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SUMMARY

Robustness of Bifidobacterium longum LMG 13197 encapsulated in lyophilized Vegetal
BM 297 ATO-inulin lipid based synbiotic microparticles

Student : Amakiri Andreal Chioma
Supervisor : Dr. M. S. Thantsha
Co-supervisor : Mr L. Kalombo

Department : Microbiology and Plant Pathology
Degree : MSc (Microbiology)

Consumers are currently concerned about improving their health, and therefore demand foods
that are beneficial to overall health. This has caused the rising interest in probiotics, which
are live microorganisms which when ingested in sufficient amounts, restore balance in the
gastrointestinal tract and consequently improve health. Probiotic bacteria have been
incorporated into various food products which are now referred to as functional foods, and
represent about 65% of the world’s food market. Probiotics are sensitive to various
environmental factors such as oxygen, moisture, pH and temperature. It is of great
importance that probiotics remain viable and alive throughout the stages of processing,
storage in food products and during gastrointestinal transit in order for them to confer health
benefits. The use of prebiotics and microencapsulation to protect and ensure viability of
probiotics has been used in food industries. Challenges faced when using most
microencapsulation techniques include the need for a food grade encapsulating material,
stability of the probiotic cells during encapsulation processes and storage, the need to
minimize negative effects they might have on the organoleptic properties of foods into which
they are incorporated. The freeze drying technique, which is known to be suitable for the
preservation of probiotic cells, avoids heat induced injuries to cells and also slows down
detrimental chemical reactions, was used in the current study to prepare microparticles

encapsulating probiotic bifidobacteria. Due to limited reports on the use of lipid based food
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grade encapsulating materials for the microencapsulation of probiotics, this study explored
the use of such materials and developed a lipid based synbiotic material which is expected to
protect and improve probiotic viability.

A lipid based excipient Vegetal BM 297 ATO and various concentrations of the prebiotic
inulin were used to prepare different formulations, followed by an investigation to determine
which concentration of inulin resulted in better protection and survival of Bifidobacterium
longum LMG 13197 during the freeze drying process. Bifidobacterium longum LMG 13197
was successfully encapsulated in Vegetal using freeze drying method. It was observed that
the formulation prepared with 2% (w/v) inulin resulted in better protection of B. longum
LMG 13197 during the encapsulation process. Characterization of the microparticles revealed
that they contained high numbers of bacterial cells resulting from relatively high
encapsulation efficiency. The presence of inulin resulted in microparticles with an acceptable
size which is desirable for food applications. These results led to further investigation of the
potential of Vegetal-inulin matrix to protect bifidobacteria in simulated gastrointestinal fluids

and improve shelf life under different storage conditions.

This study demonstrates that the Vegetal-inulin matrix protected B. longum LMG 13197
during transit in the simulated gastric fluid (SGF) and subsequently released the cells in the
simulated intestinal fluid (SIF). In comparison with the unencapsulated cells, the number of
cells released in SIF was higher, which suggests that the Vegetal-inulin matrix has the
potential to release probiotics in the colon for health benefits to be exerted. The shelf life of
encapsulated B. longum LMG 13197 powders stored in glass bottles was investigated under
two different storage temperatures for 6 weeks. The study demonstrates that although there
was a high loss of viable probiotic cells during storage at 25°C, Vegetal-inulin matrix
improved survival of probiotics for 3 weeks as opposed to the unencapsulated cells. On the
other hand, encapsulation with Vegetal did not offer improved survival of bacteria when
compared to the unencapsulated cells at 4°C, but the addition of inulin offered better
protection for up to 5 weeks. Therefore, better shelf life of Vegetal-inulin microparticles
containing B. longum LMG 13197 can be achieved at 4°C than at 25°C.

The food industry experience challenges in maintaining probiotic viability in dairy products
due to post acidification processes occurring at refrigeration temperatures. The potential of

Vegetal-inulin matrix to protect bifidobacteria in yoghurt during storage was investigated. It
17
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is also important that the microparticles containing probiotics do not negatively affect the
organoleptic properties of the food product into which they are incorporated. In light of this,
this study also investigated how the incorporation of Vegetal-inulin microparticles containing
bifidobacteria affects the organoleptic properties of yoghurt. The amount of viable bacterial
cells obtained at the end of storage period was high for Vegetal-inulin encapsulated B.
longum LMG 13197, as opposed to the unencapsulated cells. At the end of storage period, a
significant decrease in pH was observed in yoghurt containing unencapsulated bacteria than
those containing encapsulated bacteria. This suggested that encapsulation prevented the
release of metabolites produced by probiotics from negatively affecting the properties of
yoghurt during storage. After investigating the effects of incorporated microparticles on the
colour of yoghurt, a yellowish-white colour was observed for all the yoghurt samples,
regardless of the significant differences observed for the colour attributes between all yoghurt

samples during storage.

18
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INTRODUCTION

In the early 20™ century, the Russian biologist Eli Metchnikoff mentioned that maintenance
of the human gastrointestinal tract (GIT) requires constant ingestion of fermented food
products, which contain commensal microorganisms (Holzapfel et al., 1998; Jankovic et al.,
2010). The increasing need for foods that are able to contribute to better health by consumers
has led to continuous research which focuses on improving the gastrointestinal balance by
using live microbes, which are termed probiotics. Probiotics are defined as “live
microorganisms which when administered in adequate amounts confer a health benefit on the
host” (FAO/WHO, 2002). The ingestion of probiotics is associated with health benefits such
as immune modulation, alleviation of lactose intolerance, acute gastroenteritis and rotavirus
diarrhoea, inflammatory diseases such as Crohn’s disease and ulcerative colitis,
hypercholesterolemia, antibiotic-associated diarrhoea and atopic disorders (dermatitis and
allergies) (Mack et al., 1999; Vesa et al., 2000; Fooks and Gibson, 2002; Furrie et al., 2005;
Shah, 2007; Henker et al., 2008; Burgain et al., 2011). Factors such as stress, antibiotics and
surgery can cause an imbalance in the gut system, as they tend to increase the concentration
of harmful microbes while decreasing the commensals (Cummings and Macfarlane, 1997).
Therefore, in order to restore balance in the gut, probiotics have to be introduced as dietary
supplements or as functional foods (foods which contain live microorganisms) such as
yoghurt, cheese, ice cream, chocolate and cereals (Levy, 2000; Anal and Singh, 2007). For
them to promote health benefits in individuals, probiotics must be viable and able to
reproduce in the human GIT, must not be toxic, must compete and exert an antagonistic
effect on pathogens and must be genetically stable (Huis in’t Veld et al., 1994; Lee and
Salminen, 1995). The most commonly used probiotic bacteria belong to the genera
Lactobacillus and Bifidobacterium (Tannock, 2001). These bacteria are preferred because
they are of human origin, thus they are the only strains that can colonize and adhere to the
GIT for an extended period of time (Bielecka et al., 2002).

Studies have shown that probiotics can exert health benefits if they survive the adverse
conditions witnessed during manufacturing processes, storage temperatures and transit
through the GIT (Brinques et al.,, 2011). In essence, probiotic foods should contain an
adequate number of viable cells at the time of consumption, with a minimum of 10° — 10’

viable cells per gram or millilitre (Ishibashi and Shimamura, 1993; Krasaekoopt et al., 2003).
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Global regulatory requirements for probiotic have become stricter over the years; as most
probiotic products do not meet the standard required for beneficial purposes, due to poor
survival of probiotics in food products (Doleyres and Lacroix, 2005; De Vos et al., 2010).
The European Food Safety Authority (EFSA) has also stated the possibility of improper
referencing and characterisation of strain for which the claims are made. Therefore, in order
for manufacturers to state health claim for their probiotic products, they must have scientific
proof and take into account the function and viability of the probiotic as a food additive
(Jankovic et al., 2010; Burgain et al., 2011).

Among various methods applied to improve growth and survival of probiotics, the use of
prebiotics has been explored and results have demonstrated improved probiotic viability in
food products as well as during gastrointestinal transit (Fooks and Gibson, 2002). Prebiotics
are non-digestible foods which positively affects the host by specifically stimulating the
growth and activity of beneficial bacteria in the colon while restricting the harmful ones
(Sekhon and Jairath, 2010). Studies have shown that inulin type prebiotics (e.g.
fructooligosaccharides and inulin) have been well explored because of their ability to resist
hydrolysis by gastric and pancreatic enzymes (Ramchandran and Shah, 2010). It has also
been reported that addition of prebiotics improved viability of probiotic cells without
affecting the sensorial properties of food (Hansen et al., 2002; Dianawati et al., 2013;
Shamekhi et al., 2013).

In addition to the use of prebiotics, an approach geared towards providing a physical barrier
to shield the cells from adverse environmental conditions such as light, oxygen and moisture
is of considerable interest (Burgain et al., 2011). Microencapsulation is such an approach
currently used in food and pharmaceutical industries to protect probiotics (Adhikari, 2000;
Picot and Lacroix, 2004; Thantsha et al., 2009). It is a mechanical process which involves
packaging solid, liquid and gaseous substances into small capsules (Champagne and Fustier,
2007). Therefore, microencapsulation ensures stabilization of the core material, controls
oxidative reactions, masks flavours, colours or odours and extends shelf life of the active
compounds (Anal and Singh, 2007). The microencapsulation techniques used include among
others, extrusion and emulsion, spray dying, freeze drying and preparation of microparticles
under supercritical carbon dioxide conditions (Champagne and Fustier, 2007; Thantsha et al.,
2009; Burgain et al., 2011). However, the use of microencapsulation poses a lot of

difficulties, as some of the technigues require the use of water, toxic organic solvents and
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high temperatures, which are all detrimental to the probiotic cells, and thus complicates food
production (Champagne and Fustier, 2007; Burgain et al., 2011). Furthermore,
microencapsulation requires use of food grade coating materials which are FDA (Food and
Drug Administration) approved and are generally regarded as safe (GRAS) (Lian et al., 2003;
Picot and Lacroix, 2004). Freeze drying has been utilized as a long term preservation
technique for the encapsulation of probiotics (Petrovic et al., 2007). This method involves
freezing of the culture and removal of water by sublimation under high vacuum (Carvalho et
al., 2004). Freeze drying has been associated with the formation of ice crystals which cause
damage to the cell structure as a result of changes in fatty acid and protein structure (Chen et
al., 2006). Thus, cryoprotectants such as glucose, lactose, skim milk and fructose have been
employed to prevent cell damage, thereby enhance viability of probiotics during various
methods of encapsulation (Capela et al., 2006). Studies have shown that freeze drying
reduces oxidative reactions, since it occurs in a vacuum (Carvalho et al., 2004). Thus,
successful encapsulation of probiotics using various coating materials has been achieved
using freeze drying (Capela et al., 2006; Heidebach et al., 2010; Pop et al., 2012; Chen et al.,
2013). However, the use of lipid materials for the encapsulation of probiotics for food
applications has not been much explored. In the current study, Vegetal BM 297 ATO will be
used as a potential lipid material for the encapsulation of Bifidobacterium longum LMG
13197.

Following the successful encapsulation of B. longum LMG 13197 within Vegetal-inulin
matrix by freeze drying, the specific aims of this study are to characterize the microparticles
obtained after microencapsulation for their use in food industries, to assess the survival of
bacteria within Vegetal-inulin microparticles when exposed to simulated gastrointestinal
fluids, different storage temperatures, in yoghurt and the effects of microparticle
incorporation on the physico-chemical properties of yoghurt. This study will expand the
knowledge on the use of lipid matrices in food industries. It will furthermore create new ways
of successfully storing probiotic supplements, should the probiotics show improved shelf life
at non refrigeration temperatures. Following the survival of encapsulated probiotics and
improved organoleptic quality in yoghurt, it is expected that this study will enhance the levels
of live probiotic organisms in yoghurt, as well as increase the acceptability of yoghurt by

consumers.
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1.1 Overview

Over the years, research and food industries have contributed to the maintenance of a healthy
life style by increasing the awareness about functional foods. These functional foods contain
commensal microorganisms which are associated with various health benefits (Hylemon and
Harder, 1998; Hooper et al., 2002; Tuohy et al., 2003; Backhed et al., 2005; Prakash et al.,
2011). The beneficial roles of these commensal microorganisms can be maintained in the
gastrointestinal tract (GIT) by constant ingestion of good bacteria, which are now known as
probiotics (Parvez et al., 2006).

1.2 Probiotics

1.2.1 Definitions and characteristics

Recently, a proper definition of probiotics describes them as “live microorganisms which
when administered in adequate amounts confer a health benefit on the host” (FAO/WHO,
2002). This definition suggests that the potential probiotic microorganism must have the
following characteristics; be viable after industrial processing and after long periods of
storage, be certified generally regarded as safe (GRAS), originate from the gut (improves
their functionality) (Hoolihan, 2001); be able to fight off pathogens; remain viable and
functional after passage through the GIT and provide beneficial effects to the individual. The
first actual introduction of probiotics was done by Metchnikoff in the early 1900s, where he
reported that Bulgarian peasants were much healthier and lived longer as a result of the large
consumption of fermented milk, due to the health benefits carried out by the live
microorganisms (Metchnikoff, 1907). In order to provide individuals with the required health
benefits, probiotics are supplied as supplements or incorporated into a large variety of food
products such as dairy products (yoghurt, cheese and ice-cream) and non-dairy products

(cereals, non-fermented juice and sausages) (Cherie et al., 1998).

There have been debates as to what amount of probiotics is required for beneficial effects to
occur. It has been reported that ingesting 100 g of the product containing a minimum amount
of 10° to 10’ viable cells/g daily will produce beneficial effects (Boylston et al., 2004).
However, levels ranging from 10° to10® cfu/ml have been reported as the required dose for
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functional properties of probiotics to take effect (Sanders and Veld, 1999; Vasiljevic and
Shah, 2008). It is also important to note that the efficacy of probiotics is attributed to the
different strains used, since no universal strain has been reported to provide all the proposed
health benefits (Song et al., 2012). Although microorganisms like Saccharomyces cerevisiae
and Escherichia coli have been used as probiotics, the lactic acid bacterial strains are the
most recognised because they can serve a dual function of being food fermenters as well as
health providers (Song et al., 2012). Therefore, the most utilised probiotic strains include
Lactobacillus and Bifidobacterium strains. These strains are currently introduced into
fermented food products, and reports have shown that they greatly reduce the severity of
some gastrointestinal diseases (Anal and Singh, 2007).

1.2.2 Lactobacilli

This is the largest group of probiotic bacteria inhabiting the intestine. Lactobacilli species are
described as Gram positive, acid tolerant and non spore formers which prefer anaerobic
conditions but at times, they can be aerotolerant (Vasiljevic and Shah, 2008). Lactobacilli
species are obligate fermenters which utilise carbohydrates as a source of energy to produce
various end products (Serino et al., 2009). They have a DNA composition of < 54% mol GC
content. This group consists of Lactobacillus acidophilus, L. casei, L. salivarius, L. brevis, L.
plantarum, L. delbrueckii ssp. bulgaricus and gram positive cocci Streptococcus
thermophilus (Sekhon and Jairath, 2010). These strains have been successfully isolated from
the human intestines and have a GRAS status (Fooks and Gibson, 2002). Lactobacilli are
commonly used as starter cultures in the production of yoghurt and other fermented products,
and have also been incorporated into food products for beneficial purposes (Vasiljevic and
Shah, 2008). They also release various enzymes and vitamins into intestine which improves
digestion and produces lactic acid (Parvez et al., 2006). The functional benefits of the above
mentioned strains have been studied and reported (Vasiljevic and Shah, 2008). Functions
include providing balance to the gut by competing with disease causing pathogens for villi
attachment sites and nutrients, strengthening immunity and alleviating various digestive
diseases symptoms for example lactose intolerance, constipation and ulcerative colitis
(Guarner and Malagelada, 2003). The above mentioned functions attributed to Lactobacillus,

also apply to Bifidobacterium.
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1.2.3 Bifidobacteria

Bifidobacteria are gram positive, rod shaped, anaerobic, non gas producing organisms with a
bifurcated morphology, hence the initial name Bifidobacterium bifidus. Bifidobacteria were
first isolated from the faeces of breast fed infants by Tissier in 1960 (Novik et al., 2001).
They are also classified as non-spore forming, non-motile bacteria which contribute to
carbohydrate fermentation in the colon with the help of an enzyme fructose-6-phosphate
phosphoketolase. This fermentation enables the production of acetic and lactic acids which
are effective at eliminating pathogenic organisms (Sidarenka et al., 2008). Bifidobacteria
grow at optimum temperatures of 37°C to 40°C and survive at an optimum pH of 6.5 to 7.0
(Reyed, 2007). In order to achieve proper isolation and cultivation of bifidobacteria in the
laboratory, a complex organic media is needed. Hence, the selective medium chosen must be
able to produce high recovery of bifidobacteria from pure or mixed cultures (Payne et al.,
1999). Selective media like Modified De Man Rogosa Sharpe (supplemented with cysteine-
HCL) and Arroyo, Martin and Cotton (AMC) have been recommended for the enumeration
of bifidobacteria from pure and mixed cultures respectively (Arroyo et al., 1994; Payne et al.,
1999). Since bifidobacteria are difficult to isolate and grow in laboratories, they have been
assigned different genera in the past. These genera include Bacillus, Bacteroides,
Corynebacterium, Nocardia and Lactobacillus (Fooks and Gibson, 2002). Bifidobacteria
were accepted as a separate genus in 1974 and since then, they have been characterised based
on their biochemical, morphological and DNA composition (Vasiljevic and Shah, 2008).
Bifidobacteria belong to the family Actinomycete as a result of their high GC content (> 50
mol %). They make up to about more than 95% of the intestinal flora of healthy and well
breast fed newborns (Lourens-Hattingh and Viljoen, 2001). This percentage increases their
chances of producing beneficial health effects; as a result, they have been thoroughly

researched.

Various in vitro and animal tests done on bifidobacteria, as well as their supplemented food
products have shown the ability of bifidobacteria to activate immune system and alleviate
digestive problems like constipation and diarrhoea (Payne et al., 1999). Studies show that
health was improved because the proliferation of harmful microorganisms such as
Clostridium perfringens and Staphylococcus aureus was reduced (Reyed, 2007). Just like the

lactobacilli, strains of bifidobacteria are specific for the health benefits they provide.
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Therefore, this has led to the classification of all the bifidobacteria strains based on the health
benefits they provide. Recently, 32 species of Bifidobacterium were identified from human
and animal hosts. Species colonizing the human host are B. bifidum, B. longum, B. infantis B.
adolescentis, B. angulatum, B. catenulatum, B. breve and B. pseudocatenulatum, while those
associated with the animal hosts include B. animalis, B. pseudolongum and B. thermophilus
(Vasiljevic and Shah, 2008; Sidarenka et al., 2008).

Strains like B. bifidum and B. longum are of great interest because, unlike B. lactis, they show
low tolerance to various stress factors (Ruiz et al., 2011). Bifidobacterium longum are gram
variable cells with either long, club or dumb shaped rods which may show bifurcation. They
produce convex colonies that are shiny, soft or moist (Boylston et al., 2004). Bifidobacterium
longum ferments glucose to produce lactic and acetic acid without gas. They are anaerobes
and grow at optimum temperatures between 36-38°C, but do not grow at temperatures 20°C
or 47°C (Boylston et al., 2004). The genome sequence of B. longum has been studied and it
reveals that it carries four copies of 16s rRNA gene (Schell et al., 2002). The information
provided by the genome sequence can help optimise and control their growth (Song et al.,
2012). Bifidobacterium longum has a GRAS status and their beneficial effects have been
widely studied. However, most strains of Bifidobacterium exhibit low tolerance to stressful
factors, such as those seen in the acidic environment of the GIT and in dairy products (Anal
and Singh, 2007; Ruiz et al., 2011).

1.2.4 Health benefits of probiotics

Researchers have shed a lot of light on the various benefits of probiotics. Varying effects are
witnessed depending on the metabolic processes of the probiotic strain used (Oelschaeger,
2010; Burgain et al., 2011). Some of the health benefits which are attributed to probiotics
include relief from lactose intolerance (Buller and Grand, 1990; Shah, 1993; Vesa et al.,
2000; Hoolihan, 2001; Gibson and Rastall, 2004; Suvarna and Boby, 2005), antibiotic
associated diarrhoea (Shornikova et al., 1997a, 1997b; Guandalini et al., 2000; Vanderhoof,
2000; Fooks and Gibson, 2002; Reid et al., 2003; Tuohy et al., 2003; Sullivan and Nord,
2005; Sazawal et al., 2006; Vasiljevic and Shah, 2008; Prakash et al., 2011), inflammatory
bowel diseases (Sartor, 1995; Gupta et al., 2000; Papadakis and Targan, 2000; Marteau,
2001; Loftus and Sandborn, 2002; Podolsky, 2002; ltzkowitz and Harpaz, 2004; Sartor,
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2004; Furrie et al., 2005; Serino et al., 2009; Burgain et al., 2011; Prakash et al., 2011)
prevention from cancer (Benno and Mitsuoka,1992; Roberfroid, 2000; Saarela et al., 2000),
aiding digestion by degrading complex carbohydrates, prevent antibiotic induced diarrhoea,
decrease the levels of free radicals, chelate metal ions and scavenge reactive oxygen species
like hydrogen peroxide (Nutraceutix, 2001) and reducing serum cholesterol levels
(hypercholesterolemia) (Fooks et al., 1999; Liong and Shah, 2005b; Begley et al., 2006;
Shah, 2007).

1.2.5 Mechanism of action of probiotics

The method in which probiotics confer these beneficial effects still needs to be studied.
However, it is speculated that probiotics confer these benefits through three mechanisms,
namely nutrient competition, release of biochemical agents and inhibition of the interaction
between pathogens and the intestinal mucosa (Fooks and Gibson, 2002; Corcionivoschi et al.,
2010).

Probiotic strains confer protective mechanisms by stimulating and enhancing protective
functions in the intestinal epithelium (biochemical inhibition). They perform this biochemical
inhibition by binding to and secreting various bactericidal substances such as lactic acid,
hydrogen peroxide, bacteriocins and certain short chain fatty acids in the intestinal mucosa
(Vasiljevic and Shah, 2008). These compounds exhibit antagonistic effects on pathogenic
microbes and they act to reduce the pH levels in the intestine, block bacterial adhesion to
epithelial cells, make nutrients unavailable, hence making it difficult for enteropathogens
such as E. coli, Bacillus and Listeria to survive (Vasiljevic and Shah, 2008; Corcionivoschi et
al., 2010). In vitro studies have revealed the ability of certain strains of Lactobacillus and
Bifidobacterium to inhibit the activity of pathogenic microorganisms. Corcionivoschi et al.
(2010) reported that administration of Lactobacillus rhamnosus HNOO1 in animals increased
immune response against Salmonella enterica infection. However, human cell lines which
mimic intestinal barrier are being investigated for the proper explanation of how probiotics

attaches to intestinal epithelium to exert these functions (Louvard et al., 1992).

The gut flora comprises of microorganisms which constantly compete for the available

nutrients. Depending on the location of microbes in the gut, nutrients may be available in
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large quantities or in limited quantities. These commensal microbes are able to adhere to
intestinal walls, hence prevent the adherence of pathogenic microbes (Prakash et al., 2011).
The ability of commensal strains to adhere and compete for nutrients increases the chances of

exerting beneficial effects (Tuomola et al., 1999).

The inherent capacity of probiotic strains to alter the immune system is essential for
prevention and alleviation of digestive disorders. The presence of immunoglobulin A and an
increasing macrophagic activity helps prevent the invasion of pathogenic microbes (Burgain
et al., 2011). Also, specific toll-like receptors and dendritic cells present in the gut epithelial
cells recognise secreted products of probiotics which may trigger an immune cascade such as
upregulating anti-inflammatory cytokine production and phagocytic activity, which in turn
leads to modulation of the immune system (Fooks and Gibson, 2002; Vasiljevic and Shah,
2008). Studies have shown the ability of B. lactis HNO19 and L. rhamnosus HNOO1 to
stimulate or reduce the activity of cytotoxic lymphocyte, hence playing a significant role in
the prevention of malignant tumours (Corcionivoschi et al., 2010).

Recently, the idea of creating genetically modified probiotics (GMP) for beneficial effects by
manipulating the gut flora is an increasing topic of interest (Corcionivoschi et al., 2010).
Molecular techniques involving genetic screening can provide information on probiotic
strains with the ability to demonstrate multiple beneficial effects. The production of
genetically modified probiotic is facing rejection by the public due to the unknown effects
they may exert when introduced into an unfamiliar or uncontrolled environment (Verrips et
al., 1996). Rijnen et al. (1999) investigated the introduction of a gene encoding glutamate
dehydrogenase, which is involved in catabolism of Peptostreptococcus asaccharolyticus in
Lactobacillus lactis, in order to improve the ability of this microorganism to produce alpha
ketoglutarate from glutamate, an amino acid compound present in high amounts in cheese.
Since different probiotic strains are known to exert different beneficial effects due to their
unique properties, characteristics and spectrum of action, more research is needed to properly
identify each unique probiotic strain, their mechanisms of action and target functions as

accepted relevant to health.
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1.2.6 Steps taken to improve probiotic viability

Probiotic strains must be present at a minimum concentration of 10° cfu/ml in probiotic
products and at the time of consumption for beneficial effects to be exerted in the colon
(Sanders, 1999; Vasiljevic and Shah, 2008; Lee, 2009). These viable probiotics must be
active and stable throughout the storage period of the product (Sanders, 1999). Studies have
reported lower counts of probiotics in products even before the expiry date, hence; the cells
die before they can provide health benefits to individuals (Suita-Cruce and Goulet, 2001).
These low counts are as a result of the stressful factors encountered during manufacturing,
storage, transport and during gastrointestinal transit (Thantsha et al., 2009; Brinques et al.,
2011). Most probiotic strains, especially bifidobacteria are sensitive to certain internal and
external stress factors (Lourens-Hattingh and Viljoen, 2001; Moolman et al., 2006). These
factors include competing microorganisms, gastric acid and bile concentrations in the
stomach and intestines, temperature, oxygen, light, moisture and certain solvents (Lian et al.,
2002; Matilla-Sandholm et al., 2002; Piano et al., 2006; Thantsha, 2007). The sensitivity of
probiotic strains to these factors makes it difficult for them to reach the colon in a stable and
viable state. It is important to note that the survival of probiotics depends on the ability of a

particular strain or species to tolerate or resist these stress factors (Lian et al., 2002).

In order to improve probiotic viability within food products, manufacturers have incorporated
additional cells (up to 200%) into products at the time of production to make up for the loss
of cells encountered during storage. This practice has, however led to an increase in cost of
products (Porubcan et al., 1975). In addition to making up for loss in cells, the exclusion of
oxygen has been explored by packaging the probiotic products in oxygen impermeable
containers (Desmond et al., 2002). Dave and Shah (1997) showed that yoghurt inoculated
with Lactobacillus and Bifidobacterium strains and stored in glass bottles had a 30-70%
survival rate than those stored in plastic containers. This is because glass bottles are better

equipped to exclude oxygen than plastic containers (Dave and Shah, 1997).

Another method which involves a two step fermentation process has been explored (Picot and
Lacroix, 2004). During fermentation of dairy products, starter cultures tend to grow faster and

produce acids which can decrease probiotic viability. Studies have shown that probiotic

34

© University of Pretoria



viability was increased when an initial fermentation was done by probiotics and a second

fermentation was done by starter cultures (Lankaputhra and Shah, 1997).

In another procedure, strains are carefully selected and exposed to various stress factors to
increase their survival and improve the chances of applying them in food production (Ruiz et
al., 2011). Studies have revealed that various molecular, morphological, biochemical and
physiological changes occur during stress adaptation of strains (Ahn et al., 2001). During
oxygen exposure, probiotic strains undergo cell surface component modifications, as well as
the detoxification of hydrogen peroxide by NADH oxidase as was observed in B. lactis Bb12
(Shin and Park, 1997). During heat shock conditions, studies have revealed gene alterations
and induction of chaperones as a way of counteracting heat stress (Figure 1.1). These
mechanisms of evading heat stress were seen in B. longum NCC 2705 and B. breve UCC2003
(Rezzonico et al., 2007). During acid stress, bacterial strains such as B. longum and B. lactis
negate acid by using an Acid Tolerance Response (ATR), as well as a key enzyme FoF;-
ATPase, which helps pump out protons from the cytoplasm (Figure 1.1) (Sanchez et al.,
2007). Furthermore, during exposure to bile salts, bifidobacteria adapt by using efflux pumps
to remove or detoxify bile from the cell membrane (Figure 1.1). In the case of B. lactis, bile
adaptation was accrued to increased production of bile salt hydrolase, an enzyme which
deconjugates bile salt (Grill et al., 2000; Gueimonde et al., 2009). These experiments
provided strains with improved resistant phenotypes against stressful conditions and thus they

can be applied to probiotic products.
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Figure 1.1: Main molecular mechanisms involved in the response of bifidobacteria to bile,
heat and acidic stress conditions (Ruiz et al., 2011)

In addition to the aforementioned methods used to maintain the shelf life of probiotics, the
use of prebiotics to improve probiotic viability has shown increasing interest (Gibson and
Roberfroid, 1995; Sultana et al., 2000; Chavez and Ledeboer, 2007; Burgain et al., 2011;
Okuro et al., 2013).

1.3 Prebiotics

Prebiotics are non-digestible foods which positively affect the host by specifically stimulating
the growth and activity of beneficial bacteria in the colon while restricting the harmful ones
(Fooks and Gibson, 2002; Sekhon and Jairath, 2010). In essence, the viability of probiotic is
improved in products as well as in the GIT (Fooks and Gibson, 2002). It has been reported
that the efficiency of prebiotics towards improving the growth of probiotics depends on the
type of prebiotics and the amount used (Heydari et al., 2011). Gibson and Roberfroid (1995)
reported that a substance is classified as a prebiotic if it has the following properties: it cannot
be hydrolysed in the upper part of the GIT; it activates/stimulates the growth of commensal
microbes and provides health benefits to the host. Since prebiotics are not living
microorganisms, there is no problem with regards to their survival in the gut and in the

product (Reyed, 2007). Prebiotics have been associated with improving gastrointestinal
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diseases such as constipation, irritable bowel syndrome, improving the immune system,
reducing plasma triacylglycerols and absorbing divalent cations (Fiordaliso et al., 1995;
Gibson and Roberfroid, 1995; Kleessen et al., 1997; Schley and Field, 2002; Cummings et
al., 2003; Kelly et al., 2005; Macfarlane et al., 2007).

Some prebiotics termed non-digestible oligosaccharides/carbohydrates (NDO) are naturally
occurring in food ingredients. These carbohydrates are also termed bifidogenic
oligosaccharides because they selectively activate the growth of beneficial microbes (Gibson
and Roberfroid, 1995). They are found in foods such as oats, legumes, artichokes, garlic,
onion, banana and tomato (Macfarlane et al., 2007). Non digestible oligosaccharides are
composed of 2-10 monomers which are covalently linked (Serino et al., 2009), soluble in
water and in ethanol at pH 2, able to resist hydrolysis by the saliva and small intestinal
enzymes, thus are accessible to the colonic bacteria for fermentation (Kelly, 2008, 2009) and
their high molecular weight improves product viscosity as well their mouthfeel (Loo et al.,
1999). They are low in calories, hence are used to make low caloric and diabetic food
products (Serino et al., 2009). In order to increase the amount of prebiotics ingested, they are
extracted from foods and used as additives in commonly purchased and ingested foodstuffs
such as cereals, biscuits and other carbohydrate containing foods (Taylor et al., 1999). These
oligosaccharides include among others, galacto-oligosaccharide (GOS), fructo-
oligosaccharide (FOS) and inulins (Inulin type prebiotics), xylo-oligosaccharide, lactulose,
isomalto-oligosaccharide and transgalacto-oligosaccharide (Holzapfel and Schillinger, 2002;
Macfarlane et al., 2007).

Galacto-oligosaccharides are produced from lactose by the enzyme beta galactosidase. This
enzyme produces various chain lengths with different glycosidic links such as - (1, 4), - (1,
3), B- (1, 2), and B- (1, 6) linkages (Gibson and Roberfroid, 1995; Cummings and Roberfroid,
1997; Fooks and Gibson, 2002). They have been incorporated into various dairy products as
texture and taste enhancers due to their high solubility and good moisture retention abilities
(Heavey et al., 2003; Moro et al., 2006). Malto-oligosaccharides are composed of a- D
glucose molecules which are linked by a- (1-4) glycosidic linkages. They are produced by
firstly treating starch molecules with isoamylase, followed by treatment with a- amylase in
order to hydrolyse a- (1-4) linkages, thus producing oligosaccharides with varying lengths
(Crittenden and Playne, 1996). Malto-oligosaccharides have been reported to promote the

growth of bifidobacteria in human gut, while reducing the levels of Clostridium perfringens
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(Crittenden and Playne, 1996). Fructo-oligosaccharides comprise of one molecule of glucose
and one to three molecules of fructose. The fructose molecules are linked by B-(2-1)
glycosidic bonds with a terminal glucose unit (Rossi et al., 2005). These linked fructose
molecules classifies FOS as an inulin prebiotics belonging to a larger group called fructans
(Kelly, 2008, 2009). FOS also contain B-D-fructosyl units representing short chain
(oligofructose) and medium chain (Inulin) lengths with degree of polymerization of up to 90
and 60 respectively (Bouhnik et al., 1999; Bengmark et al., 2001; Macfarlane et al., 2007).
They are produced enzymatically from sucrose through transfructosylation by the help of
transfructosylases and by the controlled hydrolysis of inulin from chicory (Venter, 2007). As
part of the inulin type prebiotics, they play a major role in the food industry with regards to
providing an increased number of probiotics for health benefits (Gibson et al., 1995).

Inulin belongs to a larger group called fructans, because they have naturally occurring oligo
or polysaccharides which contains one or more B-(2-1) fructosyl-fructose linkages with
mostly glycosidic bonds (Kelly, 2008). These linkages increase resistance to hydrolysis by
saliva and small intestine enzymes. Hence, inulin can travel the upper GIT and reach the
colon intact where it undergoes fermentation by colonic bacteria (Gibson and Roberfroid,
1995). Colonic bacteria like bifidobacteria have high enough activity of B - fructosidase
which selectively breaks down glycosidic bonds, releasing fructose for their own growth
(Gibson et al., 1995; Bouhnik et al., 1999). Inulin is classified into subgroups based on their
degree of polymerisation (number of repeat units in an oligomer or polymer chain) (Kelly,
2008). Inulin prebiotics are produced from plant sources containing fructans, such as chicory
roots and sucrose. The application of various processing technologies can produce a number
of different inulin type fructans with varying strengths, weaknesses and degrees of
polymerization (DP), which include oligofructose and Inulin HP (Kelly, 2008, 2009). An
example is the production of high molecular weight inulin from chicory roots by hot water
extraction, which produces DP ranging from 2-60 (Kelly, 2008, 2009; Kleesen et al., 1997).
Fructans with DP greater than 10 are termed long chain inulin type fructans, while fructans
with DP less than 10 are termed short chain inulin type fructans. Inulins can be used as
ingredients in functional foods as well as dietary supplements, because they are regarded safe
for consumption and they also improve texture of food (Kelly, 2008, 2009). They are found
naturally in onions, garlic, wheat, banana, leeks and artichokes (Macfarlane et al., 2007).

Commercially available inulin type prebiotics contain a mixture of these varying fructans; an
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example is oligofructose-enriched inulin (enrichment/mixture of inulin with oligofructose)
(Gibson et al., 1995; Kleesen et al., 1997; Tuohy et al., 2001; Ping Su et al., 2007; Fritzen-
Freire et al., 2012).

1.3.1 Synbiotics

The combination of probiotics and prebiotics termed synbiotics has been applied to improve
the survival and viability of the probiotics in food products to provide health benefits to
individuals (Gallaher and Khil, 1999; Sultana et al., 2000; Mortazavian et al., 2007;
Kalliomaki, 2009; Sekhon and Jairath, 2010; Kolidas and Gibson, 2011). This is so because
the prebiotics act as substrates for probiotics, thus leading to an increased number of
commensal bacteria in the gut (Fooks and Gibson, 2002). Synbiotic combinations include
(Lactobacillus GG and inulin), (Bifidobacterium and FOS), (Lactobacillus acidophilus and
inulin), (Lactobacillus, FOS and inulin) (Fooks and Gibson, 2002). Products which contain
synbiotics include Probio’stick (Probiocap), yoghurt, nutrient and chocolate bars (Attune,
USA) and capsules Geneflora™ (Burgain et al., 2011). It has been reported that improved
lipid metabolism and digestion are attributed to the use of products containing synbiotics
(Sekhon and Jairath, 2010). A study conducted by Liong et al. (2007), reported decreased
levels of total plasma, cholesterol, triacylglycerols and LDL levels in 24
hyperchloesterolemic male pigs at the eight week after ingesting synbiotic formulations
containing L. acidophilus ATCC 4962, FOS, mannitol and inulin.

Though the aforementioned methods and formulas have helped to improve probiotic viability,
studies report that maintaining the viability and stability of probiotics is still a major
challenge for food industries (Mattila-Sandholm et al., 2002). However, processes which
provide suitable barriers as a means of shielding the probiotic strains from stressful
conditions as well as preserving their viability have been implemented. These processes
include embedding the cells in immobilised biofilm, as well as the use of microencapsulation
technique (Desmond et al., 2002; Picot and Lacroix, 2004; Thantsha et al., 2009).
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1.4 Microencapsulation

1.4.1 Overview

Microencapsulation is a method which entraps or packages an active material (solid, liquid,
gas and living cells) in a wall material (hydrocolloids) in order to decrease the loss of viable
cells by protecting them from adverse effects (Anal and Singh, 2007; Heidebach et al., 2012).
These adverse effects include oxygen, certain solvents, high temperatures, pH, moisture,
bacteriophage attack, negative effects of freeze-drying and freezing (Krasaekoopt et al., 2003;
Burgain et al., 2011). Studies have reported the ability of microencapsulation to actively coat
and protect probiotic strains, control oxidative reactions, extend shelf life, improve the
release of strains at controlled rates and at specific times, shroud odours and colours and
mask flavours in food industries (Chen and Chen, 2007; Rokka and Rantamaki, 2010).
Microencapsulation allows for the production of microcapsules with small diameters that do
not negatively affect the organoleptic qualities of food products into which they are
incorporated (Burgain et al., 2011). The diameter of microcapsules obtained range from
micrometres to millimetres and they encourage uniform cell growth while reducing mass
transfer limitations (Dembczynski and Jankowski, 2002; Franjione and Vasishtha, 1995;
Jankowski et al., 1997; Gibbs et al., 1999). Release of the core from the matrix or coating
material occurs either by mechanical rupture of the cell wall, fracture by heat, change in pH
or temperature, solvation, or diffusion through the wall (Franjione and Vasishtha, 1995;
Gibbs et al., 1999). It is important to note that the coats used for microencapsulation must be
GRAS approved by the FDA (Food and Drug Administration). The coating materials must
stabilize the active material, not negatively affect the active ingredient and should release
active material at target site (Vasishtha, 2003). However, successful microencapsulation is
highly dependent on the strain used, coating material used and the factors involved in a
specific microencapsulation method (Vasiljevic and Shah, 2008; Burgain et al., 2011).
Various methods of microencapsulation exist, which have yielded varied results with regards

to their ability to protect probiotics.
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1.4.2 Methods of microencapsulation

The methods of microencapsulation are grouped either as physical or chemical (Anal and
Singh, 2007; Vidhyalakshmi et al., 2009). The chemical methods include interfacial
polymerisation, in situ polymerisation and matrix polymerisation) (Vidhyalakshmi et al.,
2009). The physical methods include extrusion (droplet method), emulsion (two step
method), pan coating, fluidized bed coating, spray drying, spray coating, spray chilling,
freeze drying and a novel microencapsulation under supercritical carbon dioxide (Moolman,
et al., 2006; Thantsha et al., 2009; Heidebach et al., 2012). It is crucial that an appropriate
method of microencapsulation be selected, depending on the substance to be encapsulated.
Given that each method produces a characteristic microcapsule as well as its own limitations
and advantages with regards to delivering the probiotic strains to the targeted area (Prakash et
al., 2011). The microencapsulation techniques commonly used are explained in detail below.

1.4.2.1 Extrusion

Extrusion involves mixing probiotic cells with a hydrocolloid (e.g. alginate) and then
extruding the mixture through a nozzle at a high pressure (droplet forms) into a hardening
solution (e.g. calcium chloride). Extrusion produces gel beads ranging from 2 to 4 mm. The
bead sizes obtained depends on the diameter of the nozzle and the viscosity of the cell-
hydrocolloid mixture (Rokka and Rantaméki, 2010). This method is cost effective, requires
little labour, produces relatively high retention of viable cells and requires no deleterious
solvents. Lactobacilli and bifidobacteria have been encapsulated by this method with other
materials like whey proteins and xanthan-gellan mixture (Groboillot et al., 1994; Rokka and
Rantaméki, 2010).

1.4.2.2 Emulsion

Emulsion was first introduced by Nilsson et al. (1983) and it involves entrapping probiotic
cells by a water/oil emulsion (Sheu and Marshall, 1993). This method requires the mixture of
the discontinuous phase (probiotic cell and hydrocolloid) and the continuous phase (any

vegetable oil). This mixture is homogenised to form the water/oil emulsion, to which an
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emulsifier (Tween 80) is added to improve homogeneity. Calcium chloride is added to break
the emulsion, thereby producing instant gelation while stirring. The microcapsules obtained
are collected by centrifugation, and they range from 20 um to 2 mm (Heidebach et al., 2012).
Studies have shown that the capsule size can be controlled by adjusting the speed of the
magnetic stirrer and maintaining the viscosity ratio between the vegetable oil and alginate
(Heidebach et al., 2012; Krasaekoopt et al., 2003). Lactobacilli have been encapsulated in
calcium alginate gels using this method (Rokka and Rantamaki, 2010).

1.4.2.3 Spray drying

Spray drying is most commonly used in food industries and it involves converting liquid
substances to dried powders. Spray drying was first utilised in the 1930’s to encapsulate
flavours, produce coffee extracts and detergents (Peighambardoust et al., 2011; Chavarri et
al., 2012). It is utilised as a long term preservation technique for probiotic cultures, it is
highly energy efficient and offers high productivity at low costs which ensures easy industrial
applications (Petrovic et al., 2007; Peighambardoust et al., 2011). However, the use of spray
drying for encapsulating probiotics for food application is still a challenge as a result of the
low survival rate of the probiotic strains witnessed during drying (Rokka and Rantamaki,
2010). This method exposes the bacterial cells to high temperatures as well as dehydration
step which lead to DNA and cytoplasmic membrane damage (Petrovic et al., 2007). The high
temperature utilised in this method limits its use on bifidobacteria species (Picot and Lacroix,
2004). Inactivation of bacterial cells by temperature could be due to loss of genetic material.
Inactivation by dehydration occurs as a result of drying which removes water from cell
components (Peighambardoust et al., 2011). Water is necessary for maintaining various cell
components such as lipid bilayer and cytoplasmic membrane which are the most sensitive

and thus are targets for dehydration induced damage (Riveros et al., 2009).

The basic steps of spray drying are preparation of aqueous solution, homogenisation,
atomization and dehydration of the atomized particles (Burgain et al., 2011). Preparing the
aqueous solution involves dispersing core material into a polymer (solvent + shell material).
The aqueous solution is homogenised by applying pressure. At this point, the core material is
captured inside the wall material forming a stable emulsion. This is followed by atomization,

which is a very critical step during spray drying because the liquid is atomized into droplets
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by bringing them in contact with hot air in a drying chamber (Peighambardoust et al., 2011).
Depending on the type of spray dryer used, the solvent is then evaporated based on the air
flow pattern (Co-current, counter current or mixed flow) (Peighambardoust et al., 2011;
Chévarri et al., 2012). However, most spray dryers are designed to use the co-current air flow
because this increases rapid surface evaporation and it is safe for heat sensitive materials
(Chavez and Ledeboer, 2007; Peighambardoust et al., 2011; Chavarri et al., 2012). After
evaporation, the dried sample is passed to the cyclone powder collector and retrieved in the
collection vessel (Burgain et al., 2011). The limitations to using spray drying have been
overcome by optimising and maintaining a low outlet air temperature which is the main

reason for viability loss in cells (Picot and Lacroix, 2004).

1.4.2.4 Freeze drying

Freeze drying, like spray drying, is used for the long term preservation of various probiotic
cultures. It is used to preserve immobilised and non-immobilised strains (Petrovic et al.,
2007). Freeze drying involves freezing the culture, followed by the removal of water by
sublimation under high vacuum (Carvalho et al., 2004). It results in the formation of ice
crystals, as well as an increased salt concentration within and around the cells. This causes
damage to the cell structure as a result of changes in fatty acid and protein structure (Chen et
al., 2006). In order to prevent cell damage, compounds known as cryoprotectants have been
utilised. These cryoprotectants include skim milk, glucose, glycerol, lactose, trehalose and
inositol (Capela et al., 2006). Cryoprotectants associated with protecting cells during
desiccation are grouped into three categories. These include protectants that penetrate the cell
wall and membrane (glycerol), those that penetrate cell wall but not the membrane (amino
acids, disaccharides and oligosaccharides) and those that do not penetrate the cell wall nor the
membrane (polysaccharides and proteins) (Carvalho et al., 2004). Studies have reported that
these compounds lower the transition temperature of the dried membranes by replacing water
between lipid head groups, which in turn prevents the leakage of intracellular substances
from cells (Chen et al., 2006). Disaccharides (lactose and sucrose) inhibit free radicals which
cause viability loss when lyophilised bacterial cells are exposed to air, while the amino
groups of amino acids (cysteine) react with the carboxyl group of probiotic strains, thus

stabilizing the protein structures (Champagne et al., 1991).
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It is important to note that though cryoprotectants have been used to protect cells, research
has also focused on the use of emulsions to improve the protection of probiotic strains during
freeze drying. Dianawati et al. (2013) reported the use of emulsions containing various
cryoprotectants for the protection of Bifidobacterium longum 1941. Significant survival rates
have been reported for Lactobacillus paracasei subsp. paracasei suspended in emulsions
before freeze drying (Heidebach et al., 2010). The method of emulsion requires a stable
water/oil system and depending on the encapsulating material and drying solvent used,
protection of probiotic strains can be achieved (Rokka and Rantaméki, 2010). However, the
use of solvents like dichloromethane is less explored. Dichloromethane (DCM) is widely
used as an extractant in food and pharmaceutical industries (Fouad et al., 2011; Miller and
Gil, 2012). Dichloromethane is a suitable solvent for this study because it lacks oxygen
atoms, has good solubilisation abilities, it is highly volatile, non-flammable, can dissolve
various materials, has a low boiling point and enthalpy of vaporization of 39.8°C and 28
kJ/mol respectively (Methylene chloride EHC 164, 1996; Olvera-Bello et al., 2010). It has
rarely been used in the microencapsulation of probiotics, possibly as a result of its toxicity to
both human and bacteria (Miller and Gil, 2012). With regards to its toxicity in humans, DCM
has been grouped with the group Il solvents by the International Conference on
Harmonization (ICH). Group Il solvents are considered less harmful with an approved
exposure of 6 mg/day; hence exposure must be reduced to avoid toxic effects (Miller and Gil,
2012). With regards to its toxicity to bacterial cells, studies have reported that certain
bacterial strains such as Dehalobacterium formicoaceticum (strictly anaerobic bacteria) have
the ability to degrade and utilize DCM as a source of carbon and energy (Mégli et al., 1996).
Mégli et al. (1996) reported that DCM is one of the chlorinated aliphatic hydrocarbons
known to support the growth of strictly anaerobic bacteria. Looking at these reports, the
possibility that DCM may not be detrimental to bifidobacteria, which are also a strict
anaerobe; as well of its ability to solubilize the lipid based coating material used in the

current study is worth investigating.

1.4.2.5 Spray coating

Spray coating method involves spraying of a liquid coating material over a core material
(usually solid), which is already kept in motion in a vessel by the injection of air. This leads

to solidification and formation of a layer at the surface. The properties of the coating material
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can be influenced depending on the direction or angle from which the material was injected
(Champagne and Fustier, 2007). Spray coating has been used for the encapsulation and
protection of probiotics during exposure to stressful environments (Gouin, 2004; Doleyres
and Lacroix, 2005). Spray coating is easy to scale up and it has been adapted to allow for
multiple layers of coating for improved probiotic protection. However, there is always a risk
of increased cost as it is a technique in need of skilled personnel (Burgain et al., 2011).

1.4.2.6 Spray chilling

Spray chilling, just like spray coating involves spraying a lipid based coating material onto a
solid or dry core material. A cooling air temperature (10°C to 50°C) is used to improve
solidification of the lipid coating. There have been limited reports on the use of spray
chilling; however, it has been used for the encapsulation of heat sensitive materials such as
probiotics (Gibbs et al., 1999). Improved protection was reported when Lactobacillus
acidophilus and prebiotics (inulin and polydextrose) were encapsulated in a lipid

microparticle by spray chilling (Okuro et al., 2013).

1.4.2.7 Encapsulation under supercritical carbondioxide

Encapsulation of probiotics using supercritical fluids is a novel technique which has been
recently introduced in food and pharmaceutical industries because it presents better
advantages than the commonly used methods. This method of encapsulation is well suited for
the encapsulation of probiotic strains because it does not expose the strains to high
temperature, oxygen, water or any other solvents (Moolman et al., 2006). Above certain
critical temperatures and pressures, supercritical fluids act like gases and compressible liquids
which take the shape of their container (Demirbas, 2001). Hence, they have both gaseous and
liquid like properties, with densities of 0.1 to 1 g/ml and lower viscosity and surface tension
than solvents (Moshashaee et al., 2000; Demirbas, 2001). Compounds such as carbondioxide,
acetone and propane have been utilised as fluids in supercritical application processes. The
most utilised compound in pharmaceutical and food applications is carbon dioxide
(Demirbas, 2001).
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Carbon dioxide is a good solvent, inexpensive, non-toxic, easy to remove from products and
easy to recycle. It also has relatively low critical temperature and pressure of 31°C and 73 bar
respectively (Hénon et al., 1999). Supercritical carbon dioxide (ScCO;) is produced when
CO; is compressed at a high atmospheric pressure (Hsieh and Ofori, 2007). The nonpolar
solvent nature of supercritical CO; limits its use in dissolving polar molecules (Sarrade et al.,
2003). This method of encapsulation only process polymers with low molar masses, which
are associated with poor barrier qualities thus making them unable to protect sensitive core
materials. This drawback was counteracted when an interpolymer complex was formed using
Poly (vinyl pyrrolidone) (PVP) and Poly (Vinylacetate-co-crotonic acid (PVAc-CA), which
led to improved barrier qualities (Moolman et al., 2006) Supercritical carbondioxide has
been used for the successful encapsulation of B. lactis Bb1l2, B. longum Bb-46 and
indomethacin (Moolman et al., 2006; Thantsha et al., 2009).

1.4.3 Materials used for probiotic encapsulation

Successful microencapsulation is based on the type of material or polymer used. The specific
microparticle or capsule formed depends on the type of material used and this will also
determine how the core materials are released. The encapsulating materials utilised must be
approved by the FDA, have a GRAS status for food applications, possess good mechanical
strength and show good compatibility with the core material (Reineccius, 2004). These
encapsulating materials can function as shell materials (shields active materials from
environmental stresses), emulsifiers and food additives (Corcoran et al., 2004; Burgain et al.,

2011). Some encapsulating materials commonly used are discussed below.

1.4.3.1 Alginate

Alginate is a polysaccharide naturally derived from algae. It is composed of f-D-mannuronic
and a-L-guluronic acids. Alginate has been used extensively in microencapsulation processes
because it is not toxic and has been accepted as a food additive (Sheu and Marshall, 1993;
Anal et al., 2003). The most accepted of the alginate hydrogels is the calcium alginate
combination because it is inexpensive, as well as non-toxic. This combination forms an
interior gelation that allows the immobilisation or entrapment of probiotic cells (Hansen et

al., 2002). Various researchers have reported the utilization of calcium alginate to
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microencapsulate Lactobacillus and Bifidobacterium spp (Sultana et al., 2000; Dembczynski
and Jankowski, 2002; Chandramouli et al., 2004). It has been observed that cell viability
depends on the size of microcapsule and gel concentration used. Chang and Zhang (2002)
coated L. acidophilus in a mixture of sodium alginate and hydroxypropyl cellulose at a ratio
of 9:1. Results showed that the strains were not released in the colon as expected, due to
sensitivity of alginate to acidic environments (Chang and Zhang, 2002). Also, in most cases,
the microcapsules obtained had pores on their surfaces which are not desired for the
protection of probiotic strains from external stresses (Burgain et al., 2011). Nonetheless, these
limitations can be overcome by adding different additives or compounds like starch to
improve protection of probiotic strains (Sun and Griffiths, 2000).

1.4.3.2 K- carrageenan

Carrageenan is a polymer which is naturally extracted from marine red algae. This polymer is
made up of repeating D-galactose-4- sulphate and 3, 6- anhydro-D-galactose units (Rokka
and Rantamaki, 2010). These units are connected by alternating al-3 and B1-4 glycosidic
linkages (Rokka and Rantamaki, 2010). K-Carrageenan serves as a gelling agent and a food
additive. In order to use this material for probiotic cell encapsulation, a temperature of about
40°C — 50°C is required, at which cells are added to the polymer mixture (Chavarri et al.,
2012). Gelation occurs after cooling of the mixture. The microcapsules obtained are stabilised
by addition of potassium ions (Anal and Singh, 2007). Although the beads or microcapsules
obtained by this material maintains the bacterial cells in a viable state, reports have shown
that the beads produced are weak and cannot withstand stressful conditions (Chen and Chen,
2007) Studies have shown that encapsulation of both B. bifidum and B. infantis in k-
carrageenan improved their survival in frozen ice milk which was stored for 10 weeks at -
20°C (Kailasapathy, 2002). Audet et al. (1991) also showed that a combination of locust bean
gum and k-carrageenan (2:1) improved survival of Lactobacillus because the gel beads were

strengthened.

1.4.3.3 Starch

Starch consists of glucose units joined together by glycosidic bonds. Starch is mainly

composed of amylose (linear glucose polymer joined by a-1-4 glycosidic bonds) and
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amylopectin (branched glucose polymer joined by a-1-4 and a-1-6 glycosidic bonds (Burgain
et al., 2011). Probiotics like bifidobacteria can adhere to starch granules; as such they can be
used as a vehicle for delivery of viable probiotics into the colon (Rokka and Rantaméki,
2010). A type of starch known as resistant starch also has prebiotic functions and can deliver
probiotics into the colon, since it is not digested in the small intestine (Anal and Singh, 2007).

1.4.3.4 Cellulose acetate phthalate

Cellulose acetate phthalate is a polymer derived from cellulose and it has been used for the
encapsulation and controlled release of drugs (Mortazavian et al., 2008). Cellulose acetate
phthalate can be used for the encapsulation and protection of probiotics during exposure to
simulated gastrointestinal conditions, as it does not disintegrate at acidic pH but becomes
more soluble at higher pH (Favaro-Trindade and Grosso, 2002; Burgain et al., 2013).

1.4.3.5 Gellan gum and Xanthan gum

Gellan gum is a polysaccharide derived from Pseudomonas elodea, which consists of
repeating units of either glucose, glucuronic acid and rhamnose, joined together by a-1-3
glycosidic bond (Chen and Chen, 2007). Xanthan gum is derived from Xanthomonas
campestris and consists of glucose, mannose and glucuronic acid (Sun and Griffiths, 2000). A
combination of gellan and xanthan gum has been used for the encapsulation of probiotics

because they do not easily disintegrate in acidic conditions (Sultana et al., 2000).

1.4.3.5 Chitosan

Chitosan is mainly composed of glucosamine units which can polymerize by the means of
cross linking in the presence of anions and polyanions (Burgain et al., 2011). Chitosan is
preferably used as a strengthening agent rather than an actual coat because on its own, the
protection of probiotic is greatly reduced. Studies show that the encapsulation of probiotics
with alginate and chitosan provided better protection in simulated gastrointestinal conditions
(Chavarri et al., 2010).
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1.4.3.6 Gelatin and Milk proteins

Gelatin is a protein gum derived by partial hydrolysis of collagen, which sets to an
irreversible gel when cooled (Rokka and Rantamaki, 2010). Its versatile properties allow for
its combination with other encapsulating materials such as gellan gum, for the encapsulation
of probiotics (Anal and Singh, 2007). Milk proteins have been used as a delivery system for
probiotics in food industries, due to their natural properties. They are divided into caseins and
whey proteins, of which the latter is more heat sensitive and thus affects the stability of

emulsions (Picot and Lacroix, 2004).

The above mentioned materials are either derived from seaweed, plants, bacteria or animal
(Rokka and Rantamaki, 2010).

1.4.3.7 Lipid based coating materials

Notably, the use of lipid materials for microencapsulation is yet to be fully investigated,
possibly because of their inability to dissolve in polar solvents (Gouin, 2004; Heidebach et
al., 2012). Studies have shown that encapsulation of probiotics using lipids has been mostly
achieved by mixing the cells with molten fat, followed by cooling. However, dispersing the
cells in oil poses a great challenge and has often failed (Picot and Lacroix, 2004). In addition,
premature melting at high temperatures may make separation problematic; hence the
application has been limited to solid foods (Heidebach et al., 2012). Modler and Villa-Garcia
(1993) reported unsuccessful protection of probiotics encapsulated with butterfat during
storage in frozen yoghurt. However, probiotics encapsulated in cocoa butter were slightly
protected during storage in fermented and non fermented oat drinks (Lahtinen et al., 2007).
Lipids such as compritol ATO 888, gelucire, precirol ATO 5 and stearic acid all have a
GRAS (generally regarded as safe) status. They have recently been applied for the
encapsulation and release of drug as they are water insoluble and non swellable, thus they can
protect active agents during exposure to stressful environments (Ozyazici et al., 2006; Patel et
al., 2009; Gowda et al., 2010; Fouad et al., 2011). The use of these materials is discussed
briefly below.
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1.4.3.7.1 Compritol

Compritol is a waxy material which belongs to the group glyceryl behenate (GBH) (glycerol
ester bonded to behenate groups). It comprises of a mixture of mono (18%), di (52%) and
triglycerides (28%) of behenic acid (Li et al., 2006). Compritol is highly hydrophobic
(Hydrophillic-Lipophillic balance of 2) and has a melting temperature between 69°C and
74°C (Fini et al.,, 2011). It was initially used as a lubricant for tablets (Li et al., 2006;
Sutanata et al., 1995), but recent applications such as direct compression and hot melt coating
have utilised compritol as an important excipient used for sustained release of drugs
(Barthelemy et al., 1999). Studies showed that the combination of Compritol 888 ATO with
pectin (polysaccharide) was successful as colon targeted drug delivery system (Patel et al.,
2009).

1.4.3.7.2 Carnauba wax

Carnauba is a waxy material which comprises of fatty alcohols (10%-16%), hydrocarbons
(1%-3%) and a mixture of fatty acid esters (80%-85%). It has a melting temperature between
82°C - 86°C (Fini et al., 2011; Ozyacizi et al., 2006). Carnauba is a non-toxic substance,
which has also been reported to be hypoallergenic in nature. Carnauba is only broken down
by certain solvents but is however water impenetrable, which indicates that its durability is

able to create an environment devoid of stress for an active agent (Fini et al., 2011).

1.4.3.7.3 Gelucire and Vegetal

Gelucire comprises of a mixture of glyceryl mono-, di- and tristearates. Gelucires are inert
and waxy substances used as excipients for sustained and controlled release of drugs into the
colon (Moes, 1993; Sutanata et al., 1995). They have low melting temperatures (from 33°C to
65°C) and Hydrophillic-Lipophillic balance (HLB) values ranging from 1-18 (Sheu and Hsia,
2001). This indicates that those with low HLB can delay the release of compounds and those
with high HLB can qu