 × g for 5 min, washed once 

and re-suspended in PBS buffer. 10 µL PI working solution was added followed by 10-

min incubation on ice. Following this, the samples were mounted on an epifluorescent 

microscope (Leica AF6000 E, Leica microsystems, USA) and photos were taken. The 

four microcapsule samples embedding L. reuteri DPC16 evaluated by this method were: 

(1) the FormE microcapsules; (2) the alginate microcapsules exposed to 0.4% (w/v) bile 

salts for 1 hour; (3) the FormE microcapsules exposed to 0.8% (w/v) bile salts for 1 

hour; and (4) the FormE microcapsule exposed to 1.2% (w/v) bile salts for 1 hour. 

4.2.10. Sequential challenge of SGF and SIF 

Approximately 1 mL FormE microcapsules were first challenged by 9 mL SGF 

supplemented with 20 mM glucose following the method as described above. Viability 

was estimated at the intervals 0, 1 and 2 hours. Afterwards, the remaining 7 mL SGF 
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solution was neutralised with 0.1 M NaOH. The remaining FormE microcapsules were 

then spun down and re-suspended in SIF with volume adjusted to 7 ml. One millilitre of 

the sample was withdrawn from SIF solution at intervals 1, 3 and 6 hours, when 

viability was estimated. 

4.2.11. In vitro release of the microencapsulated L. reuteri DPC16 in simulated GI fluids 

In order to simulate the release of probiotic bacteria from the delivery system in the GI 

tract, L. reuteri DPC16 was recruited as the model strain and was prepared in the FormE 

microcapsules. The bacterial concentration was measured as 9.12 ± 0.02 log(CFU)/g in 

the prepared probiotic microcapsules. To simulate the GI conditions, the following 

releasing media were used in subsequent manner, as listed in Table 4.1. 

Table 4.1 Releasing media for the sequential treatments of the probiotic microcapsules in the 

simulated GI environment. 

Treatment 

Duration 
Medium 

Corresponding 

segment in the GI 

tract 

2 h 
Simulated gastric fluid (SGF), pH 2.0, with 

pepsin 
Stomach 

4 h 
Simulated intestinal fluid (SIF), pH 6.8, 

with pancreatin  
Small intestines 

8 h 

Simulated colonic fluid (SCF), pH 6.5, with 

faecal enzymes extracted from human 

faeces 

Colon 

 

SGF and SIF were prepared following the descriptions in the previous section except 

that the pH of SGF was adjusted to 2.0. This elevated pH value reduced the chance of 

rapid inactivation of released L. reuteri DPC16, thus allowing successful enumeration. 

The simulated colonic fluid (SCF) was prepared by supplementing faecal water 

supernatant (containing colonic microfloral enzyme systems for degradation of 
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polysaccharides) with 8 g/L glucose, 2 g/L yeast extract, 0.5 g/L cysteine and 0.05 g/L 

bile salts. For comparison, phosphate buffer (50 mM, pH 6.5) with the supplements was 

used as the modified SCF (mSCF) that lack the colonic microfloral enzyme systems. 

The faecal water supernatant was prepared by the following method. Fresh faecal 

sample was collected from a healthy non-vegetarian, non-smoking male who had no 

history of GI disease and consumed normal balanced diet. The faecal sample was mixed 

in phosphate buffer (50 mM, pH 6.5) at a ratio of 1:5 (w/w) and homogenised in a 

stomacher. The colonic microfloral enzyme systems were isolated by a differential 

centrifugation technique [223]. First, the faecal solution was centrifuged at 500 × g for 

15 min to remove debris. Supernatants were then re-centrifuged at 15,000 × g for 

another 30 min using an IEC Micromax microcentrifuge (Thermo Electron Corporation, 

USA) so as to obtain a clear supernatant containing extracellular enzymes, but free of 

faecal flora. All operations were carried out with controlled temperature around 0-4°C. 

The faecal water supernatants were store at -20°C until further use for preparing SCF. 

To profile the releasing behaviour, 5 g probiotic microcapsules were sequentially 

suspended in the 20 mL of each simulated GI fluid according to Table 4.1. The reactor 

was kept in the dark at 37°C with gentle agitation (20 rpm). Every hour, 100 µL of 

sample was removed from the reactor and the released probiotic bacteria were 

enumerated on MRS agar. To switch between the simulated GI fluids, first medium was 

removed after a predetermined time; probiotic microcapsules were gently spun down, 

washed, and then incubated in next medium. 

The count of released bacteria at each time point was expressed as percentage of the 

total supplied bacteria. 
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4.2.12. Statistical analysis 

All experiments were performed in triplicates. Comparisons between two groups were 

drawn with Student’s independent t test. A P value of 0.05 or less was taken as 

significant. 

4.3. Results 

4.3.1. Microcapsule size analysis 

The diameter values of the microcapsules were measured before and after coating with 

chitosan as 74.5 ± 8.6µm (mean ± standard deviation) and 76.7 ± 9.2µm, respectively. 

Therefore, the microcapsules for all the four probiotic strains were considered to be less 

than 100 µm, whereas the coating of chitosan did not significantly increase the 

dimensions (p > 0.05). 

4.3.2. Challenge of simulated gastric fluid 

The trends of viability loss of the different strains exposed to SGF are shown in Figure 

4.1. Each probiotic strain suffered an accumulated reduction of viability to a different 

extent over time. The capability of acid resistance varied among the strains. L. reuteri 

DPC16 showed the highest survival and Bf. lactis HN09 the least. Encapsulating the 

probiotics in the AlgC matrix did not exert significantly higher protective effects on any 

of the four examined strains as compared to the planktonic ones (p > 0.05). However, 

once the extra nutrients (mainly the energy sources, e.g. sucrose) were presented in the 

matrix formulae, 2 to 3 log-units increase in the viable count could be yielded (p < 

0.01). Moreover, when the metabolisable sugar (i.e. glucose) was available in SGF, 

even greater survival rates (up to 6 log increase) were detected among all the examined 

strains. 
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Figure 4.1 Survival of the four probiotic strains (log reduction of CFU count) in SGF, pH 1.2: (a) 

the non-encapsulated cells, (b) in the AlgC microcapsules, (c) in the FormE microcapsules, and (d) 

in the FormE microcapsules and SGF supplemented with 20 mM glucose. The symbols represent 

the different probiotic strains as P. acidilactici DPC209 (◊), L. plantarum DPC206 (□), L. reuteri 

DPC16 (△) and Bf. lactis HN019 (●). The data are the means of triplicate experiments, and the 

error bars indicate standard deviations. 
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4.3.3. F1F0-ATPase inhibitor treatment 

In order to evaluate the significance of the membrane-bound F1F0-ATPase complex for 

probiotics to survive acid stress in the scenario of microencapsulation, we added the 

inhibitory DCCD to the samples of two strains: L. reuteri DPC16 and Bf. lactis HN019, 

and studied their consequent survival patterns in SGF. As shown in Figure 4.2, the 

treatment with DCCD substantially impacted the survival of both strains either with or 

without the ambient presence of glucose. Although microencapsulating probiotics in 

polysaccharide matrix retarded the damage by low pH, the protective effect of the 

metabolisable sugars either in the microcapsules or in the environment was deprived by 

the addition of DCCD in that no viable bacteria were detected after 90 min incubation. 

However, the non-encapsulated bacteria of both strains were killed faster than the ones 

in the microcapsules. 
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Figure 4.2 Survival of the two probiotic strains L. reuteri DPC16 and Bf. lactis HN019 in SGF: (a) 

L. reuteri DPC16 fresh culture, (b) L. reuteri DPC16 in FormE microcapsules, (c) Bf. lactis HN019 

fresh culture, and (d) Bf. lactis HN019 in FormE microcapsules. The symbols represent the 

different treatment conditions of: no treatment with DCCD and in the SGF with 20 mM glucose (◊), 

prior treatment with DCCD and in the SGF with 20 mM glucose (□), no treatment with DCCD and 

in the SGF without glucose (♦) and prior treatment with DCCD and in the SGF without glucose (■). 

(c) Bf. lactis  HN019 fresh culture
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4.3.4. Challenge of bile salt solution and epi-fluorescent microscopic observation 

All four examined probiotic strains appeared to be sensitive to bile salts at 

concentrations higher than 0.1% (w/v). The viability loss showed a bile-salt-

concentration dependant pattern. The largest drop occurred at the bile salt 

concentrations from 0.2% to 0.4% (w/v). Bf. lactis HN019 suffered most loss from the 

bile salt challenge in that a more than 6 log drop in viable count was detected in the 

extreme case of concentrations above 0.8% (w/v). L. reuteri DPC16 only ranked third 

among the total four strains considering its performance of bile-salt tolerance. 

In order to diminish the detrimental impact of bile salts to the probiotics, especially at 

high concentrations, lecithin vesicles as the protectant were embedded in the 

microcapsules. As shown in Figure 4.3(d), lecithin vesicles substantially increased the 

survival of the probiotics in the presence of bile salts, especially at concentrations above 

0.2% (p < 0.01), as compared to the minor protection conferred by encapsulating 

probiotics in the AlgC microcapsules (Figure 4.3(c)). Except for the most sensitive 

strain HN019, the viability loss of all the other three strains could be limited to less than 

one log unit in the aforementioned 0.2%-0.4% (w/v) range. At extreme bile salt 

concentrations (>0.8%), a 2-to-3 log increase of viability could be achieved by the 

FormE microcapsules as compared to the other samples either non-encapsulated or 

encapsulated without this particular protectant. 

In order to rule out the protective effect of other components in the FormE composition 

against bile salt challenge, the FormE-w/o-lv microcapsules (following the FormE 

composition but without adding lecithin vesicles) were prepared. Their performance is 

illustrated in Figure 4.3(c). A slight protective effect was observed on P. acidilactici 

DPC209 and Bf. lactis HN019 by this FormE-w/o-lv microencapsulation at the elevated 

bile salt concentrations above 0.4% (p < 0.05), as compared to the non-encapsulated 
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samples. However, once the lecithin vesicles were present, significant increases in 

viable counts could be observed in all the four strains (p < 0.05). It therefore justified 

the key contribution of lecithin vesicles for the protection on the probiotics against bile 

salt challenges. 
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Figure 4.3 Survival of the four probiotic strains (log reduction of CFU count) challenged by bile salt 

solution with a concentration ranging from 0.0% to 1.2% (w/v): (a) the non-encapsulated cells, (b) 

in the AlgC microcapsules, (c) in the FormE-w/o-lv microcapsules and (d) in the FormE 

microcapsules. The symbols represent the different probiotic strains as P. acidilactici DPC209 (◊), 

L. plantarum DPC206 (□), L. reuteri DPC16 (△) and Bf. lactis HN019 (●). The data are the means of 

triplicate experiments, and the error bars indicate standard deviations. 
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Further to the above evaluation by plate count, the fluorescent microscopic technique in 

combination with two probes – PI and cFDA was also utilised to visually evaluate the 

health status of the bile-salt-stressed probiotics in the microcapsules. Figure 4.4 

illustrates four L. reuteri DPC16 samples treated under different conditions. The 

coloured dots represent single probiotic DPC16 bacteria stained by PI and cFDA. 

Compared to the non-stressed sample (Figure 4.4(a)), the permeation of plasma 

membrane of single bacterium indicated by the red fluorescence of DNA-bound PI is 

clearly shown in the AlgC sample treated with 0.4% bile salts (Figure 4.4(b)). Also 

missing is the presence of the green fluorescence of carboxyfluorescein (cF), which 

indicates that the intracellular enzymes could not function adequately to release the cF 

from the probe cFDA. In the case of the FormE microcapsules treated with the same 

concentration of bile salts (Figure 4.4(c)), a marked portion of the viable DPC16 

bacteria could be observed. Even at the elevated bile salt concentration of 0.8% (Figure 

4.4(d)), the fluorescent staining results still revealed a discernible protection conferred 

by the FormE composition. 
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(a)      (b) 

  

(c)      (d) 

Figure 4.4 Epi-fluorescent microscopy of the microencapsulated L. reuteri DPC16 stained by PI 

(red: dead) and cFDA (green: viable) after the 2-h treatment with (a) the AlgC microcapsules 

suspended in PBS buffer; (b) the AlgC microcapsules suspended in 0.4% bile salt solution; (c) the 

FormE microcapsules suspended in 0.4% bile salt solution; and (d) the FormE microcapsules 

suspended in 0.8% bile salt solution. (The scale bars indicate a length of 100 µm.) 
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4.3.5. Sequential challenge of SGF and SIF 

Survival of the four probiotic strains, either free or in the FormE microcapsules after 2 h 

in SGF, followed by 6 h incubation in SIF, is shown in Figure 4.5. When glucose was 

readily available to probiotics in SGF, three out of the four strains suffered only around 

1 log drop in viable count, whereas the most vulnerable Bf. lactis HN019 fell by 2 log 

units. The microencapsulation did not show any further protection on the probiotics in 

SGF supplemented with 20 mM glucose (p > 0.05).  

Nevertheless, divergence occurred between the free and the encapsulated probiotics 

after transferring them into SIF containing bile salts. Significantly higher viable counts 

were observed for all the four strains in the FormE microcapsules after the first hour in 

SIF when compared to those had no protection (p < 0.05). The probiotics in the FormE 

microcapsules suffered a slight drop after 1 h in SIF while the free probiotics lost their 

viability constantly, thus presenting an even larger difference by the end of 8 h 

incubation in SIF (p < 0.01). Overall, the microencapsulation with reinforced energy 

supply and lecithin vesicles markedly reduced the viability loss of the probiotics 

exposed to the simulated GI fluids. 
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Figure 4.5 Survival of the four probiotic strains (log reduction of CFU count) subjected to a 

sequential challenge of SGF (with 20 mM glucose) and SIF. (a) The non-encapsulated probiotics or 

(b) the probiotics in the FormE microcapsules. The symbols represent the different probiotic 

strains as P. acidilactici DPC209 (◊), L. plantarum DPC206 (□), L. reuteri DPC16 (△) and Bf. lactis 

HN019 (●). The data are the means of triplicate experiments, and the error bars indicate standard 

deviations. 
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4.3.6. In vitro release of the microencapsulated L. reuteri DPC16 in simulated GI fluids 

To evaluate the release of immobilized probiotic bacteria from the probiotic colonic 

delivery system, the microcapsules entrapping the model strain L. reuteri DPC16 were 

sequentially exposed to the simulated GI fluids. The exposure durations were controlled 

at 2 h, 4 h and 8 h for SGF, SIF and SCF, respectively, in order to mimic the in vivo 

transient periods in the corresponding segments of the GI tract. The hourly 

enumerations of the released L. reuteri DPC16 were plotted in Figure 4.6. 

The results indicated that the release of immobilized bacteria from this delivery system 

was very limited in SGF and SIF. Only less than 5% of the immobilized L. reuteri 

DPC16 were enumerated in the medium after the consecutive exposures of 2-h in SGF 

and 4-h in SIF. The releasing of this stage was considered to be partly due to the non-

specific degradation of the chitosan-alginate matrix by the digestive enzymes (i.e., 

pepsin and pancreatin) [224]. 

After the probiotic microcapsules were transferred into SCF containing colonic 

microfloral enzyme systems, a rapid release of the immobilized L. reuteri DPC16 

occurred along with gradual disintegration of the microcapsules. The release continued 

before the end of the observation, by when more than 85% of the immobilized L. reuteri 

DPC16 were enumerated in the medium. In contrast, the mSCF treatment did not give 

such a rapid release. By the end of the examination, the slow release only achieved 

approximately 10% of the total immobilized bacteria. The difference was attributed to 

the absence of the colonic microfloral enzyme systems in mSCF. 
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Figure 4.6 In vitro release of L. reuteri DPC16 from the probiotic colonic delivery system. The 

samples were sequentially incubated in the simulated gastric fluid (SGF) pH 2.0 for 2 hours, in the 

simulated intestinal fluid (SIF) pH 6.8 for 4 hours, and in the simulated colonic fluid (SCF) pH 6.5 

for 8 hours. The symbol (●) represents the release from the colonic delivery system suspended in 

SCF containing the extracted colonic microfloral enzyme systems for degradation of 

polysaccharides, whereas the symbol (○) represents the release in the absence of the enzyme 

systems. 

  



Chapter 4 - Development of the probiotic colonic delivery system  

98 

4.4. Discussion 

Alginate-based microcapsules have been widely used as a vehicle for probiotics 

preservation and in vivo delivery. However, in the present study, only a minor 

protective effect was observed when the alginate microcapsules prepared at a size range 

of sub-100 µm were exposed to the challenges of simulated GI environments. By the 

end of the 2-h treatment, no significant differences could be observed between the non-

encapsulated and the encapsulated samples (p > 0.05). This result agreed with the other 

studies which suggested that the microcapsule of larger size was more likely to retard 

the ingression of environmental stress factors [218, 225]. Nevertheless, it should not be 

ignored that there was a slight but noticeable protection conferred by 

microencapsulation at the early stage of the SGF challenge. Compared to the groups of 

free cells, three out of the four probiotic strains encapsulated in the ArgC microcapsules 

showed an average 1-log increase in viable count (p < 0.05) at the 1 h time point (except 

for L. reuteri DPC16), possibly due to the active exclusion of the macromolecules of 

pepsin by the chitosan-coated alginate matrix. However, unrestrained influx of 

excessive protons finally overwhelmed this positive effect over time. 

Owing to the effect of macromolecules exclusion, the chitosan-alginate based 

microencapsulation has been widely applied to the enhanced gastric passage of acid-

labile proteins. In a study on the intestinal delivery of egg yolk immunoglobulin (IgY), 

this type of polymer vehicle was reported to successfully protect the encapsulated 

proteins from the in vitro gastric peptic hydrolysis as a direct outcome of preventing 

direct contact of the IgY proteins and the digestive enzymes [226]. In addition, the 

authors also observed an effect of reduced acid damage achieved by this type of 

microcapsules. However, despite the positive comment on the acid protection of their 

microcapsules, a noteworthy difference between their preparation and ours was that 
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their capsules were made at a size of 1 mm. In contrast, ours were less than 100 µm. 

This distinct difference explained why the microcapsules in the present study showed a 

limited effect in retarding the permeation of protons.  

Interestingly, the size of sub-100 µm conferred a distinct feature on the microcapsules. 

After being coated with chitosan, the microcapsules were found to be more resistant to 

erosion by SGF and SIF by retaining a much longer visual integrity. Visual evaluation 

further revealed a limited swelling in response to a wide change of environmental pH. 

This alteration was attributed to the increased occurrence of the adsorption of chitosan 

onto alginate cores, owing to the greatly expanded total surface area of the tiny 

microcapsules. A similar finding of the chitosan coating on the sub-100 µm 

microcapsules was reported by Silva et al. [227], which was utilized to produce a slow 

release of the protein agents in intestines. It is reasonable to believe that this feature 

may also be useful for the targeted delivery of probiotics to the colon. Additionally, 

another potential advantage of reduced size is that the enlarged total surface area can 

also be exploited to provide an improved chance of mucoadhesion, thereby achieving a 

prolonged retention in the consistently motile GI tract. 

The energy-dependent mechanisms of acid tolerance among the LAB species are 

universally reported, which supports the addition of the metabolisable sugars in the 

microencapsulation formula. The F1F0-ATPase is a well-described multiunit proton 

pump, commonly found possessed by LAB species to eliminate overabundant protons at 

the consumption of ATP. However, with the challenge of gastric acid stimulating the 

ATP consumption, the insufficient energy supply may undermine this housekeeping 

function. The essential role of F1F0-ATPases in maintaining the viability of probiotics 

against a low pH challenge was evidenced in my studies by the sucrose-reinforced 

microencapsulation intervened by DCCD (an F1F0-ATPase inhibitor, covalent 
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modifying the Glu 54 residue of the c subunit and hence preventing proton translocation 

[179, 228]). The presence of metabolisable sugars in the wall matrix significantly 

increased the survival of the probiotic LAB at the end of the 2-h treatment (p < 0.01), 

providing an average 3-log improvement among all the four examined strains. To 

confirm the essential role of F1F0-ATPases, a prior treatment of two probiotic strains 

with DCCD was demonstrated to deeply impact this palliative effect of sucrose due to 

the specifically-induced malfunction of membrane-bound F1F0-ATPases. 

However, by comparing the responses of L. reuteri DPC16 and Bf. lactis HN019 in the 

DCCD treatment assay, it also suggested possible diversity of acid-tolerance strategies 

among strains. The F1F0-ATPase was found to only partially account for the DPC16 

strain’s survival of a low pH environment in that the DCCD treatment did not annihilate 

the DPC16 population after the 90 min exposure to SGF. The energy supply may have 

facilitated some other strategies of this strain in addition to F1F0-ATPase proton pump, 

to deal with the presence of overabundant protons. By contrast, once deprived of F1F0-

ATPases, the HN019 population completely lost their viability much faster in all the 

corresponding groups, thus indicating the pivotal role of F1F0-ATPase for this strain. 

Besides the strain-specific divergence, it is noteworthy that without the normal function 

of F1F0-ATPases, the encapsulation in either the FormE or the AlgC microcapsules was 

not able to further enhance the survival of the examined probiotics in SGF compared to 

the non-encapsulated bacteria (p > 0.05). 

In the current study, lecithin vesicle was successfully incorporated in the probiotic 

delivery system and compensated the impaired protection against bile salts when the 

vehicle microcapsules were prepared at a decreased size range. As a direct outcome of 

this application, the oral dosage of probiotics could be reduced while the requirement on 

minimal viable count can still be met after the delivery vehicles reach the host’s colon. 
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On the other hand, this application may also be utilised to alleviate the strict 

requirement for bile tolerance in terms of selection of probiotic strains. 

The fluorescent technique utilised in this study to visualise the damage to the probiotics 

in the microcapsules was also proved competent. This technique allows an instant 

evaluation on the performance of a microencapsulation formula. From my experiences, 

it proved to be indicative especially at the early formulation stage. The fluorescent 

probing technique has been demonstrated in the previous chapter to be successfully 

combined with flow cytometry (FCM), to perform the detailed and quantitative analysis. 

In the current study, although the presence of the protectants promoted a significantly 

higher survival rate of the probiotics, the strain-specific variance still occurred and was 

responsible for the final viability. For each challenge assay in this study, the order of 

stress-resistance of all the four examined strains remained unaltered either with or 

without the protectants. Protectants for probiotics may take effect either by directly 

strengthening cellular shock-responses (e.g. in the case of sucrose) or by indirectly 

relieving environmental stress factors (e.g. lecithin vesicles). However, it is particular 

strains with diversity of intrinsic traits that take advantage of the positive protections to 

diverse extents. The results still emphasize the necessity of strain selection in the 

development of probiotic products, even with appropriate delivery strategies available. 

The result of the in vitro release of the immobilized probiotic bacteria from the delivery 

system indicated that the current design of probiotic microcapsule could readily respond 

to the colonic microbiota-triggered release. It therefore suggests a reasonable 

application of this type of microcapsules for the colonic delivery of probiotic bacteria. 

The colonic microfloral enzyme systems prepared in the current study were majorly 

consisted of extracellular enzymes of the colonic microflora rather than cell-associated 

enzymes. It has been reported that the degradation efficiency of cell-associated enzyme 
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is comparatively lower than extracellular enzymes [229]. It may justify the exclusion of 

cell-associated enzymes in the current study. However, considering the huge number of 

microorganisms in human microbiota, cell-associated enzymes may still contribute a 

powerful release-triggering mechanism. It may alter the in vivo releasing behaviour of 

the delivery system, mostly resulting in a more rapid and complete breakdown of 

polysaccharide matrix, which is worth of future investigations. 

In conclusion, when the size of microcapsules falls below 100 µm, the protection to 

probiotics by the polymer-matrix becomes weak, presumably due to the significantly 

decreased space which fails to curb or retard the permeation of stress factors. However 

in the current study, all the examined probiotic strains encapsulated in the sub-100 µm 

microcapsules greatly benefited from metabolisable sugar and lecithin vesicles which 

had been incorporated in the microencapsulation formula. The results clearly suggest 

that sub-100 µm microcapsules can still serve as a competent vehicle for the delivery of 

probiotics, as long as suitable protectants are present in the wall matrix. It is also 

noteworthy that the novel use of lecithin vesicles proved to effectively protect the 

probiotics from disruption by bile acids, indicating a high potential for commercial use.



 

103 

Chapter 5. Evaluation of the storage stability of freeze-dried 

probiotic bacteria in the probiotic delivery system, and the 

inhibitory effect on food-borne pathogens 

Following the previous demonstration of the GI protective effect of the probiotic 

delivery system, this chapter describes the assessment of storage stability of freeze-

dried probiotic bacteria in the probiotic delivery system, and the prediction of ambient 

shelf-life by an accelerated storage test. On the other hand, in order to surrogate any 

potential change of the probiotic effects caused by the microencapsulation, L. reuteri 

DPC16 was recruited for the comparison between the planktonic and the 

microencapsulated forms, in terms of the inhibition of food-borne pathogens and the 

production of its distinctive antimicrobial agent – reuterin. 

5.1. Introduction 

Probiotics preserved in dried form are preferred for enhanced operational convenience 

by both consumers and manufacturers [106]. However, their viability during drying 

process and subsequent storage were reported to be affected by a variety of factors, such 

as the choice of drying technique, the addition of stabilizers, the presence of ambient 

polymeric matrixes, etc [230-231]. Although encapsulation has been reported to 

improve the survival of some LAB strains during drying and following storage [78], 

inappropriately designed formulae may adversely affect the storage stability and impair 

the survival of probiotic bacteria [232-233]. Therefore, it is necessary to investigate the 
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influence of immobilization in the designed probiotic delivery system during prolonged 

storage. 

Since the first reported examples on lactobacilli back in 1970s [234-235], accelerated 

storage tests have been utilized to quickly and objectively determine the stability of 

freeze-dried suspensions of lactic acid bacteria (LAB). Based on isothermal kinetics, 

survival of LAB observed at higher temperatures is used to extrapolate to shelf life at 

lower storage temperatures. In addition to the shelf-life prediction, such tests have also 

been performed by some researchers to assess the influence of processing and 

environmental factors (e.g. water activity, suspension medium, stabilizing additive, and 

immobilization) that may affect the storage stability of LAB [236-238]. Therefore, in 

the current study, in order to transcend the limitation of time constraints, we applied this 

method to evaluate the storage stability of probiotic bacteria in the microcapsule-based 

delivery system. 

Oral administration of probiotic bacteria has been reported to antagonize competing 

food-borne pathogens and to reduce or prevent specific infectious diseases of the 

gastrointestinal (GI) tract [239]. The inhibitory mechanisms by probiotics have been 

proposed in a variety of aspects, including competitive exclusion by competition for 

binding site, direct production of bacteriocins or inhibitors, modulation of the host’s 

immune responses [240]. However, the host’s bio-barriers, such as gastric acidity and 

bile acids, inevitably challenge the survival of probiotic bacteria and impair their 

therapeutic functions. To provide extended protection, probiotics are commonly 

immobilized in polymer matrices [77]. Despite the obvious advantage of increased 

survival and processing convenience, immobilization may also exert uncertain influence 

toward preferred probiotic effects. Muthukumarasamhy and Holley [241] reported a 

reduced inhibitory action of the encapsulated Lactobacillus reuteri and Bifidobacterium 
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longum against Escherichia coli O157:H7 as compared to the non-encapsulated strains. 

In another study, Brachkova et al. [242] suggested that antimicrobial performance of 

encapsulated probiotic bacteria could be varied with culturing environment, 

encapsulating protocol and strain. These findings indicate that verification of probiotic 

effects should be carried out for specific immobilization practices of probiotic strains. 

5.2. Materials and methods 

5.2.1. Strains and culturing conditions 

The probiotic strains L. reuteri DPC16 (NZRM#4294) and L. plantarum DPC206, and 

the pathogenic strains: Salmonella enterica serovar Typhimurium (ATCC#14028), E. 

coli O157:H7 strain 2988 (ATCC#35150) were provided by Bioactives Research New 

Zealand (BRNZ, New Zealand). The probiotic strains were anaerobically cultured in 

deMan-Rogosa-Sharpe (MRS, Difco, USA) broth supplemented with cysteine (0.5 g/L) 

for 18 h at 37°C and was counted using MRS agar plate. The pathogenic strains were 

enriched with Brain Heart Infusion (BHI, BBL, USA) broth, purified with cefixime-

tellurite supplemented sorbitol MacConkey (CT-SMAC, Merck, Germany) agar for E. 

coli O157:H7 and xylose lysine deoxycholate (XLD, Oxoid, England) agar for S. 

typhimurium, and counted using MacConkey (Merck, Germany) agar plates aerobically 

at 37°C for 24 hours. 

5.2.2. Immobilization of the model strains in the probiotic delivery system 

Immobilization of the model strains in the probiotic delivery system followed the 

method described in the previous chapter. The chitosan-coated alginate microcapsules 

were then recovered by centrifugation, washed with 0.85% (w/v) saline. All procedures 

were performed under sterile condition. 
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5.2.3. Production and freeze-drying 

Owing to the reported cryo-protective effects and its wide use as the carrier-base for 

probiotic products, skim milk powder (SMP) was also included for the evaluation of 

storage stability of the probiotic strains embedded in the microcapsule system. 

Two probiotic strains with diverse sensitivity to freeze-drying, i.e. L. reuteri DPC16 and 

L. plantarum DPC206, were recruited for this test. Free and microencapsulated cells 

were suspended either in a control medium containing 2.5% (w/v) fructooligosaccharide 

(FOS, Sigma, USA) and 2.5% (w/v) lactose (Sigma, USA), or in SMP solution 

containing 5% (w/v) non-fat skim milk powder (PAMS, New Zealand). The 

suspensions were deep-frozen at -20°C for 2 h and at -80°C overnight, then freeze-dried 

with FreeZone freeze-dry system (Labconco, USA) at -55°C under 0.13 mbar for 36 

hours. The freeze-dried samples were stored at -80°C prior to further test. 

At the end of freeze-drying, the water activity of all the samples was assayed by an 

AquaLab 3TE water activity meter (Decagon Devices, USA) to be around 0.13 ± 0.01. 

5.2.4. Accelerated storage test 

The freeze-dried samples were dispensed in aluminium foil packets that were vacuum 

sealed. Accelerated storage test was carried out at 55°C, 35°C and 25°C. At 55°C, 

samples were removed at 4-h intervals from 0 to 16 h of exposure; at 35°C, samples 

were removed every 48-h from 0 to 192 h; at 25°C, samples were removed every 120-h 

from 0 to 480 h. Samples were rehydrated with MRS broth. Microencapsulated bacteria 

were released, following the previously described method. 

During the storage in vacuum package, the water activity of all the freeze-dried samples 

is considered to remain low and stable. 
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5.2.5. Kinetics parameters of thermal inactivation 

The experimental data at 25°C, 35°C and 55°C were fitted to the kinetic model of 

thermal inactivation of freeze-dried LAB described previously [234, 236, 243]. 

Briefly, thermal death of freeze-dried suspensions of LAB was treated as a first-order 

reaction, i.e. 

               
 

 
 , 

where N0 is the initial number of viable bacteria, N is the residual number of viable 

bacteria after a period t, D is the temperature-dependant kinetic parameter, which 

numerically equals to the time (in the unit of hours) required for a decimal reduction (1-

log drop) in viability to take place. With larger D-values, freeze-dried probiotic bacteria 

appear to be more stable during storage. 

The time-dependant kinetic parameter can also be expressed as a k value, also termed 

rate constant (specific to certain storage condition) [244]. The k values were calculated 

from D values following 
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The k values were further used to relate the reduction rate to the storage temperature. 

The effect of temperatures on the reaction rate is derived from the Arrhenius equation, 

               
  

 
  
 

 
, 

where k0 is an experimental constant that is termed frequency factor, T is the absolute 

temperature, R is the gas constant and Ea is the energy of activation [245-246]. In such 

case, log k follows a linear relation with reciprocal T. The previously calculated k-
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values at specific temperatures were applied to obtain the model, which was 

subsequently used to predict the inactivation kinetic parameters of the probiotic bacteria 

(e.g. D value) at other temperatures (i.e. 4°C and 20°C). 

To validate the acquired predicting model, the dried samples were also placed at 20°C, 

and the numbers of survived probiotic bacteria were determined every week for 11 

consecutive weeks. The experimental survival rates were then plotted against the 

predicted ones for comparison. 

Three independent experiments were carried out for each test, and the obtained data 

were expressed as mean ± standard deviation. Linear regression analysis was conducted 

to examine the correlation between two factors, such as residual viable count of 

probiotic bacteria vs. storage period, and inactivation rate constant vs. reciprocal 

absolute temperature. Where regression coefficient (R
2
) is referred, this estimates the 

goodness of fit to the linear model, 1 being a perfect fit and 0 being a failure of 

modelling the dataset. 

5.2.6. Inhibition of the food-borne pathogens by the probiotic delivery system in a co-

culture model 

Planktonic samples of DPC16 were prepared at a cell concentration comparable to the 

microencapsulated sample. Ten millilitre of fresh culture was harvested and re-

suspended in 5 mL 0.85% saline. Following the previously acquired optical density 

calibration curve for this strain, the suspensions were diluted to the equivalent 

volumetric viable count of the microcapsules. The pathogen suspensions were prepared 

to a same cell concentration as DPC16 samples following a similar method. To facilitate 

the co-culture, a modified MRS (mMRS) broth (without tri-ammonium-citrate and 

sodium acetate, pH 7.2) was used [247]. The mMRS broth was further supplemented 
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with 250 mM glycerol for the production of reuterin. The optional reducing agent (L-

cysteine) was not included to avoid its sulfhydryl group’s reaction with reuterin. Five 

millilitre of DPC16 suspension (for the microcapsules, the volume of inoculation was 

measured by liquid displacement.) and 5 mL of either pathogen suspension were added 

into 90 mL mMRS broth. For single culture samples, 5 mL suspension of each strain 

was added into 95mL mMRS broth. The mixed suspensions were sealed in containers 

and incubated at 37°C without further anaerobic treatment. At time intervals of 20 and 

40 h, aliquots of the suspension were sampled for the viability of DPC16 and the 

pathogens. Only 20 h samples were assayed for the content of reuterin using the 

colorimetric method described by Circle et al. [248]. 

5.2.7. In vitro reuterin production by L. reuteri DPC16 immobilized in the probiotic 

delivery system in a glycerol-water-fermentation system 

Reuterin production by the planktonic, the alginate-encapsulated and the chitosan-

coated alginate-encapsulated DPC16 cells in an infertile environment was also studied 

in a glycerol-water-fermentation system supplemented with low molar glucose (20 

mM). The alginate-encapsulated DPC16 samples were prepared following the 

preparation method of the microcapsules described above but without the step of 

chitosan-coating. Twenty five millilitres of either type of microcapsules were mixed 

with 25 ml glycerol-water stock (500 mM glycerol in DI water with 40 mM glucose). 

Similarly, 25 mL planktonic DPC16 suspension was added in 25 ml glycerol water 

stock for comparison. The reuterin concentration in the supernatant was assayed at 0.5, 

1, 2, 3, 4, 8 and 20 h. The viability of DPC16 was enumerated at 0, 3, 8 and 20 h by 

plating on MRS agar. In order to release immobilized DPC16, the microcapsules were 

suspended in equal volume of 200 mM sodium citrate solution and exposed to a brief 
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ultrasonic treatment as described in my previous study [88]. Disintegration of the 

microcapsules and the released bacteria were confirmed by light microscopy. 

5.2.8. Statistical analysis 

The results were generated from three independent experiments, each performed in 

duplicate. Two tailed Student’s t-test was applied for comparison unless otherwise 

specified. P = 0.05 was selected as the significance level unless otherwise specified. 

5.3. Results 

5.3.1. Post-freeze-drying survival of the model strains in free and microencapsulated 

forms with or without the presence of skim milk powder 

Post-freeze-drying survival of the model strains in free and microencapsulated forms is 

shown in Table 5.1. Results indicated that either the microencapsulation or the addition 

of skim milk powder could independently improve the survival during freeze-drying 

compared to the unprotected controls. The protected bacteria in both groups only 

showed an insignificant viability loss after freeze-drying. No negative influence was 

observed when both protective means were applied. Visual observations of the 

fluorescent-probe-labelled L. reuteri DPC16 also confirmed the lyo-protective effects of 

SMP and/or microencapsulation. As shown in Figure 5.1, most of the unprotected 

bacteria were found to have a compromised cell membrane and lack of intracellular 

enzyme activity, whereas the bacteria protected by either means or both showed a well-

preserved integrity and functionality. 
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(a) Free    (b) Free w/ SMP 

   

(c) From microcapsules  (d) From microcapsules w/ SMP 

Figure 5.1 Viability assessment of L. reuteri DPC16 by PI and cFDA dual staining after freeze-

drying as (a) free form, (b) free form with the presence of skim milk powder (SMP), (c) in the 

microcapsule-based delivery system, and (d) in the microcapsule-based delivery system with the 

presence of SMP. 
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Table 5.1 Post-freeze-drying survival (log CFU/g) of the model strains in free and 

microencapsulated forms with or without the presence of skim milk powder (SMP). 

Strain 

  Free cells 

 
w/o SKM with SKM 

  Log CFU/g Survival% Log CFU/g Survival% 

L. reuteri 

DPC16 

Initial 9.12 ± 0.28 - 9.01 ± 0.19 - 

Post-freeze-drying 7.78 ± 0.25 4.6% 8.68 ± 0.18 46.77% 

L. plantarum 

DPC206 

Initial 9.36 ± 0.29 - 9.28 ± 0.23 - 

Post-freeze-drying 8.38 ± 0.15 10.5% 9.12 ± 0.21 69.18% 

Strain 

  Microencapsulated cells 

 
w/o SKM with SKM 

  Log CFU/g Survival% Log CFU/g Survival% 

L. reuteri 

DPC16 

Initial 9.22 ± 0.23 - 9.23 ± 0.25 - 

Post-freeze-drying 8.79 ± 0.24 37.15% 8.99 ± 0.3 57.54% 

L. plantarum 

DPC206 

Initial 9.16 ± 0.21 - 9.2 ± 0.22 - 

Post-freeze-drying 8.96 ± 0.25 63.10% 9.08 ± 0.26 75.86% 

 

5.3.2. Thermal death of the model strains in free and microencapsulated forms with or 

without the presence of skim milk powder 

Table 5.2 and Table 5.3 summarize the decimal thermal reductions of L. reuteri DPC16 

and L. plantarum DPC206, respectively, in free and microencapsulated forms with or 

without the presence of skim milk powder. Increasing storage temperature induced a 

faster inactivation of the strains. The protective means either by immobilizing in the 

microcapsules or by mixing with skim milk powder revealed a lower thermal death 

compared to free cells. The highest effect of protection was observed when both means 

were applied in combination. 

The two model strains showed different behaviours of thermal inactivation during the 

accelerated storage, particularly in the absence of protective means. L. plantarum 

DPC206 was found to be more thermo-resistant than L. reuteri DPC16. In fact, the 

lyophilized free L. plantarum DPC206 generally gave more than 2-log higher survival 

rate at all examined temperatures compared to the L. reuteri DPC16, which indicated 
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diversity in intrinsic resistance of these strains. However, the presence of protective 

means did not only improve the thermal stability for both strains, but it also markedly 

narrowed the difference of thermal resistance between the two model strains. 

 

Table 5.2 Decimal thermal reduction of L. reuteri DPC16 in free and microencapsulated forms with 

or without the presence of skim milk powder for accelerated storage testing 

Temp. 

(°C)  

Storage 

time (h) 

Log N0 - log N (log CFU/g) (mean ± standard deviation) 

Free Free w/ SMP Encapsulated 
Encapsulated w/ 

SMP 

25 

0 0.000  ± 0.000 0.000  ± 0.000 0.000  ± 0.000 0.000  ± 0.000 

120 1.411  ± 0.021 0.202  ± 0.009 0.265  ± 0.006 0.112  ± 0.005 

240 2.582  ± 0.013 0.897  ± 0.013 0.602  ± 0.010 0.289  ± 0.013 

360 3.772  ± 0.033 0.989  ± 0.020 0.806  ± 0.014 0.387  ± 0.019 

480 5.601  ± 0.023 1.298  ± 0.026 1.232  ± 0.023 0.515  ± 0.022 

35 

0 0.000  ± 0.000 0.000  ± 0.000 0.000  ± 0.000 0.000  ± 0.000 

48 1.702  ± 0.011 0.276  ± 0.006 0.311  ± 0.009 0.149  ± 0.012 

96 3.389  ± 0.024 1.053  ± 0.021 0.788  ± 0.020 0.339  ± 0.018 

144 5.034  ± 0.016 1.411  ± 0.015 1.157  ± 0.031 0.522  ± 0.027 

192 6.231  ± 0.009 1.918  ± 0.022 1.571  ± 0.033 0.645  ± 0.032 

55 

0 0.000  ± 0.000 0.000  ± 0.000 0.000  ± 0.000 0.000  ± 0.000 

4 1.435  ± 0.015 0.265  ± 0.010 0.404  ± 0.010 0.014  ± 0.002 

8 2.789  ± 0.023 0.876  ± 0.023 0.791  ± 0.019 0.366  ± 0.010 

12 3.788  ± 0.008 1.356  ± 0.030 1.117  ± 0.028 0.547  ± 0.018 

16 5.408  ± 0.031 1.813  ± 0.024 1.523  ± 0.030 0.736  ± 0.019 
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Table 5.3 Decimal thermal reduction of L. plantarum DPC206 in free and microencapsulated forms 

with or without the presence of skim milk powder for accelerated storage testing 

Temp.(°C)  
Storage 

time (h) 

Log N0 - log N (log CFU/g) (mean ± standard deviation) 

Free Free w/ SKM Encapsulated 
Encapsulated 

w/ SKM 

25 

0 0.000  ± 0.000 0.000  ± 0.000 0.000  ± 0.000 0.000  ± 0.000 

120 0.461  ± 0.011 0.168  ± 0.018 0.227  ± 0.006 0.060  ± 0.013 

240 1.100  ± 0.016 0.456  ± 0.022 0.484  ± 0.012 0.151  ± 0.016 

360 1.463  ± 0.021 0.704  ± 0.018 0.741  ± 0.013 0.301  ± 0.018 

480 2.145  ± 0.033 0.837  ± 0.020 1.073  ± 0.019 0.362  ± 0.022 

35 

0 0.000  ± 0.000 0.000  ± 0.000 0.000  ± 0.000 0.000  ± 0.000 

48 0.625  ± 0.013 0.248  ± 0.006 0.358  ± 0.009 0.113  ± 0.006 

96 1.501  ± 0.018 0.577  ± 0.011 0.728  ± 0.013 0.256  ± 0.012 

144 2.101  ± 0.022 1.015  ± 0.023 1.253  ± 0.025 0.508  ± 0.019 

192 2.948  ± 0.026 1.201  ± 0.030 1.589  ± 0.024 0.533  ± 0.017 

55 

0 0.000  ± 0.000 0.000  ± 0.000 0.000  ± 0.000 0.000  ± 0.000 

4 0.553  ± 0.016 0.293  ± 0.012 0.151  ± 0.008 0.136  ± 0.008 

8 1.137  ± 0.020 0.638  ± 0.019 0.642  ± 0.012 0.281  ± 0.012 

12 1.783  ± 0.029 1.026  ± 0.022 1.153  ± 0.020 0.456  ± 0.016 

16 2.181  ± 0.036 1.111  ± 0.026 1.409  ± 0.025 0.574  ± 0.024 

 

The data of thermal reductions at various temperatures were further illustrated in the plots of 

loss of viability count (log CFU/g) vs. storage period (h), as shown in Figure 5.2 and Figure 

5.3 for L. reuteri DPC16 and L. plantarum DPC206, respectively. All regressions show good fit 

to the linear models, indicated by the high R2 values (>0.9). Parametric D values were directly 

calculated based on the slope of the fitted model and reported in the following section. 
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Figure 5.2 Thermal mortality curves of freeze-dried L. reuteri DPC16 (a) in free form, (b) in free 

form with the presence of skim milk powder (SMP), (c) in microencapsulated form, and (d) in 

microencapsulated form with the presence of skim milk powder at 25°C (◆), 35°C (■) and 55°C 

(▲), and their linear regressions (model fitting with R
2
 denoting the goodness-of-fit).  
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Figure 5.3 Thermal mortality curves of freeze-dried L. plantarum DPC206 (a) in free form, (b) in 

free form with the presence of skim milk powder (SMP), (c) in microencapsulated form, and (d) in 

microencapsulated form with the presence of skim milk powder at 25°C (◆), 35°C (■) and 55°C 

(▲), and their linear regressions (model fitting with R
2
 denoting the goodness-of-fit). 
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5.3.3. Determination of the inactivation kinetics and prediction of the stability at 4°C and 

20°C 

The k values and the D values for the thermal inactivation of the two model strains in 

free and microencapsulated forms, with or without skim milk powder, are calculated 

and given in Table 5.4 and Table 5.5. The experimental data were used to generate the 

linear regression models based on the Arrhenius equation for further prediction. The 

fitting results are shown in Figure 5.4. The D values ranged widely from 3.0 h to 920.2 

h for L. reuteri DPC16 in different preparations at various temperatures, whereas the 

range was from 7.1 h to 1327.6 h for L. plantarum DPC206. Despite the strain-specific 

variance, the D values commonly increased with lowering temperature, thus indicating 

reduced rates of thermal inactivation. The D values were also found to be largely 

prolonged when the protective means were applied to the model strains. These results 

indicated that the immobilization and/or the addition of stabilizing skim milk powder 

could effectively improve the thermal stability of entrapped probiotic bacteria. 

The predicted k values and D values for the thermal inactivation of the two model 

strains in free and microencapsulated forms with or without skim milk powder at 4°C 

and 20°C were also given in Table 5.4 and Table 5.5. According to the prediction, when 

both protective means were applied, the duration of decimal reduction in viability at 

4°C was 21913.2 h (approximately 30 months) for L. reuteri DPC16 and 33062.0 h 

(approximately 45 months) for L. plantarum DPC206. The enhanced stability was 

markedly contrasted to the D values of 1606.0 h (approximately 2.2 months) for 

unprotected free L. reuteri DPC16 and 4093.8 h (approximately 5.7 months) for 

unprotected free L. plantarum DPC206. 
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Table 5.4 Experimental and predicted D values and k values for the thermal reductions of L. reuteri 

DPC16 in free and microencapsulated forms with or without the presence of skim milk powder at 

various temperatures. 

  Temp. 

(°C)  

Free Free w/ SKM Encapsulated 
Encapsulated 

w/ SKM 

  D (h) k (h-1) D (h) k (h-1) D (h) k (h-1) D (h) k (h-1) 

Experimental 

55 3.0  0.7675  9.0  0.2565  10.5  0.2195  22.5  0.1025  

35 29.7  0.0775  100.8  0.0229  123.7  0.0186  289.6  0.0080  

25 90.4  0.0255  354.5  0.0065  408.7  0.0056  920.2  0.0025  

Predicted 
4 1606.0  0.0014  7665.3  0.0003  9033.5  0.0003  21913.2  0.0001  

20 179.3  0.0128  721.3  0.0032  854.7  0.0027  1979.6  0.0012  

 

 

 

Table 5.5 Experimental and predicted D values and k values for the thermal reductions of L. 

plantarum DPC206 in free and microencapsulated forms with or without the presence of skim milk 

powder at various temperatures. 

  Temp. 

(°C)  

Free Free w/ SKM Encapsulated 
Encapsulated 

w/ SKM 

  D (h) k (h-1) D (h) k (h-1) D (h) k (h-1) D (h) k (h-1) 

Experimental 

55 7.1  0.3243  13.2  0.1744  11.4  0.2020  27.5  0.0837  

35 66.3  0.0347  155.7  0.0148  120.7  0.0191  336.3  0.0068  

25 230.3  0.0100  550.3  0.0042  467.2  0.0049  1327.6  0.0017  

Predicted 
4 4093.8  0.0006  12548.9  0.0002  9936.0  0.0002  33062.0  0.0001  

20 438.4  0.0053  1139.5  0.0020  917.0  0.0025  2740.3  0.0008  
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(a) L. reuteri DPC16 

 

(b) L. plantarum DPC206 

Figure 5.4 Arrhenius plot for the inactivation of the two model strains, i.e. (a) L. reuteri DPC16 and 

(b) L. plantarum DPC206, in different preparation forms: free form (Free, ◆), free form with the 

presence of skim milk powder (Free w/ SMP, ▲), microencapsulated form (En, ■), and 

microencapsulated form with the presence of skim milk powder (En w/ SMP, ●). 

To validate the model, comparison between theoretical and actual measurement values 

of survival rate of the two model strains in various preparations at 20°C was made and 

depicted in Figure 5.5. There were no great differences observed, confirming that the 

theoretical survival rate calculated based on the kinetic parameters can be used as 

prediction model of stability for the freeze-dried probiotic product. 
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Figure 5.5 Comparison between theoretical and actual measurement values of survival rate at 20°C 

of freeze-dried (a) L. reuteri DPC16 and (b) L. plantarum DPC206. Symbols denote samples 

prepared as free form (theoretical ◆ and actual ◇), as free form with the presence of skim milk 

powder (theoretical ▲ and actual △), as microencapsulated form (theoretical ■ and actual □), 

and as microencapsulated form with the presence of skim milk powder (theoretical ● and actual 

○).  
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5.3.4. Inhibition of the food-borne pathogens by the probiotic delivery system 

The viable counts of all strains in the co-culture model and the pH values of the 

acidified media are listed in Table 5.6. The single culture of the DPC16 strain dropped 

the pH of mMRS medium to around 3.5 after 20-h incubation, whereas in the case of 

the single culture of each pathogenic strain the lowered pH values only reached around 

4.7. The microencapsulated DPC16 cells delivered a comparable performance of 

medium acidification compared with the planktonic ones. By the end of 20-h 

incubation, the medium pH of the planktonic DPC16 was only slightly lower than the 

one of the encapsulated group and this difference was not statistically significant (P = 

0.1963). However, also compared to the planktonic DPC16, a 2.75-fold lower CFU 

count of free cells in the medium for the microencapsulated group at 20 h was 

meanwhile observed (P < 0.005). 

Microscopic observation (Figure 5.6) revealed that even after 20-h incubation the 

microcapsules still remained entire, whereas the dense masses of growing DPC16 cells 

were commonly observed inside many microcapsules. Meanwhile, the cell releases only 

occurred at a number of spots on some microcapsules (indicated by the arrows in Figure 

5.6), characterizing a spontaneous eruption of a large volume of bacteria into media 

after a certain critical time point. 

The growth of the two food-borne pathogenic strains was found to be sensitive to the 

presence of L. reuteri DPC16. Compared to the single cultures, the viable count of E. 

coli O157:H7 was 3-log lower after 20-h co-incubation (P < 0.001), whereas S. 

typhimurium was 2-log lower (P < 0.001). By contrast, the viability of DPC16 was only 

slightly reduced by the presence of E. coli O157:H7 (0.22 log drop, P < 0.05) and was 

not significantly affected by the presence of S. typhimurium (P = 0.2886). The medium 

pH of co-culture at 20 h was found to be 1-log lower than the single culture of each 
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pathogenic strain, although it was also slightly higher than in the single culture of 

DPC16, which could be a result of the competition for fermentable nutrients between 

the probiotic and the pathogenic strains.  

The results from the co-culture model confirmed that this microencapsulation 

preparation did not affect the inhibitory performance of DPC16 against those two 

pathogenic strains. In the case of co-culture with E. coli O157:H7, both the planktonic 

and the microencapsulated DPC16 cells dropped the medium pH value to 3.7 after 20-h 

incubation. More than 3-log reduction in the viable count of E. coli O157:H7 was 

observed in both groups compared to the single culture of E. coli O157:H7. By the end 

of the 40-h incubation, E. coli O157:H7 could not be detected by the current 

enumeration method, indicating a severe reduction of the viability of this strain (to less 

than 10
 
CFU/mL). In contrast, the number of viable DPC16 in the medium still 

remained above 10
8
 CFU/mL. On the other hand, the inhibition of S. typhimurium 

provided a more intriguing result. Compared to the planktonic ones, the 

microencapsulated DPC16 cells further reduced the viable count of S. typhimurium by 

3-log magnitudes (P < 0.001). However, no significant differences were observed in the 

medium pH values or the reuterin concentrations for the two groups, suggesting the 

existence of some inhibitory factors other than reuterin.   
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Table 5.6 Comparison of the inhibitory effect on two food-borne pathogens E. coli O157:H7 and S. 

typhimurium by planktonic and microencapsulated L. reuteri DPC16. 

  
PC at 20 h, 

log(CFU)/mL 

Media reuterin 

concentration at 

20 h, mmol/L 

Media pH 

at 20 h 
  

PC at 40 h, 

log(CFU)/mL 

Single culture in mMRS medium 

Encapsulated DPC16 8.65  ± 0.09  67.32  ± 2.30  3.56  ± 0.08  
 

8.49  ± 0.09  

Planktonic DPC16 9.09  ± 0.08  70.50  ± 2.81  3.48  ± 0.04  
 

8.33  ± 0.05  

S. typhimurium 8.65  ± 0.03  N/A 4.71  ± 0.05  
 

8.13  ± 0.07  

E. coli O157:H7 8.80  ± 0.02  N/A 4.78  ± 0.08  
 

8.21  ± 0.11  

              Co-culture in mMRS medium 

E. coli O157:H7 and planktonic L. reuteri DPC16 

L. reuteri DPC16 8.87  ± 0.03  
64.78  ± 1.35  3.70  ± 0.07   

8.45  ± 0.04  

E. coli O157:H7 5.58  ± 0.09  
 

ND 

              E. coli O157:H7 and microencapsulated L. reuteri DPC16 

L. reuteri DPC16 8.93  ± 0.10  
66.59  ± 1.68  3.70  ± 0.11   

8.56  ± 0.06  

E. coli O157:H7 5.69  ± 0.12  
 

ND 

              S. typhimurium and planktonic L. reuteri DPC16 

L. reuteri DPC16 8.97  ± 0.15  
64.34  ± 0.96  3.60  ± 0.09   

8.48  ± 0.04  

S. typhimurium 6.42  ± 0.39  
 

ND 

              S. typhimurium and microencapsulated L. reuteri DPC16 

L. reuteri DPC16 8.70  ± 0.01  
66.32  ± 1.02  3.63  ± 0.12   

8.50  ± 0.06  

S. typhimurium 3.05  ± 0.07    ND 

 Note:  

1. PC denotes “plate count”; ND denotes “not detected”; N/A denotes “not applicable”. 

2. The viability count for each sample is given as “mean ± standard deviation”. 
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Figure 5.6 Microscopy of newly grown L. reuteri DPC16 released from the chitosan-coated alginate 

microcapsules after 20h incubation at 37°C in the modified MRS broth. The dark masses in the 

microcapsules indicate the internal growth of DPC16. The dark cloudy areas surrounding the 

microcapsules consist of the released DPC16. The white arrows point to the releasing areas. The 

bar at right bottom corner indicates 100 µm. 

 

5.3.5. In vitro reuterin production by L. reuteri DPC16 immobilized in the probiotic 

delivery system 

The influence of microencapsulation on the reuterin production and accumulation was 

compared to the planktonic DPC16 cells using an infertile glycerol-water fermentation 

system. Figure 5.7(a) shows the time-serial comparison of medium reuterin 

concentrations among the planktonic, the alginate-encapsulated and the chitosan-coated 

alginate-encapsulated DPC16 samples. The planktonic DPC16 cells appear to rapidly 

accumulate a high concentration of reuterin and maintain it for the rest of the examined 

period. Similarly, the alginate microcapsules without chitosan coating produced a series 

of reuterin concentrations comparable to the planktonic sample. Only at 0.5-h, the 

observation revealed a significantly lower reuterin concentration in the alginate-
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encapsulated sample as compared to the planktonic one (P < 0.01). The results were in 

agreement with the other reports on immobilizing 10
9 

CFU/mL L. reuteri bacteria in 

alginate beads, which showed no difference in the maximum concentration of reuterin 

compared with the planktonic samples except for a relatively lower production rate at 

the beginning of fermentation [241, 249].  In contrast, the presence of chitosan-coating 

reinforced the alginate matrix and suppressed the time-dependent swelling of the 

uncoated microcapsules. Compared to both the planktonic group and the uncoated 

alginate microcapsules, the chitosan-coated microcapsules rendered a more moderate 

reuterin-production rate. The maximum concentration of reuterin was also markedly 

lower.  

On the other hand, by comparing the viability of the DPC16 cells in all groups (Figure 

5.7(b)), an improved survival was observed for the DPC16 cells encapsulated in the 

chitosan-coated microcapsules. By contrast, the accumulation of more reuterin in the 

other two groups coincided with a quick annihilation of the viable cells. The diverse 

responses of the three groups suggested that the microencapsulation method could exert 

marked influence on the availability of glycerol to the immobilized DPC16, and could 

therefore impact the survival of this microorganism. 
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(a) 

 

(b) 

Figure 5.7 Time-series of (a) the reuterin concentrations (mmol/L) and (b) the viable counts 

(log(CFU)/mL) in the glycerol-water system produced by the planktonic L. reuteri DPC16 (square), 

the alginate-microencapsulated L. reuteri DPC16 (triangle) and the chitosan-coated alginate-

microencapsulated L. reuteri DPC16 (circle). The y-axis error bars represent the standard 

deviations. 
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5.4. Discussion 

In the current study, the accelerated storage test was successfully applied to predict the 

storage stability of probiotic bacteria, and to evaluate the enhanced stabilizing effects by 

immobilizing probiotic bacteria in the microcapsule-based delivery system. Both 

probiotic model strains displayed aggravated thermo-sensitivity at elevated 

temperatures, whereas the sensitivity could be efficiently reduced by the application of 

the protective means. The activation energy (Ea) values that were determined from the 

slope of the Arrhenius models falls in the range of 9.62 to 10.90 kcal/mol, which are 

close to the reported values for various strains [238, 243]. The Ea values were found to 

consistently increase after preparing the probiotic bacteria in skim milk powder and/or 

in the delivery system, suggesting that the protective means possess certain mechanisms 

to restrain the deteriorating reactions of thermal deactivation from taking place. 

However, the kinetic data per se are not able to provide meaningful interpretations on 

the underlying mechanisms of protection [234]. In addition, similar findings on 

increased Ea were also reported for the thermo-protective effect of sucrose and glycerol 

on Lactococcus starter cultures [238].  

The prediction based on the generated Arrhenius models was validated on both 

probiotic strains at 20°C. The results confirmed a reasonable accuracy of the Arrhenius 

theory. The predicted storage stability at 4°C indicates an 8-fold improvement in the 

duration of decimal reduction for both model strains, when they are prepared in the 

microcapsule-based delivery system and suspended with skim milk powder. It means 

that a shelf life of approximate 2 years can be expected for so-prepared probiotic 

products with an initial viable count of 10
9 

CFU/g, whereas it may still maintain about 

10
8 
CFU/g (less than 1-log drop) viable cells at the consumption time before expiration. 
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It was reported that LAB could produce short chain fatty acids (SCFA) and therefore 

decrease the pH of the GI tract, creating an inhibitory environment against some 

pathogenic bacteria [250]. The SCFAs produced by L. reuteri DPC16 during 

fermentation together with the acidification of medium were also confirmed to be partly 

responsible for the antimicrobial effect of the spent culture medium against a number of 

Gram positive and negative pathogenic bacteria [251]. Consequently, the 

microencapsulation preparation was preferred not to affect the capacity of the embedded 

bacteria to lower environmental pH, which has been supported by the result. 

The similar performances of medium acidification indicate comparable cell activities 

between the free and the microencapsulated groups. Therefore, the difference of cell 

count in the medium may result from a restrained release of the entrapped DPC16 cells 

from the microcapsules. Chitosan coating was previously reported to retard cell release 

from alginate beads (with a diameter of 3.5 mm) immobilizing a L. lactis strain [252]. 

This delayed release was attributed to the strengthened cross-linking between the 

reversely charged chitosan and alginate macromolecules. Such effect of reinforcement 

was more pronounced in sub-100µm Ca
2+

-alginate microcapsule, owing to the highly 

increased contact area for the interlinking formation, which also markedly prevented the 

rapid disintegration of the microcapsules in the gastric fluid [88]. 

The microscopic observation of the retention of grown cells in the incubated 

microcapsules was in good agreement with the report that porous solid supports could 

retain cell growth to a density 10- to 50- folds higher than free-flow ones in liquid 

nutritive medium [253]. It may also explain the lower cell count in the medium for the 

microencapsulated sample. Furthermore, during the immobilized incubation, non-

specific stress adaptation owing to the quorum-sensing effect at high cell density could 

also be induced, thus generating a more resistant culture than the originals [253-254]. In 
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the current study, compared to the planktonic group, the less and slower drop of viable 

count in the medium for the microencapsulated group may have suggested increased 

tolerance to the adverse environment among the DPC16 cells grown from the 

microcapsules. 

As shown by the result, the microencapsulated L. reuteri DPC16 elicited an enhanced 

inhibitory effect on S. typhimurium as compared to the planktonic ones. Two 

hypotheses are proposed for this phenomenon. First, the microencapsulation process 

may have selectively propagated a competitive DPC16 mutant against S. typhimurium. 

Similarly, the enhanced antimicrobial effect was also reported by Zhao et al. [255] for 

the recovered DPC16 cells from immobilization. Another possibility is that the chitosan 

coating adsorbed on the Ca
2+

-alginate microcapsules may be responsible for the 

improved inhibition of S. typhimurium. Chitosan was reported to disrupt the barrier 

property of the outer membrane of Gram-negative bacteria, and this effect was more 

pronounced in acidic conditions [256]. In my investigation, low-molecular-weight 

chitosan was used, which shredded more easily from surfaces of eroded microcapsules. 

Considering the reduced dimension of the microcapsules, the increased surface-to-

volume ratio also improved the chances of the erosion and the exposure of chitosan to 

free-flow S. typhimurium cells. However, further investigation is required to elucidate 

the underlying mechanism. 

In addition to SCFAs, reuterin was proven to be another potent antimicrobial factor 

produced by L. reuteri DPC16 [251]. However, reuterin above certain threshold 

concentration (relative to certain cell concentrations) could also menace the survival of 

its producing organisms [257-258]. It is in agreement with the finding of substantial loss 

of viable DPC16 cells during the initial three hours in both the planktonic and the 

alginate-encapsulated samples. In contrast, the results from the chitosan-coated 
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microcapsules indicated a reduced availability of substrate glycerol to the immobilized 

DPC16 cells. Because strong intermolecular hydrogen bonding can occur between –

CH2OH alcoholic groups from glycerol and –NH2 or as NH3
+-

OOC-CH3, -CH2OH and 

in some extension – NH-CO-CH3, groups from chitosan, this may lead to strong 

interactions between chitosan matrix and glycerol, thus restricting the motion of 

glycerol molecules [259]. We therefore propose that the chitosan coating worked as a 

barrier to the free diffusion of glycerol into the microcapsules, and therefore reduced the 

availability of glycerol for reuterin production. The lowered reuterin concentration also 

allowed the improved survival of the DPC16 cells. Although the chitosan-coated 

DPC16 microcapsules produced less reuterin, it is noteworthy that reuterin does not 

require a large volume to take effect. Cleusix et al. [260], after studying the interactions 

between a L. reuteri strain and E. coli population using an colonic fermentation model, 

suggested that the accumulation of reuterin may not happen or necessarily be required 

in situ, whereas a very low reuterin concentration was sufficient to suppress other 

species. 

To conclude, the comparisons of the probiotic strain L. reuteri DPC16 between the 

planktonic and the encapsulated forms were performed in terms of the inhibition of the 

food-borne pathogens. No attenuated antimicrobial effect was observed for the 

immobilized DPC16 in the co-culture model. Microencapsulation rendered an enhanced 

protection on the embedded probiotics, but it may also induce an altered availability of 

substrates to the immobilized organisms. 
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Chapter 6. Evaluation of mucoadhesive coatings of chitosan 

and thiolated chitosan for the probiotic microcapsules 

This chapter describes the evaluation of mucoadhesive property of the delivery system. 

Thiolated chitosan was tested as a novel mucoadhesive coating for its improved 

mucoadhesion performance. 

6.1. Introduction 

Polysaccharide microcapsules have been widely reported as useful vehicles for the 

delivery of probiotic bacteria [77, 261]. They provide the embedded bacteria with 

enhanced protection against harsh challenges in the upper gastrointestinal (GI) tract. 

The release of such probiotic microcapsules is expected to occur in the lower GI tract. 

In particular for the colon-targeted delivery, the generally recruited releasing principle is 

dependent on the degradation of wall material by endogenous microflora together with 

consistent erosion by digestive system [262-263]. However, this mechanism requires a 

relatively long period to initialize the effective release. Therefore, methods to achieve a 

prolonged retention in the lower GI tract are preferred, thus allowing sufficient time for 

release and adaptation of the embedded probiotic bacteria. 

Among many choices of immobilizing polymers, alginate is widely preferred for its 

biocompatibility, biodegradability and non-toxicity for cell encapsulation. Divalent 

calcium ion induced ionotropic gelling of alginate under relatively mild conditions is 

also commonly applied for preparing immobilized probiotic bacteria for different 
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applications. Pure alginate, being a hydrophilic polyanion, shows a strong 

mucoadhesive property. A large number of carboxyl and hydroxyl groups on the 

backbone of alginate molecule turn to the charged state at a pH above its pKa (~3.8) 

[264]. It was suggested that such molecules could help elongate the polymer chain 

and facilitate the penetration and the entanglement with mucin matrices, thus leading 

to prolonged adhesion [87]. 

The Ca
2+

-induced gelling involves a mechanism of specific and strong packing 

arrangements between Ca
2+

 cations and long stretches of α-l-guluronic acid (G) units 

within alginate molecule. Therefore, they can reduce the free mobility and the 

secondary-bonding capacity of alginate polymers in terms of their interactions with 

mucin matrices. The mucoadhesion performance of such delivery system hence 

deserves more consideration. Moreover, relatively stronger Ca
2+

-alginate gels are 

usually selected for the delivery of microencapsulated probiotic bacteria to the distal 

part of the GI tract, thereby preventing the premature release at early stages of 

passage. Inevitably, this leads to increased extent and strength of the interaction 

between calcium ions and alginate molecules. Therefore, the mucoadhesive property 

of such microcapsule should not be taken for granted simply based on the property of 

the pure polymer. For example, in a study of the mucoadhesive polysaccharide - 

pectin, Hagesaether et al. [11] observed that zinc-pectinate hydrogel beads showed 

reduced mucoadhesion along with the increasing extent of cross-linking to Zn
2+

. 

Consequently, the authors suggested the importance of doing mucoadhesive 

measurements on relevant formulations, rather than basing the understanding solely 

on investigation of polymer solutions. 

Chitosan is a polysaccharide consisting of copolymers of glucosamine and N-

acetylglucosamine. Its distinctive mucoadhesive properties are mediated by ionic 
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interactions between the positively charged amino groups, and the negatively charged 

substructures of the gastrointestinal mucus, e.g. sialic acid [264]. Ionic bonds of 

polycationic materials were suggested to elicit stronger adhesion than hydrogen bonds 

and van-der Waals bonds of polyanionic materials [87]. Due to the diverse electric 

charges, chitosan can intertwine with alginate polymer chain or be adsorbed on 

alginate surfaces. This phenomenon was utilized to alter the characteristics of alginate 

gel and provide some new features to the original delivery vehicles [265-266]. 

Chitosan coating was also reported to increase the survival of some probiotic strains 

embedded in large Ca
2+

-alginate beads when they were challenged by GI stress 

factors [267]. However, the chitosan-induced alteration of mucoadhesive property of 

Ca
2+

-alginate microcapsules has only rarely been investigated for the colonic delivery 

of probiotic bacteria. 

Thiolated polymers are a new type of mucoadhesive polymeric materials. Owing to 

the rich conjugated sulfhydryl functional groups, thiolated polymers were 

demonstrated to form covalent disulfide bonds with mucus glycoproteins, thus 

markedly improving the mucoadhesion [156]. Thiolated chitosan was reported to be 

able to augment the mucoadhesiveness up to 100-fold, compared to unmodified 

chitosan [268]. The potential use of thiolated chitosan for the improved retention of 

probiotic microcapsules is hence worthy of evaluation. 

In my previous research, a type of sub-100µm chitosan-coated Ca
2+

-alginate 

microcapsule was successfully applied for the delivery of probiotic bacteria [88]. The 

reduced dimension of microcapsules was suggested to provide more chances for 

microcapsules to be lodged in surface folds and crevasses of the lower GI tract, whilst 

minor dislodging stresses imposed on small particles resulted in small adhesive 

interactions required to keep them in place [87]. The increased surface-to-volume 
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ratio also allows more mucoadhesive coating materials to be deposited on the surface 

of the microcapsules in terms of per unit of the core material, thus improving the 

mucoadhesive performance. 

In the current study, the aim was set to study the mucoadhesion enhancement induced 

by the chitosan or the thiolated chitosan coatings for the colonic delivery of the sub-

100 µm probiotic microcapsules. 

6.2. Materials and methods 

6.2.1. Materials 

The materials for microencapsulation including sodium alginate, chitosan (low 

molecular weight), maltodextrin, ultrafine calcium carbonate were procured from 

Sigma-Aldrich (Australia). The fluorescent stain carboxyfluorescein di-acetate 

(cFDA) was procured from Invitrogen Inc (USA). Fluorescein isothiocyanate (FITC) 

for chitosan labelling was procured from Sigma (Australia). Mucin (Type III) from 

porcine stomach for rheological synergism assay was procured from Sigma 

(Australia). The simulated gastric fluid (SGF, pH 1.2) and the simulated intestinal 

fluid (SIF, pH 6.5) were prepared according to the USP standards. 

6.2.2. Preparation of the probiotic microcapsules 

The preparation of the sub-100 µm probiotic microcapsules followed the previously 

described method with some modifications [88]. To simplify the testing conditions, 

the protectants applied in the original method were not used in this encapsulation 

formula. L. reuteri DPC16 (NZRM#4294) was provided by Bioactives Research New 

Zealand (Auckland, New Zealand) and used as the model probiotic strain. This strain 

was routinely cultured anaerobically in deMan-Rogosa-Sharpe (MRS, Difco, USA) 
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broth supplemented with 0.5 g/L cysteine (Sigma, USA). The probiotic microcapsules 

loaded with DPC16 had an equivalent cell concentration of 9.27±0.11 log CFU/mL as 

assayed by serial dilution and plate count on MRS agar plate. Mucoadhesive coating 

was conferred by suspending the uncoated Ca
2+

-alginate microcapsules in either 0.8% 

(w/v) chitosan in acetate buffer (pH 5.5) or 0.8% (w/v) FITC-labelled chitosan in 

acetate buffer (pH 5.5) or 0.8% (w/v) thiolated chitosan in acetate buffer (pH 5.5) for 

different purposes of evaluation. Samples were removed from the coating reactors at 

5, 20, 180, 720 minutes for the following analyses. The uncoated microcapsules 

served as the zero-time sample. 

6.2.3. Preparation of FITC-conjugated chitosan and flow cytometric (FCM) analysis of 

the FITC-chitosan coating on the microcapsules 

FTIC-labelled chitosan was synthesized and the labelling efficiency was evaluated as 

previously described [269]. In brief, 100 mL dehydrated methanol and 50 mL FITC 

solution (2 mg/mL in methanol) were mixed into 100 mL chitosan solution (1% w/v 

in 0.1 M acetic acid). The reaction was carried out in the dark at room temperature for 

3 h prior to precipitation in 1 L NaOH (0.1M). The precipitate was filtered and 

dialyzed in 4 L deionised water with daily replacement until the absence of FITC in 

the dialysis jar was confirmed by UV-spectrofluorometry (λexc: 488 nm / λemi: 515 nm, 

Jasco FP-6500, Australia). The dialyzed product was then lyophilized. The molar ratio 

of free amine to FITC-labelled residues was assayed as 9.5:1. 

The preparation of FITC-chitosan coated alginate microcapsules followed the same 

method described in Section 2.2, except that the chitosan in the coating solution was 

replaced with FITC-chitosan. All FITC-coated microcapsules were washed twice with 

deionised water. Aliquots of each microcapsule sample (from different durations of 
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FITC-chitosan coating treatment) were suspended in 2.5 mL deionised water prior to 

FCM analysis. 

FCM analysis was performed with the BD LSR II Flow Cytometer (BD Biosciences, 

New Zealand). The cytometer was adjusted to a low flow rate in order to count 2,000 

fluorescent events. The measurements acquired for each microcapsule included the 

forward scatter (FSC), the side scatter (SSC) and the green (FL1 for FITC) channels. 

The FTIC was excited by a laser beam at 488 nm and detected at 530 nm. The raw 

data were analyzed with FlowJo program (v7.6.1, Tree Star, Inc. USA) in the post-run 

mode. 

6.2.4. Zeta-potential of chitosan-coated probiotic microcapsules 

Zeta-potential of the chitosan or thiolated chitosan coated microcapsules samples 

prepared by the method described in Section 2.2 was determined by Zetasizer Nano 

ZS (Malvern, UK) following the manufacturer’s instruction.  

6.2.5. Synthesis of thiolated chitosan and its characterization 

The thiolated chitosan was synthesized following a method developed by Bernkop-

Schnürch et al. [270] with a few modifications as suggested by Masuko et al. [271]. 

The sample was finally lyophilized at -55°C and 0.01 mbar (Labconoco Freezone 

Freeze-drier, USA) and stored at 4°C for further use. The number of thiol groups on 

the thiolated chitosan was determined by Ellman’s reagent, as previously described by 

Roldo et al. [272]. The ATR-FTIR analysis of the thiolated chitosan was performed 

on Bruker TENSOR 37 FTIR spectrometer in a spectral range from 600 cm
-1

 to 4000 

cm
-1

. 
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6.2.6. Rheological synergism 

The rheological synergism between the mucoadhesive coating polymers and mucin 

was evaluated via a method previously described by Suknuntha et al. [273] with some 

modifications. The mucoadhesive interaction between the polymers and mucin was 

investigated in the SGF and the SIF separately. The final volume of the polymer and 

mucin mixtures was adjusted to 10 mL, and the mixtures were mixed using a 

reciprocating shaker until homogeneous. Groups of the final concentrations of the 

polymer and mucin in the GI fluids are listed in Table 6.1. Concentrations of polymer 

were lowered for the assays in the SIF due to the reduced solubility of chitosan, and 

the quick self-gelling behaviour of thiolated chitosan at high concentration at this pH. 

Table 6.1 Groups of the final concentrations (w/v) of the polymer (chitosan or thiolated chitosan) 

and mucin in the GI fluids for the study of mucoadhesion-based rheological synergism in blend 

system. 

# Mucin Chitosan 
Thiolated 

chitosan 

In simulated gastric fluid (pH 1.2) 

 1 5% 0.50% - 

2 5% 0.10% - 

3 5% 0.05% - 

4 5% - 0.50% 

5 5% - 0.10% 

6 5% - 0.05% 

In simulated intestinal fluid (pH 6.5) 

 7 5% 0.10% - 

8 5% 0.01% - 

9 5% - 0.10% 

10 5% - 0.01% 

 

These mixtures of mucin and the polymers were equilibrated at 37.0 ± 0.1°C for 1 

hour. The viscosity measurements were carried out using a Brookfield DV-III Ultra 

programmable viscometer (Brookfield Engineering Laboratories Inc., USA), equipped 
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with a CP-40 spindle and a sample adaptor warmed at 37.0 ± 0.1°C. After loading, 

samples were allowed to equilibrate in the adaptor for 1 minute prior to testing. The 

viscosity profile of each sample was collected on a spindle-rotating-speed range from 

0 to 250 rpm. The apparent viscosity at a shear rate of 20 s
-1

 (approximate 2.65 rpm) 

was selected for the estimation of the componential force of mucoadhesion in blend 

system. All viscosity measurements were performed in triplicate, and data reported as 

a mean ± standard deviation. 

6.2.7. Ex vivo tensile test 

The instrumental setting described by Thirawong et al. [153] was recruited in the 

current study to evaluate the mucoadhesive property of Ca
2+

-alginate gel with or 

without the presence of the mucoadhesive coatings. Samples were made by 

compressing 200-mg alginate powder into flat-faced round disc with a diameter of 

12.0 mm using a single punch hydraulic press operated at 8 tonnes for 10 min. The 

alginate discs were kept in desiccator until further use. The mucoadhesion test was 

carried out on a texture analyzer (TA.XT plus, Stable Micro System, UK) equipped 

with a 5 N load cell. The alginate discs were attached to the cylindrical probe (12 mm 

in diameter) by double-sided adhesive tape. Two types of freshly excised porcine GI 

tissues (ie, stomach and large intestinal tissues) were obtained from a local 

slaughterhouse (Auckland, New Zealand). The tissues were washed with deionised 

water and kept in saline solution at 4°C prior to use within 3 hours. Before testing, the 

underlying connective tissues were carefully removed to isolate only the mucosal 

membrane.  

In contrast with the setting by Thirawong et al., my experiment aimed to evaluate the 

mucoadhesive property of Ca
2+

 cross-linked gel surface of the alginate disc. 
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Therefore, four types of surfaces were prepared from the alginate discs. The 

preparation consisted of one or several sequential steps of soaking treatment of the 

disc surface, which is elaborated in Table 6.2 for each type of surface. 

 

Table 6.2 Soaking treatments for the preparation of the four types of surfaces for the ex vivo 

tensile test. 

Surface type 

Sequence of the soaking treatments (left to right) 

In deionised 

water 
In 0.1 M CaCl2 

In the chitosan 

coating solution 

In the thiolated-

chitosan coating 

solution 

Alginate polymer 

surface 
15 min - - - 

Ca-alginate gel 

surface 
15 min 10 min - - 

Chitosan coated 

Ca-alginate gel 

surface 

15 min 10 min 15 min - 

Thiolated chitosan 

coated Ca-alginate 

gel surface 

15 min 10 min - 15 min 

 

After the formation of the desired surface, the alginate disc was rinsed with deionised 

water.  The probe with the disc attached was then immersed in the GI fluid (ie, SGF 

or SIF) for 10 min for equilibration. To begin the test, the disc was moved downward 

at 0.5 mm/s to contact with the GI tissue. When the probe touched the GI tissue, the 

speed of the probe was reduced to 0.1 mm/s while the contact force increased. The 

probe kept moving until the contact force reached 0.1 N. The contact force was then 

maintained at this level for 30 s. Subsequently, the probe was withdrawn at 0.1 mm/s 

to its original position where the disc was completely separated from the below tissue. 

During the process, force applied on the disc was recorded and mucoadhesion was 
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observed as the measured force that held down the withdrawing probe (moving up). 

Two characteristic parameters were calculated from the force vs. time plot using 

Texture Exponent 32 software. They were the maximum force required to separate the 

probe from the tissue (i.e. maximum detachment force: Fmax) and the total work 

involved in the probe withdrawal from the tissue (work of adhesion: Wad ). 

Mucoadhesion at two simulated GI sites (i.e., stomach and colon) were separately 

tested using the porcine stomach tissue in combination with the SGF, and the porcine 

colonic tissue in combination with the SIF. Two testing conditions, including tests in 

the GI fluid (condition A) and tests with the GI fluid removed after the initial 

equilibration (condition B), were applied. 

6.2.8. In vitro mucoadhesion of the probiotic microcapsules to the mucin-secreting HT-

29-MTX colonic epithelial culture 

The mucoadhesion performance of the probiotic microcapsules coated with chitosan 

or thiolated chitosan was finally surrogated using a well-established model of human 

mucin-secreting colonic cells, HT29-MTX cells in culture. The HT29-MTX cell line 

was kindly provided by Bioactives Research New Zealand (Auckland, New Zealand). 

HT29-MTX cells were routinely grown in Dulbecco’s Modified Eagle Medium 

(DMEM Glutamax, Giboco, USA) containing 4.5 g/L glucose and supplemented with 

25 mmol/L HEPES buffer and 10% (v/v) fetal bovine serum (heat inactivated at 60°C 

for 45 min, Invitrogen, USA). The cells were kept at 37°C in controlled atmosphere of 

5% CO2 and 95% air. The culture medium was changed every 2 days. 

For adhesion assays, HT29-MTX cells were first seeded into 12-well plates (Costar) 

at a density of 5 x 10
4
 cells/cm

2
. The cells were allowed to grow until post confluence. 

For subsequent visual evaluation, the probiotic microcapsules loaded with L. reuteri 
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DPC16 bacteria were labelled with cFDA following a previously described method 

[88]. The labelled microcapsules were washed, and then suspended with the SIF. The 

monolayers of HT29-MTX were washed twice with PBS, before suspension in the 

SIF. Aliquots of probiotic microcapsules (equivalent to 10
9
 CFU L. reuteri DPC16) 

were added, and the plates were incubated at 37°C in the modified atmosphere for 1 h 

for adhesion to take place. After incubation, each well was gently washed twice with 

1 mL SIF to remove the non-adhering microcapsules. Fluorescent microscopic 

observation was carried out at this stage to visualize the mucoadhesion performance. 

To estimate the count of L. reuteri DPC16 in the adhered microcapsules, the 

monolayers were trypsinized to separate HT29-MTX cells and the adhered 

microcapsules from the well. The immobilized L. reuteri DPC16 was released by 

suspending the microcapsules in 0.2 M sodium citrate and exposing to an ultrasonic 

homogenizer at 20 kHz for 30 s with a 10-s rest interval. The samples were kept on 

ice at all times to avoid heat. The released bacteria were confirmed by light 

microscopy and counted by plating on MRS agar. The concentration of HT29-MTX 

cells in the monolayer was determined by trypsinizing the cells at 37 °C for 10 min, 

and counting on a hemocytometer. 

The probiotic microcapsules, with either chitosan or thiolated chitosan coating 

treatment for 0, 30, 180, 720 min, were assayed for the performance of adhesion. 

6.2.9. Statistical analysis 

All experiments were run in triplicate. Comparisons between two groups were carried 

out with Student’s t test. A P value of 0.05 or less was taken as significant. 
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6.3. Results 

6.3.1. Adsorption of chitosan on alginate microcapsules 

Chitosan could be uniformly adsorbed on the surface of alginate microspheres. In 

Figure 6.1, the green fluorescence uniformly illuminated all the microcapsules, 

whereas a particular layer near the surface was clearly distinguished by the enhanced 

fluorescent intensity. The diverse polarities between the two materials were hence 

proven to be able to induce the formation of chitosan coating. 

 

Figure 6.1 The fluorescent microscopy (x100) of the Ca
2+

-alignate microcapsules coated by FITC-

conjugated chitosan. The coating treatment lasted 3 hours. The bar indicates 100 µm. The photo 

to the right shows the detailed single microcapsule (x400) marked by the white rectangle in the 

left photo. 

The flow cytometric analysis revealed the time-dependant chitosan adsorption on 

Ca
2+

-alginate microcapsules. Histograms of FL1 channel in Figure 6.2(a) clearly 

showed the FITC intensity of microcapsule population moved to higher magnitude 

with increasing duration of coating treatment. In Figure 6.2(b) and Figure 6.2(c), no 

significant changes were detected in the FSC (particle size) and the SSC (particle 

complexity) channels. It evidenced that the increase in the fluorescent intensity was 

not due to aggregation of microcapsules, but due to increasing amount of FITC-
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chitosan adsorbed on the microcapsules. Figure 6.2(d) presents a detected population 

of microcapsules on the FSC vs. SSC plot. The polygon gate was created to 

distinguish the subpopulation of single microcapsules and was used for the calculation 

of average intensity. 

The increase of average FITC intensity was plotted against the duration of coating 

treatment in Figure 6.2(e). The adsorption was found to be faster in the initial 180 min 

and continue until the end of the examination. In Figure 6.3, the zeta-potential 

measurement also confirmed an increasing surface charge of microcapsules for both 

the chitosan coated and the thiolated-chitosan coated samples. Uncoated Ca
2+

-alginate 

microcapsules had negative surface charge of -55 mV, while adsorbed chitosan (or 

thiolated chitosan) rapidly converted the negative surface charge to positive within 30 

min. The most rapid increase of surface charge was observed in the initial 180 min 

and the zeta-potential of coated microcapsules reached around +50 mV at last. 
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(e) 

Figure 6.2 Flow cytometric (FCM) analysis of FITC-conjugated chitosan adsorbed on the Ca-

alginate microcapsules: (a) the fluorescent intensity of the FITC-chitosan coated microcapsules at 

different time point of coating treatment; (b) and (c) The histograms of the side scatter (SSC) and 

the forward scatter (FSC) readings of the samples; (d) the SSC vs. FSC plot of the microcapsules 

detected by FCM; and (e) average FITC-fluorescent intensities of the microcapsules that were 

exposed to various durations of coating treatment. 
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Figure 6.3 Zeta-potential of the chitosan or the thiolated chitosan coated microcapsules that were 

exposed to different duration of the coating treatments. 

6.3.2. Synthesis of thiolated chitosan and confirmation of the presence of thiol groups 

The ATR-FTIR spectra of original chitosan, thiolated chitosan and 2-iminothiolane 

(the thiolating agent) were illustrated in Figure 6.4. The spectrum of thiolated chitosan 

shares a lot of common features with the one of original chitosan. The successful 

conjugation of thiol groups into thiolated chitosan was clearly evidenced by the 

additional peaks at ~2550 cm
-1 

and ~709 cm
-1

, which were assigned to S-H stretch and 

C-S stretch, respectively [274]. Compared to original chitosan, the peaks of amine and 

amide of thiolated chitosan slightly shifted from 1629 cm
-1

 and 1525 cm
-1

 to 1635 cm
-

1
 and 1553 cm

-1
, respectively, which agreed with the report by Jiang et al. [275]. In 

addition, the thiol content of thiolated chitosan was estimated by Ellman’s reagent as 

130±16 µmol/g. 
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Figure 6.4 ATR-FTIR spectra of original chitosan, thiolated chitosan and 2-iminothilane (the 

thiolating agent). 

6.3.3. Evaluation of the bio-/muco-adhesion of chitosan and thiolated chitosan  

6.3.3.1. Viscosity synergism of polymers and mucin 

The method of viscosity measurements described by Suknuntha et al. [273] was used 

to evaluate the mucoadhesive interactions between mucin and polymers (chitosan and 

thiolated chitosan). The componential force of mucoadhesion in the system was 

estimated based on the change of measured viscosity according to the following 

equations: 

ηad = ηt – ηm - ηp, 

F =ηadσ, 

where ηt is the total viscosity of the blend system, ηm and ηp are the componential 

viscosities of pure mucin and polymer, respectively, ηad is the componential viscosity 
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contributed by mucoadhesive interactions, F is the calculated force of mucoadhesion 

at the shear rate σ (in this case 20 s
-1

). 

The viscosity and mucoadhesion data describing the mixture systems in either SGF or 

SIF are listed in Table 6.3. Force of mucoadhesion was found to increase with the 

concentration of the mucoadhesive polymer. The force was also higher in SIF (pH 

6.5) than in SGF (pH 1.2). It indicates that both mucoadhesive materials can render 

stronger adhesion to mucus in near neutral environment (e.g., the lower GI tract). In 

addition, thiolated chitosan was found to elicit stronger mucoadhesion than the 

original chitosan at all concentrations, in both SGF and SIF. 
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Table 6.3 Viscosity of mucin (ηm) plus polymer (ηp), the blend system (ηt), the calculated viscosity of mucoadhesion (ηad) and the calculated force of mucoadhesion 

(F). Test was done in SGF and SIF with 5% mucin and various concentrations of chitosan or thiolated chitosan at 37°C using a shear rate of 20 s
-1

. Measured 

results are presented as mean ± standard deviation (n =3). 

Combination of mucin and polymer 
Measured viscosity 

calculated ηad 
Calculated F 

(dyne/cm) ηm+ηp ηt 

In SGF pH 1.2             

Mucin 5% + Chitosan 0.5% 26.12  ±0.13 31.77  ±0.53 5.65  1.13  

Mucin 5% + Chitosan 0.1% 22.83  ±0.15 26.17  ±0.38 3.33  0.67  

Mucin 5% + Chitosan 0.05% 22.23  ±0.32 25.23  ±0.32 3.00  0.60  

Mucin 5% + Thiolated Chitosan 0.5% 61.97  ±1.00 71.52  ±0.47 9.56  1.91  

Mucin 5% + Thiolated Chitosan 0.1% 30.07  ±0.40 36.43  ±0.45 6.37  1.27  

Mucin 5% + Thiolated Chitosan 0.05% 26.13  ±0.32 31.50  ±0.50 5.36  1.07  

       
In SIF pH 6.5 

      
Mucin 5% + Chitosan 0.1% 38.80  ±0.26 74.77  ±0.32 35.97  7.19  

Mucin 5% + Chitosan 0.01% 19.78  ±0.19 45.63  ±0.40 25.85  5.17  

Mucin 5% + Thiolated Chitosan 0.1% 48.94  ±0.05 94.40  ±0.69 45.46  9.09  

Mucin 5% + Thiolated Chitosan 0.01% 20.74  ±0.28 51.36  ±0.41 30.63  6.13  
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The flow behaviour of blend system (polymer and mucin) was also fitted to the 

Ostwald-de Waele rheological model (also known as power law model): 

η = Kγ
n-1

, 

where η denotes the viscosity of the blend system, γ denotes the shear rate. 

Consistency K and flow index n are two key parameters characterizing individual 

system.  

The values of K and n of all samples are listed in Table 6.4. The n values are all less 

than 1 indicating that these samples exhibited a non-Newtonian pseudoplastic (shear 

thinning) behaviour. K is numerically equal to the viscosity of the blend system at a 

shear rate of 1 s
-1

. Greater K values were observed in the presence of the polymers 

when compared to mucin alone in both SGF and SIF, which demonstrated good 

synergism between these polymers and mucin. Also as shown by the results, K values 

became larger when increasing the concentration of polymer. Such increase of K 

value was more pronounced in SIF even at reduced concentration of the polymers, 

suggesting a feature of site-response. In addition, thiolated chitosan samples 

uniformly gave higher K values compared to original chitosan, thus indicating a 

moderately superior mucoadhesive property. 
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Table 6.4 Power law index (n) and consistency index (K) of chitosan or thiolated chitosan at various concentrations in SGF or SIF with or without mucin, derived 

from the Ostwald-de Waele rheological model (mean ± standard deviation, n = 3).  

Sample 
Flow behaviour index n   Consistency index K 

Polymer Polymer+Mucin   Polymer Polymer+Mucin 

In SGF pH 1.2 

         Mucin 5% - - 0.75  ±0.02 

 

- - 46.70  ±2.89 

Mucin 5% + Chitosan 0.5% 0.57  ±0.02 0.72  ±0.02 

 

14.19  ±1.23 74.62  ±3.01 

Mucin 5% + Chitosan 0.1% 0.59  ±0.01 0.73  ±0.01 

 

2.84  ±0.12 58.49  ±2.19 

Mucin 5% + Chitosan 0.05% 0.59  ±0.01 0.74  ±0.02 

 

1.42  ±0.09 55.57  ±1.90 

Mucin 5% + Thiolated Chitosan 0.5% 0.62  ±0.02 0.54  ±0.01 

 

113.23  ±6.77 245.04  ±19.45 

Mucin 5% + Thiolated Chitosan 0.1% 0.64  ±0.01 0.64  ±0.01 

 

22.65  ±1.59 117.28  ±10.23 

Mucin 5% + Thiolated Chitosan 0.05% 0.65  ±0.02 0.66  ±0.02 

 

11.32  ±1.05 88.73  ±3.89 

          In SIF pH 6.5 

         Mucin 5% - - 0.80  ±0.02 

 

- - 32.34  ±1.29 

Mucin 5% + Chitosan 0.1% 0.29  ±0.01 0.53  ±0.01 

 

165.14  ±20.34 302.43  ±24.33 

Mucin 5% + Chitosan 0.01% 0.31  ±0.02 0.63  ±0.02 

 

16.51  ±2.01 139.69  ±8.65 

Mucin 5% + Thiolated Chitosan 0.1% 0.27  ±0.01 0.53  ±0.01 

 

264.38  ±18.73 386.41  ±21.48 

Mucin 5% + Thiolated Chitosan 0.01% 0.29  ±0.02 0.67  ±0.02   26.44  ±2.27 93.36  ±5.15 
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6.3.3.2. Mucoadhesion of various alginate-gel surfaces assayed by ex vivo tensile test 

using freshly excised porcine tissue strip model 

The results of the ex vivo mucoadhesion assay of the four types of mucoadhesive 

surfaces were given in Table 6.5. 

Greater total work was observed under Condition B (i.e., the GI fluid was only used 

for equilibrating the surface and the tissue, and was removed before the test) among 

all samples compared to Condition A (i.e., the test took place in the presence of the GI 

fluid). It conforms to the finding by Varum et al. [276], which suggested that stronger 

mucoadhesion occurred when the hydrating fluid came from the mucus layers, rather 

than from the surrounding medium. 

Calcium ion cross-linked alginate gel generally displayed the lowest mucoadhesion 

among all the four types of surfaces. In particular, nearly no effect of mucoadhesion 

was observed for Ca
2+

-alginate surface to the porcine colonic tissue in SIF. The 

finding therefore supports the argument that Ca
2+

-alginate microcapsule may not be a 

competent mucoadhesive vehicle for the purpose of prolonged retention of probiotic 

bacteria. 

On the other hand, coating of chitosan or thiolated chitosan conferred the Ca
2+

-

alginate surface an improved mucoadhesiveness, especially in environments 

simulating the colon. Considering the case of mucoadhesion to porcine colonic tissue 

under Condition A, both coatings markedly raised the Fmax and Wad compared to the 

near absence of mucoadhesion on the uncoated Ca
2+

-alginate surface. The 

enhancement under Condition B also reached 2.4-fold via chitosan coating and 3.1- 

fold via thiolated chitosan coating. However, in the case of adhesion to porcine 

stomach mucus, the difference between the uncoated Ca
2+

-alginate surface and the 
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chitosan coated Ca
2+

-alginate surface was only subtle (P > 0.05). By contrast, the 

thiolated chitosan coating elicited a significantly higher effect of mucoadhesion 

compared to the other two (P < 0.01). 

For comparison, alginate surface without any treatment was also evaluated for its 

mucoadhesiveness. It exhibited an improved mucoadhesion at elevated medium pH 

values. It also displayed the highest mucoadhesion to the colonic tissue among all 

samples. 
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Table 6.5 The maximum detachment force and the total work to detach certain mucoadhesive surface from porcine GI tissue, as measured by a texture analyzer. 

Four types of mucoadhesive surfaces included alginate, Ca
2+

-alginate, chitosan coated Ca
2+

-alginate and thiolated chitosan coated Ca
2+

-alginate. Two testing 

conditions were Condition A (i.e., the surface and the animal tissue were equilibrated in the GI fluid and the detachment took place in the presence of the GI 

fluid.) and Condition B (i.e., the surface and the animal tissue were equilibrated in the GI fluid, but the detachment took place after the GI fluid was removed.). 

Surface type 

SGF (pH 1.5), porcine stomach tissue   SIF (pH 6.8), porcine colonic tissue 

Maximum 

detachment force 

(mN) 

Total work (µJ) 

  

Maximum 

detachment force 

(mN) 

Total work (µJ) 

Condition A: 
    

 
    

Alginate  6.96  ± 5.70 3.91  ± 5.52 
 

77.86  ± 11.01 54.50  ± 11.00 

Ca-alginate 8.95  ± 0.81 1.94  ± 2.00 
 

3.87  ± 0.78 0.02  ± 0.01 

Chitosan coated Ca-alginate 10.43  ± 1.24 2.00  ± 0.12 
 

20.46  ± 3.18 5.85  ± 0.59 

Thiolated chitosan coated Ca-alginate  20.36  ± 1.56 4.00  ± 0.70 
 

25.38  ± 1.91 8.30  ± 1.07 

          
Condition B: 

         
Alginate 92.51  ± 17.17 55.88  ± 5.94 

 
134.78  ± 25.44 145.65  ± 10.91 

Ca-alginate 34.80  ± 2.86 41.62  ± 6.27 
 

25.54  ± 2.37 25.74  ± 0.95 

Chitosan coated Ca-alginate  23.23  ± 1.40 32.10  ± 0.54 
 

48.35  ± 2.66 37.54  ± 2.01 

Thiolated chitosan coated Ca-alginate 30.89  ± 2.00 33.61  ± 3.42   61.32  ± 4.68 48.26  ± 5.00 
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6.3.3.3. Adhesion of the chitosan and the thiolated chitosan coated probiotic microcapsules 

to mucin-secreting HT-29-MTX colonic epithelial monolayer 

The data showing the capability of the microcapsules to adhere to the mucin-secreting 

HT-29-MTX colonic epithelial monolayer are given in Table 6.6. Photos of the 

microscopic observations are also presented in Figure 6.5 for visual evaluation. The 

results clearly show that the extra coatings of chitosan or thiolated chitosan significantly 

improve the adhesion of the microcapsules to the model colonic epithelial monolayer. 

The adhesion efficiency was also found to increase with the duration of coating 

treatment. Compared with chitosan, thiolated chitosan coating was able to provide 

improved performance of mucoadhesion, thus retaining more L. reuteri DPC16 to the 

epithelial monolayer. 

Table 6.6 Counts of L. reuteri DPC16 released from the adhered microcapsules with chitosan 

coating (A) or thiolated chitosan coating (B) to HT29-MTX monolayer. Durations of exposure to 

each coating solution (A or B) were 0, 30, 180 and 720 min for sample 1 to 4 respectively. Results 

were given as mean ± standard deviation (n = 3) and the average percentage of total applied 

bacteria (1 x 10
9
 CFU). 

# 

Coating 

duration 

(min) 

  Chitosan coating (A)   Thiolated chitosan coating (B) 

  

Count of L. reuteri 

DPC16 in adhered 

microcapsules 

(log CFU/mL) 

% of total 

applied 

bacteria 

  

Count of L. reuteri 

DPC16 in adhered 

microcapsules 

(log CFU/mL) 

% of total 

applied 

bacteria 

1 0 

 

4.66  ± 0.03 0.00% 
 

4.67  ± 0.06 0.00% 

2 30 

 

6.76  ± 0.02 0.57% 
 

6.91  ± 0.01 0.82% 

3 180 

 

8.25  ± 0.02 17.98% 
 

8.42  ± 0.05 26.21% 

4 720   8.58  ± 0.02 38.30%   8.69  ± 0.02 48.62% 

 



Chapter 6 - Evaluation of mucoadhesive coatings  

155 

 

Figure 6.5 Epi-fluorescent microscopy of the adhered microcapsules to HT29-MTX monolayer. The 

microcapsules immobilized cF-labelled L. reuteri DPC16 (green fluorescence). A’s denote samples 

with chitosan coating and B’s denote samples with thiolated chitosan coating. Numbers 1 to 4 

indicate the various durations of exposure to the according coating solution: 0, 30, 180 and 720, 

respectively. 
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6.4. Discussion 

In the current study, the reduction in mucoadhesive property of Ca
2+

 cross-linked 

alginate gel was innovatively demonstrated in the ex vivo tensile test, using the texture 

analyzer. It therefore justifies the need of extra mucoadhesive coating on alginate-based 

probiotic microcapsule, in order to achieve desired retention in the GI tract. Although 

chitosan coating was previously reported to reinforce alginate vehicles for the delivery 

of probiotics and improve the survival of immobilized bacteria [88, 269], its 

contribution in enhancing the mucoadhesive property of such delivery vehicle was, to 

the best of my knowledge, for the first time, evaluated in the current study. Thiolated 

chitosan, as a second generation of mucoadhesive material which can form strong 

covalent bonds with mucin, was also evaluated for its potential use in probiotic 

microcapsules. The results confirmed the enhancement of mucoadhesion performance 

achieved by chitosan and thiolated chitosan coatings. Thiolated chitosan also displayed 

significantly higher mucoadhesiveness in comparison with unmodified chitosan. 

Interestingly, Bernkop-Schnürch et al [270] reported that Chitosan-TBA (the thiolated 

chitosan via 2-iminothiolane, the same type of thiolated chitosan as prepared in the 

current study) could reach more than 140 folds improvement of its mucoadhesive 

property, as compared to unmodified chitosan. However, such a high improvement ratio 

was not observed in my study, although the thiol contents of the two thiolated chitosan 

samples were of similar level (~100 µmol/g). This discrepancy could result from the 

different experimental designs or the dissimilarity between the testing formulations. But 

it may also be open to other explanation. Davidovich-Pinhas et al. [277] claimed that 

hydration could lead to deactivation of conjugated thiol groups due to formation of 

inter-molecular disulfide junctions, before they contacted active bond-forming sites in 

mucin. This could be true considering my own case, whereby we allowed an 
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equilibration period (in the GI fluid) before performing each detachment test. However, 

it was also suggested that thiol-disulfide exchange reaction (i.e., intermolecular 

disulfide bonds of polymer reacting with thiol groups in mucin polymer.) could still 

happen to mediate the interaction between polymer and mucin [156], although the 

extent may be very limited.  Nevertheless, the extra coating of chitosan was 

demonstrated to achieve improved mucoadhesion, even without the capacity to form 

strong disulfide bonds with mucin. 

In the in vitro adhesion to HT29-MTX colonic epithelial monolayer, the mucoadhesive 

coating of chitosan or thiolated chitosan significantly enhance the mucoadhesive 

property of the probiotic microcapsule. It is considered to render the ingested probiotic 

bacteria some extra support, after they have been exposed to the challenges in the upper 

GI tract. The adhesion of probiotic strains to intestinal mucosa could be affected due to 

the alteration in the structures present on the surface of the bacteria. It was demonstrated 

that industrial processing, prolonged storage and exposure to the bio-barriers of the GI 

tract could induce conformational changes in cell membrane of probiotic strains and 

therefore reduce their adhesion particularly of sensitive strains in the lower GI tract 

[278-280]. Prolonged retention provided by the probiotic delivery system is hence an 

advantage, considering the exhausted state of those strains when they reach the site of 

function. For comparison, the model probiotic strain L. reuteri that we used in the 

current study was reported to have an adhesion efficiency of approximate 14 

CFU/epithelial cell to HT-29 monolayer [255], which equals a concentration of 6.82 log 

CFU/mL (estimated calculation based on a HT-29 cell count of 4.8 x 10
5
 cells as 

measured in the current assay). Referring to the results of probiotic microcapsules, 30-

min treatment of coating with either chitosan or thiolated chitosan could achieved a 
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concentration of similar level (6.76 – 6.91 log CFU/mL). Prolong coating treatment 

above 3 h could further elicit more than 80 - 150 fold enhancement. 

The coating of chitosan or thiolated chitosan on the surface of Ca
2+

-alginate 

microsphere is due to the electrostatic interaction between the reversely charged 

polyelectrolytes. The zeta-potential analysis revealed that the adsorption could continue, 

even after the maximum (+50 mV) was reached at around 3 hours. The results were 

consistent with the findings by Guo and Gemeinhart [281] who also suggested that 

subsequent layers of chitosan were formed on the first monomolecular adsorption layer, 

and intertwinement of separate chitosan molecules could be achieved through 

hydrophobic interaction, van der Waal’s forces and hydrogen bonds. The multi-layer 

feature of chitosan coating can partly explain the reinforced strength of the sub-100 

probiotic microcapsules, which have an increased coating-material-to-core-material 

ratio. 

This enhancement of mucoadhesive property induced by chitosan and thiolated chitosan 

coatings was demonstrated to be markedly higher in an environment of with a near 

neutral pH (pH 6.5) and less ambient water. Considering that the amine groups of 

chitosan and thiolated chitosan, the thiol groups in thiolated chitosan and the functional 

groups of mucin (e.g. sialic acids and sulfate groups) are mainly ionized at this pH, the 

electric attraction between the reversely charged macromolecules and the formation of 

disulfide bonds are expected to reach the optimum states, thus improving the 

mucoadhesion performance. On the other hand, under a near neutral pH, chitosan and 

mucin macromolecules are characterized by a more extended conformation, which 

further favours the interactions between them [282]. Regarding the role of medium 

water, Varum et al. [276] indicated that stronger interactions occurred when the 

hydrating fluid came from the mucus layers rather than from the surrounding medium. 
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It hence justifies that the chitosan or thiolated chitosan coated probiotic microcapsules 

may show the preferential mucoadhesion to colonic epithelia, where the environmental 

pH is slight acid neutral, water content is largely mucin-bound (due to the significant 

absorption of water at colon), and the depth of mucus layer is increased. 

In conclusion, cross-linking with calcium ions reduced the mucoadhesive property of 

alginate hydrogel. Chitosan and thiolated chitosan could be adsorbed on sub-100 µm 

Ca
2+

-alginate microcapsule and substantially improved the mucoadhesion performance 

of the system. The coated system was demonstrated to deliver markedly higher amount 

of probiotic bacteria to the in vitro model of colonic mucosa. The coatings were also 

found to exert significantly stronger mucoadhesion to colonic mucosa tissue at slight 

acid neutral pH with less ambient water, which conforms to the physiological 

environment of the colon, thus supporting prolonged retention in this region. 
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Chapter 7. General discussion and future directions 

All the specific aspects of the current research project have been described and 

discussed in the previous chapters. In the final chapter, we intend to summarize the 

main findings and discuss the work and the future directions in a broader context. 

7.1. General discussion and conclusions 

Since the last decade, research into the health promoting potential of lactic acid bacteria 

has been receiving much attention by both academic and industrial researchers in New 

Zealand. Probiotic technologies that focus on enhancing shelf-stability and in-vivo 

efficacy, such as microencapsulation, are also the popular subject of active research in 

New Zealand [2]. On the other hand, the improved level of consumer awareness of 

different types of probiotics and the health claims for probiotic products also drive 

research efforts into the development of efficient technologies for the delivery of 

probiotic benefits to end-consumers [283]. Probiotics can be delivered commercially 

either as nutritional supplements, pharmaceuticals or foods. International standards 

require that products that are claimed to be “probiotic products” contain a minimum of 

10
7 

viable probiotic bacteria per gram of product or 10
9 

cells per serving size when 

consumed [261]. However, many products fail to meet these requirements due to 

inactivation of probiotic cells in food products during storage, even at refrigerating 

temperatures. Consequently, the industrial demand for technologies ensuring stability of 

probiotics in foods remains strong. That also leads to the development of immobilized 
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cell technology to produce probiotics with increased cell resistance to environmental 

stress factors [76, 261]. 

In the current research, the goal was to develop a colonic delivery system for probiotic 

bacteria based on chitosan coated Ca
2+

-alginate microcapsules, which are also 

characterized by the reduced dimension of sub-100 µm and enhanced 

mucoadhesiveness. As suggested in the review, the reduced size of sub-100 µm may 

provide multiple advantages for the colonic delivery of probiotics featuring prolonged 

retention in the lower GI tract. However, it was also demonstrated that reducing the size 

of microcapsules almost depleted the physical protection of chitosan-reinforced Ca
2+

-

alginate matrix on all the examined probiotic strains, when such probiotic 

microcapsules were exposed to the challenges of the simulated human bio-barriers, i.e. 

gastric acid and bile salts. To overcome the drawback, two selected protectants (sucrose 

and lecithin vesicles) were proposed to reinforce protection in the GI tract. Flow 

cytometry, in combination with fluorescent-probes, was recruited to quantitatively 

compare the physiological damages inflicted by GI stress factors in the presence or the 

absence of the protectants. The results showed a universally positive improvement in GI 

survival among all the examined LAB strains. After being incorporated into the wall 

materials of the microcapsules, these protectants were confirmed to compensate for the 

otherwise attenuated protection by polymeric matrix of reduced dimension. The novel 

probiotic delivery system based on sub-100 µm polysaccharide microcapsules was 

demonstrated to be a competent vehicle for the delivery of probiotics if the proper 

modifications were applied [88]. 

Another poorly addressed issue by previous studies is the mucoadhesive property of 

polysaccharide-based probiotic delivery systems. Probiotic delivery system is preferred 

to have a prolonged retention in the lower GI tract, whereby entrapped probiotic cells 
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can be efficiently and continuously released so as to achieve longer transient existence 

or better colonisation. Mucoadhesive materials are often utilized to reach such 

prolonged retention in many pharmaceutical applications. Natural polysaccharides, such 

as alginate and pectin, display intrinsic mucoadhesive property. Probiotic delivery 

systems based on these polysaccharides are apparently considered to inherit the 

mucoadhesive property by many researchers. However, this is not always true. My 

study on the Ca
2+ 

-alginate gel showed that the ionotropic gelling reaction between 

calcium ions and alginate molecules sharply lowered the mucoadhesive performance of 

the gels. It therefore justified my seeking alternative materials for enhanced 

mucoadhesion. Chitosan and thiolated chitosan coatings were evaluated for this purpose. 

The results from several different in vitro methods collectively indicated that the 

mucoadhesive property of the coated systems was markedly increased compared to the 

uncoated counterparts. Interestingly, the mucoadhesive property of the coated gel 

systems also showed significant variation in response to environmental pH and water 

content. Higher mucoadhesion occurred at near-neutral pH with less ambient water, 

which conforms to the physiological environment of colon. It therefore indicates the 

potential of the current design for targeted adhesion to colonic mucosa. 

In addition, stability of probiotic bacteria in the delivery system during possessing and 

subsequent storage was evaluated by freeze-drying the model strains and exposing them 

to an accelerated storage test. This part of research may contribute to the development 

of probiotic products with a satisfactory shelf-stability in the future. The accelerated 

storage test proved to be a reliable modelling technique for the prediction of shelf-

stability of probiotics, whilst it was also demonstrated to be useful for the evaluation of 

different strategies for preserving these probiotic cells. 
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Intriguingly, in one of the current studies, the probiotic delivery system induced an 

altered behaviour of the entrapped model strain L. reuteri DPC16 in regard to its in vitro 

productivity of the metabolite - reuterin. Nevertheless, it may not constitute a real 

problem, in that we also demonstrated that the entrapped bacteria could be efficiently 

and rapidly released in colon. However, it is worth a consideration that probiotic 

functionality in encapsulation may be subject to variation. In vivo confirmation should 

be obtained especially for preferred therapeutic effects in pharmaceutical applications. 

In conclusion, the four objectives identified at the beginning of the project (as listed in 

Section 1.2) have been achieved and individually elaborated in the previous chapters. 

The novel colonic delivery system for probiotic LAB was successfully developed 

according to the specified requirements and proved to be effective and efficient.  

7.2. Future directions 

As above mentioned, the in vivo confirmation of probiotic effects for the delivery 

system was beyond the scope of this research because of time constraints. In particular, 

it may be better to seek such confirmation in terms of individual strains, for which 

prophylactic or therapeutic functions are known. It will also be very promising to test 

this probiotic delivery system in inflammatory-bowel-disease (IBD) induced animal 

models, since probiotics have been suggested to render a positive influence. 

The many ingredients in the formula of wall materials and the multiple parameters in 

the process of preparing the microcapsule-based probiotic delivery system open up the 

possibility of optimisation. Response surface methodology (RSM) in combination with 

design of experiments (DOE) may serve as useful tools for this practise. 

Unfortunately, we did not achieve an investigation into the in vivo distribution of the 

probiotic delivery systems in the lower GI tract via γ-scintiphotography technology, due 
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to time and resource constraints. This will be left for future research, which surely will 

provide concrete evidence for the performance of the probiotic delivery system in the 

real world. 
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