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Abstract

A new encapsulation strategy for probiotics is highly needed to tackle the challenge
of significant viability loss of bacteria during storage and passage through the
gastrointestinal system. A new controlled delivery system for probiotics based on
EC oleogels is proposed in this thesis.

A relatively non-complicated in vitro lipolysis model was established to evaluate
the relative conversion from triglycerides to free fatty acids and the retarding effect
on lipolysis. Using this in vitro model, EC oleogels show a good retarding effect.

To apply EC oleogels as the controlled delivery system for Limosilactobacillus
reuteri, a cold-mixing method was developed to tackle the high-temperature
requirement. Using the cold-mixing method, probiotics were successfully
encapsulated in oleogels. Meanwhile, oleogels are harmless to the bacteria, provide
protection against a lethal environment at the early part of the intestine (high bile
concentrations and various enzymes), and can deliver live bacteria to the target
location (ileum and colon). The main limitation is the limited release of
encapsulated bacteria within 120 min.

By adding different excipients (lipid excipients and hydrophilic powder excipients)
during the cold-mixing step, different release kinetics and release mechanisms can
be obtained. Accelerating release (the ideal release kinetic) over time can be
obtained by adding disintegrants or the combination of lipid excipients and
disintegrants. A full release can also be achieved over a certain time.

The 90-day storage stability study (30°C/75% relative humidity and 40°C/75%
relative humidity) shows that EC oleogels remain relatively stable after a short
relaxation period (less than a week at room temperature). Furthermore, EC oleogels
can keep the high viability of the encapsulated bacteria (less than 1 log;o decrease
in viability after 90 days at 40°C), protect the encapsulated bacteria in the in vitro
solution, and deliver a high number of live bacteria to the ileum and colon.

To conclude, EC oleogels have good protection during storage and passage through
the upper part of the gastrointestinal system. Meanwhile, EC oleogel formulations
can deliver a high number of live bacteria to the target location. Hence, EC oleogels
serve as a promising controlled-release delivery system for probiotics.



Popular scientific summary

Today, the importance of gut health has taken the center stage in the health world.
Over 100 trillion microbial cells are living in our gut. Researchers have found that
maintaining a healthy and balanced gut microbiota can largely enhance overall body
health. Thus, the use of probiotics is becoming increasingly popular and is
commonly known as “Probiotics — the superheroes of gut health”.

Probiotics are tiny beneficial bacteria that, when consumed, are thought to improve
the balance of gut microbes, thereby promoting better digestion and overall health.
For a probiotic supplement to be effective, each dose must contain at least 1 million
viable cells. Despite efforts to meet this demand, challenges remain as probiotics
can easily lose their viability.

Today's probiotic supplement products are mainly in solid form, e.g., tablets and
powders in capsules. These solid-form probiotic products, when exposed to high
temperature and high humidity, are not stable. This instability can result in a drastic
reduction in the number of live probiotic cells by the time they reach consumers,
causing the product to not work as well as advertised. A famous phrase for this is
“Only the first spoon is working”.

This problem is compounded by the hostile environment of the gastrointestinal (GI)
tract itself. Our GI tract was evolved to prevent the invasion of outsider bacteria to
keep the host healthy. Without adequate protection, probiotics have difficulty
surviving the acidic conditions of the stomach and the lethal environment at the
beginning of the small intestine. Therefore, even if consumers follow dosing
instructions carefully, the actual number of functional probiotic cells delivered to
the target location is far lower than what is claimed on the package.

Recognizing these challenges, we developed a new oleogel formulation to enhance
the stability and efficacy of probiotics. This new oleogel formulation, compared to
probiotics without protection, provides around 10 times higher storage stability, as
well as 10 times higher survivability in the lethal environment in the upper GI tract.
Therefore, a total of almost 100 times higher viability could be achieved by using
the new oleogel formulation. Besides protection, oleogel can also provide target
delivery. Instead of having bacteria released at any position along the gut, the
oleogel can deliver the probiotics to the place where they can function. This further
increases the efficacy of probiotics.

This innovative oleogel formulation not only provides a protective matrix for the
probiotic bacteria and controlled delivery to the target location, but it also offers
several additional advantages. First, oleogels are easy to produce and the procedure
does not harm the probiotics. The simple manufacturing process could potentially
reduce production costs. Additionally, using the new method we developed, easy
customization into various forms to suit different purposes and providing flexibility
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in product design is highly possible. Meanwhile, the oleogel is safe for consumption
and meets strict regulatory standards. Last but not least, its cost-effectiveness makes
it an attractive option for both manufacturers and consumers.

In addition to their role in probiotic delivery, oleogels have the potential to serve as
vehicles for delivering nutrients, such as healthy fats and prebiotics. This multi-
faceted approach has the potential to revolutionize the probiotic industry, providing
consumers with a more reliable, cost-effective, and versatile way to support gut
health and overall well-being.

Essentially, while probiotics hold great promise in improving gut health, their
effectiveness is often undermined by stability and survival barriers. Still, the
emergence of breakthrough formulas like oleogels heralds an era of change. These
innovations provide a beacon of hope that, through creative solutions, barriers to
probiotic efficacy can be overcome. As a result, we have the potential to unlock the
true power of probiotics and usher in a new era of enhanced digestive health and
overall health.
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Populdrvetenskaplig sammanfattning

Idag har vikten av tarmhilsa hamnat i centrum i hélsovirlden. Over 100 biljoner
mikrobiella celler lever i véra tarmar. Forskare har funnit att en hdlsosam och
balanserad tarmmikrobiota till stor del kan forbidttra den allmidnna hélsan.
Anvindningen av probiotika blir darfor allt mer populér och den ar allmént kdnd
som "Probiotika — tarmhélsans superhjiltar".

Probiotika dr smé nyttiga bakterier som, nér de konsumeras, tros forbttra balansen
mellan tarmmikrober och dirigenom frimja bade bittre matsméltning och allmén
hilsa. For att ett probiotiskt tillskott ska vara effektivt maste varje dos innehélla
minst 1 miljon livskraftiga celler. Trots anstringningar for att mota detta krav
kvarstér dock utmaningar eftersom probiotika létt kan forlora sin livskraft.

Dagens probiotiska kosttillskott dr huvudsakligen i fast form, t.ex. tabletter och
pulver i kapslar. Dessa probiotiska produkter i fast form &r inte stabila nir de utsétts
for hog temperatur och hog luftfuktighet. Denna instabilitet kan resultera i en
drastisk minskning av antalet levande probiotiska celler nédr de nér konsumenterna,
vilket gor att produkten inte fungerar sa bra som annonserats. En berdmd fras for
detta &r "Endast den forsta skeden fungerar".

Detta problem forvérras av den fientliga miljon i sjdlva mag-tarmkanalen. Var mag-
tarmkanal utvecklades for att forhindra invasion av utomstiende bakterier for att
halla véarden frisk. Utan tillrickligt skydd har probiotika svért att Gverleva de sura
forhallandena i magen och den dddliga miljon i borjan av tunntarmen. Darfor, dven
om konsumenterna foljer doseringsinstruktionerna noggrant, ar det faktiska antalet
funktionella probiotiska celler som levereras till malplatsen mycket ldgre &n vad
som pastas pa forpackningen.

Vi insdg dessa utmaningar och utvecklade en ny oleogelformulering for att forbéattra
stabiliteten och effekten av probiotika. Denna nya oleogelformulering, jamfort med
probiotika utan skydd, ger cirka 10 ganger hogre lagringsstabilitet, samt 10 ganger
hogre 6verlevnadsformaga i den dodliga miljon i den 6vre mag-tarmkanalen. Darfor
kan totalt nistan 100 ganger hogre livskraft uppnds genom att anvinda den nya
oleogelformuleringen. Férutom skydd kan oleogelen ocksé ge malleverans. Istdllet
for att bakterier frigdrs var som helst ldngs tarmen kan oleogelen leverera
probiotikan till den plats dir de kan fungera. Detta Skar effekten av probiotika
ytterligare.

Denna innovativa oleogelformulering ger inte bara en skyddande matris for de
probiotiska bakterierna och levererar kontrollerat till mélplatsen, utan den erbjuder
ocksé flera ytterligare fordelar. For det forsta dr oleogeler litta att producera och
proceduren skadar inte probiotikan. Den enkla tillverkningsprocessen kan
potentiellt minska produktionskostnaderna. Dessutom, med hjélp av den nya
metoden vi utvecklat, 4r det mycket mojligt att enkelt anpassa oleogelen till olika
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former for att passa olika &ndamal och ge flexibilitet 1 produktdesignen. Samtidigt
ar oleogelen sdker for konsumtion och uppfyller strikta regleringsstandarder. Sist
men inte minst gor dess kostnadseffektivitet det till ett attraktivt alternativ for bade
tillverkare och konsumenter.

Forutom sin roll i probiotikatillforseln har oleogeler potential att fungera som fordon
for att leverera ndringsdmnen, sdsom hélsosamma fetter och prebiotika. Detta
mangfacetterade tillvigagangssatt har potential att revolutionera den probiotiska
industrin och ge konsumenterna ett mer palitligt, kostnadseffektivt och mangsidigt
sétt att stodja sin tarmhilsa och allmént vilbefinnande.

I grund och botten, dven om probiotika dr mycket lovande for att forbattra
tarmhélsan, undergrévs deras effektivitet ofta av stabilitets- och dverlevnadshinder.
And3 forebadar framvixten av banbrytande formler som oleogeler en era av
forandring. Dessa innovationer ger en ledstjdrna av hopp om att hinder for
probiotisk effekt kan dvervinnas genom kreativa 16sningar. Som ett resultat har vi
potential att lasa upp den sanna kraften i probiotika och inleda en ny era av forbattrad
matsmaéltningshélsa och allmén hilsa.
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Introduction

Microbiota and probiotics

Microorganisms that can coexist peacefully with the host are referred to as
microbiota or microflora [1, 2]. It is estimated that human bodies contain up to 10"
bacterial cells, which are located on our skin, on the surface of the genitourinary,
gastrointestinal (GI) tract, and respiratory tract [3, 4]. The number of
microorganisms increases along the GI tract from proximal to distal. Around 70%
of these bacteria are located in the colon [3, 5].

In recent years, studies have shown that the microbiota has an impact on
immunomodulation, protection, and function of the GI tract and outside of the GI
tract such as central and peripheral neural processes [6-10]. Studies have also shown
that there exists communication and signaling between the microbiota and the host,
microbiota, and pathogens, among microbiota, and between host pathogens [6]. It
is thus of high interest and long tradition to consume ‘safe’ bacteria (i.e., probiotics)
to modulate the gut microbiota and to improve gut health [11].

Probiotics are “live micro-organisms, which when consumed in adequate amounts,
confer a health effect on the host” [12]. The health benefit can be classified into
three modes, I) modulating the host immune system, II) directly effecting other
microorganisms, and III) affecting microbial products and host products [13].
Probiotics occupy 65% of the world's functional food market. Those that have
shown health benefits among probiotics are Lactobacillus spp., Bifidobacterium
spp., Saccharomyces boulardii, Propionibacterium spp., Streptococcus spp.,
Bacillus spp., Enterococcus spp., and some specific strains of Escherichia coli [14].

The most used probiotics so far belong to the Limosilactobacillus and
Bifidobacterium genera which are usually presented in fermented dairy products.
Limosilactobacillus can be found in human milk, the urinary tract, and skin and is
the sub-dominant microbiota in the GI tract [15, 16]. It is located in the epithelial
surface, mucus layer, and intestinal lumen [6].

In this study, we used Limosilactobacillus reuteri. 1t has been proven that even with
a high dosage (2.9-10° CFU), L. reuteri is safe and efficacious in the GI tract.
Meanwhile, L. reuteri has shown various health benefits on the host with secretions
of reuteri, vitamins (B12 and B9), histamine and exopolysaccharide, etc. [16].
Clinical trials are using different L. reuteri strains to relieve caries, functional



abdominal pain, diarrhea, infant colic, atopic dermatitis, eczema, respiratory allergy,
and regurgitation [ 17-24].

An adequate number of live bacteria (recommended to be 10° to 10® CFU per dose)
is needed to exert health benefits [25]. Hence, the stability of probiotic formulations
is crucial. There are reports of poor survivability of probiotics in different products
during storage [26, 27]. Furthermore, to be able to induce health benefits after
ingestion, probiotics need to pass through tough environments such as the low pH
in the stomach, various enzymes, and high bile salts in the duodenum until they
reach the ileum and colon [28]. The low pH and high bile salts also decrease the
viability to a large extent. Therefore, to meet the requirement of an adequate number
of live bacteria at the target delivery location after a certain period of storage,
probiotic products usually need to have at least 100 to 1000 times the recommended
number. This will significantly increase the cost of the product.

Even though some of the L. reuteri strains have shown resistance to low pH and bile
salts [29, 30], the strain used in this study (DSM 17938) is highly sensitive to bile
salts. A preliminary study (Paper 2) shows that 99% of the unprotected L. reuteri
were dead after 30 min in vitro trials. Therefore, the main goal of this study is to
develop a controlled release delivery system that could protect L. reuteri from the
high bile concentration in the early part of the gastrointestinal tract and release the
encapsulated bacteria at the later part of the small intestine (ileum) and colon.

[leum and colon targeted delivery system for probiotics

Among different administrate routes, oral administration has the highest patient
compliance [31]. For the drugs that are acid-sensitive as well as bile- and pancreatic
enzyme-sensitive, various oral controlled-release delivery systems have been
developed [32, 33]. The most common strategy is to use enteric coating [32].

Different pharmaceutical active ingredients (APIs), e.g., proteins, peptides, and
probiotics, need to be delivered further to the ileum and colon to treat local diseases.
The reason is that the colon is good for the adsorption of proteins and peptides
meanwhile reducing systemic side effects [32].

Current ileum and colon-targeted delivery systems can be grouped into pH-
controlled, magnetic/enzyme/bacteria-triggered, time-triggered, osmotic pressure-
triggered, and ligand-receptor-based delivery systems by the mechanisms [33, 34].
The main challenges for pH-controlled, time-triggered, and osmotic pressure-
triggered systems are the differences in the individual (fasted state/fed state,
healthy/sick), and different gastric emptying times [33]. The main materials used in
the target delivery to the ileum and colon in the literature contain alginate, k-
carrageenan, gellan gum, xanthan gum, chitosan, starch, gelatine, cellulose acetate



phthalate, milk proteins, etc.[35]. Some studies have claimed that a microbiota-
activated delivery system is one of the most efficient colon-targeted delivery system
[33, 36]. However, these microbiotas are colonized in the colon, whereas L. reuteri
is mainly colonized in the ileum.

Because of the fragility of probiotics against various conditions, an efficient ileum
and colon-targeted delivery system is needed. One of the most common techniques
used is encapsulation. The importance of the encapsulation of probiotics has been
highlighted in ‘Food Encapsulation: Global Market Analysis, Trends, and
Forecasts’[37]. Different encapsulation of probiotics has been proven to provide
higher stability and higher efficacy of probiotics [38]. Besides the conventional
delivery system of food, various technologies have been explored for encapsulating
probiotics, such as freeze drying, spray-freeze drying, emulsion process, extrusion
process, electrospinning, etc.[34].

For commercially available probiotic products, different techniques are used. These
techniques mainly can be divided into three groups, dried powders in tablet/soft
capsules, dual/tri-layers of encapsulation, and microcapsule techniques [34].
Unfortunately, the techniques employed often lack clarity in most cases for
customers [34]. In general, there are limitations in these current delivery systems
for probiotics. For tablets and soft capsules, there usually is no extra protection
against lethal environments in the gastrointestinal system. Dual/tri layers of
encapsulation techniques are usually water-based systems which means that the
viability of the encapsulated bacteria is at risk when the storage time is long.
Microencapsulation usually is done with different techniques such as spray drying,
extrusion, and spray coating [39]. These techniques involve high temperature which
is detrimental to bacteria. Therefore, a new delivery system that is designed for
probiotics is needed.

Targeted delivery systems for probiotics can learn from other colon-targeted
delivery systems, but there are several parameters to consider. An ideal controlled
release delivery system for probiotics should meet several the criteria, such as no
harm to the bacteria, provide protection from harmful conditions during storage
(high oxygen and high humidity), give protection from the lethal environment in the
GI tract (low pH, high bile salts concentration, and different enzymes and other
components) [40, 41]. This ideal formulation should also be able to control the
release less influenced by different conditions of different groups of people
(children, adults, and elderly) or different conditions between sick and healthy
people as probiotics can be either a treatment for certain diseases or just as a health
supplement. Also, hopefully, the ideal formulation has a relatively easy processing
procedure. Furthermore, the release pattern of such ideal formulation aims for less
or no release until the later part of the small intestine with a burst/constant release
at the ileum and the colon.



In this thesis, we proposed an oil-based controlled delivery system targeting the
ileum and colon. Generally, oil is harmless to bacteria or the body. Oil is a good
encapsulation medium for probiotics because it could be the isolation barrier
between probiotics and the oxygen and humidity in the surrounding environment.
Oxygen and humidity are the two major parameters that deprive the viability of
bacteria during storage [34]. A low moisture content and anaerobic environment is
usually preferred. However, too low moisture content is not recommended. Bacteria
viability decreased by 44% when moisture content decreased from 2.8% to 0% [42].

Despite all the potential benefits from the oil-based delivery systems, there are lots
of challenges. The main challenge is that the majority of the ingested oil will be
digested in the small intestine before reaching the ileum [43]. Therefore, pure oil
cannot be the delivery system for target delivery to the ileum and colon. Meanwhile,
ingestion of oil will induce the secretion of bile salts in the duodenum. When the
oil is digested from the oil-based delivery system, causing the release of bacteria,
the released bacteria will soon die due to the high concentrations of bile salts in the
environment.

One way to utilize an oil-based delivery system targeting the ileum and the colon is
to slow down/retard the lipolysis, thereby creating a delayed release in the later part
of the small intestine. In the later part of the small intestine, bile salts and pancreatic
lipase are at much lower concentration thus much milder for probiotics. Bile salts
are gradually absorbed along the small intestine, and pancreatic enzymes are
partially digested and partially absorbed [44, 45]. Therefore, the key modification
required for an oil-based delivery system is to limit the lipolysis in the early part of
the small intestine and then release along the ileum and the colon.



Objectives

The main objective of this thesis is to formulate a new oil-based controlled release
delivery system targeting the later part of the gastrointestinal (GI) tract.

First, modify an in vitro model in such a way that it becomes relevant for evaluating
the retarding effect on lipolysis and for the release of probiotics.

Then design and evaluate different delivery systems with the potential of delivering
probiotics to the later part of the GI tract.

After designing a possible system, load probiotics, and evaluate the releasing and
survivability in the GI tract. During this stage, modifications of the formulation will
be done to have better control of the release pattern of the payload.

Lastly, perform a storage stability study and investigate the physical stability of the
new formulation and the viability and survivability of the encapsulated probiotics.






In vitro lipolysis

In vitro digestion models have been widely used to understand the digestion of food
and pharmaceuticals during the GI tract [46, 47]. The main difference between food
and pharmaceuticals is the complexity. Compared to pharmaceuticals which usually
is much simpler in components, food usually contains different macronutrients that
need various enzymes to digest. In this work, we are aiming to design an oil-based
delivery system, therefore, the in vitro analysis is focused on in vitro lipolysis.
Meanwhile, since it is intended for a pharmaceutical application and drugs can be
taken before meals, the physiological parameters should align with those of the
fasted state.

Lipid digestion in vivo occurs in both the stomach and the small intestine. In the
stomach, the gastric lipase can digest up to 1/3 of the ingested lipid [48]. The
majority of lipolysis occurs in the upper part of the small intestine. In vivo, lipolysis
includes mainly enzymatic reactions using different lipases, colipases, and bile salts.
Lipolysis also involves mechanical movements including those in the stomach,
during transport to the small intestine, and in the small intestine. Furthermore, in the
gastrointestinal tract, the products of lipolysis (e.g., free fatty acids) and the bile
salts could be gradually absorbed along the small intestine. Therefore, it is a very
complex procedure to digest and absorb lipids and free fatty acids.

Bio-relevance between in vivo and in vitro is the key to evaluating different in vitro
lipolysis systems. Physiological conditions, mechanical movements, and dynamic
absorbance are the three key parameters. There are different challenges with these
three parameters as they could be different among different age groups (children,
adults, and elderly). It also changes if one is sick or healthy or differs among healthy
individuals. So, the first challenge is to set the in vivo reference conditions. In this
work, we use parameters from a healthy adult as the reference.

The second challenge is deciding between static or dynamic models. In a dynamic
model setting, the system can mimic the transportation between the stomach and the
small intestine. It can also mimic the absorption of bile salts, removal of free fatty
acids, etc. There are several valid dynamic models available including TIM,
SHIME, ESIN, etc. [49]. However, the more close-settings toward in vivo, the more
complicated adjustment and usage it will bring. The primary goal of developing this
in vitro method is to assess whether oil digestion could be modified with different
oil formulations. The absorption of free fatty acids or the transportation from



different compartments is thus out of scope. Meanwhile, we mainly focused on lipid
digestion in the small intestine. Therefore, a static model will fit the purpose well.

In the static in vitro model, the main challenge is to determine the chemical
parameters of the in vitro settings that mimic the physiological condition. In the
small intestine, lipolysis usually involves lipase, colipase, and bile salts. Lipase and
colipase are used to hydrolyze triglycerides. Bile salts are necessary for lipid
digestion as they help emulsify lipids and help locate the colipase and lipase [50-
52]. A summary of different in vitro settings is shown in Table 1.

The first setting is the lipase sources and concentrations. Studies have shown that
oil digestion needs both lipase and colipase [53]. Usually, the pancreatin extract
(containing both lipase and colipase) from porcine is used as it is very similar to
human pancreatic extract [54]. The concentration is usually calculated only on the
activity of the porcine lipase. There are two main measurements used to measure
the activity of the lipase, the USP method and the TBU method [55, 56].
Nevertheless, the baseline is that the activity of lipase should be more than needed
to digest the lipid that is added into the in vitro system.

Bile salts, on the other hand, are more complicated. Porcine bile extract is one of
the common bile salt sources used. It is a crude extract that not only contains
different bile salts but also other components from the bile, e.g., bile pigment,
lecithin, fatty acids, and protein [57]. This complexity is somewhat closer to the
situation in vivo. Bile salt species and concentrations from porcine bile extract differ
from those in the human small intestine. The bile acids in human bile are made up
of ca. 40% cholic acid, 40% chenodeoxycholic acid, and 20% deoxycholic acid,
with traces of ursodeoxycholic acid and lithocholic acid [58]; while the bile acid
composition of porcine bile is ca. 30% glycocholic acid, 40% taurocholic acid, 7%
taurodeoxycholic acid, 15% glycodeoxycholic acid and 5% hyodeoxycholic acid
[59]. However, porcine bile extract is still widely used as the bile source in different
in vitro models (Table I). This is because studies have shown that porcine bile
extract has the highest lipolysis extent compared to other bile salt sources or
combinations [60].

Sometimes, the complexity of bile extract could insert benefits, while other times it
makes the system too complicated to study. Meanwhile, there might be batch-to-
batch variations among different porcine extract batches. Therefore, it is also
common to use a specific bile salt to replace whole bile extracts even though it does
not fully represent the extracts and is more expensive. The most commonly used
single bile salts are taurodeoxycholate (NaTDC), sodium taurocholate (NaTC), and
sodium chenodeoxycholate (NaCDC) (Table 1).
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In this thesis, the choice of bile salts contributes to the complexity. In the beginning,
porcine bile extract was used as the source of bile salts. At this step, an in vitro
system was established to investigate the lipolysis mechanism. Therefore, an in vitro
system that could reach as high a lipolysis extent as possible is ideal. With this ideal
in vitro system, the retarding effect can be relatively easy to determine. Results show
that an in vitro lipolysis system with porcine bile extract could have 100% lipid
digestion. In the later part of this thesis, the bile salts source was switched to single
bile salt (NaTDC) during the investigation of the development of formulations for
probiotics. This modification was necessary due to the presence of numerous
unknown ingredients in the porcine bile extract. These unknown ingredients may
interact with probiotics in various ways during in vitro release. Furthermore, the
impurities would hinder further analysis of the system, particularly when employing
techniques like flow cytometry.

Usually, chemicals are added to the same level as in vivo. However, in static in vitro
models, calcium ions are usually added at much higher levels than compared to
physiological conditions. It is because calcium ions are added to precipitate the free
fatty acids to mimic the absorbance of free fatty acids. Literature has shown that
free fatty acids could remain on the lipid surface, which would hinder the lipolysis
procedure [53].

The pH also needs to be considered. The pH in the small intestine varies from around
6 to around 7 along different parts of the small intestine (duodenum jejunum and
ileum). The choice of a pH level set at 7 was informed by prior literature, which has
established that at a pH of 7, the C8 and C10 fractions of triglycerides (comprising
more than 98% of the MCT oil) can achieve maximum lipolysis while remaining
within the physiological pH range [68].

The next important parameter is the stirring because lipolysis happens at the O/W
interface [43]. The more the total interfacial area, the faster the lipolysis as lipolysis
is a surface-driven reaction. In the beginning, all samples were added directly into
the digestion media. A high-shear mixer (Ultra turrax) was used to fully mix the
samples and the digestive media before in vitro lipolysis. During lipolysis, only a
magnetic stirrer was used (in paper I). The stirring from the magnetic stirrer was
not sufficient especially when EC oleogels were added. They tend to flow on the
surface of the digestion media. To improve this, a USP basket was added beside the
magnetic stirrer (papers 2, 3, and 4). The EC oleogel samples were first put into a
gelatine or HPMC capsule and added to the basket which was connected to a motor.
This motor had a speed of 500 rpm. The usage of a capsule is not only to mimic the
real situation when consumers consume the product but also to standardize the
protocol and minimize possible errors caused by different surface areas without
using capsules.

The last parameter is the experiment time. The experiment time is set to be 120 min
trying to mimic the time from entering the duodenum till entering the ileum. After
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120 min, the formulation with APIs is highly likely to have arrived in the ileum
section [69, 70].

To summarize, modifications were made specifically to our system (formulations
containing 0.5 g MCT oil). The setting of our in vitro system can have a lipolysis
extent very close to 100%. Therefore, the differences that occurred in the lipolysis
are purely coming from different retardants added. Detailed in vitro settings are
shown in Table 2.

Table 2. The initial compositions of the simulated intestinal fluids. (From paper 1)

Name Concentration
Porcine bile extract or NaTDC 5 mmol/L
Phosphatidylcholine(soybean origin) 1.25 mmol/L
NaCl 150 mmol/L
CacCl, 5 mmol/L
Trizma-maleate 2 mmol/L
Pancreatin 675 TBU
Total volume 100 mL

The basis of this static in vitro lipolysis system lies in titrating the free fatty acids
released during lipolysis. By continuously adding NaOH (1 mol/L), the system
maintains a pH of 7. Relative conversion is calculated and compared using Eq. 1.

Vformulation_Vbackground
Cl)Relative conversion — Eq- (1)

Vmcr+Vother degradebles

Where V is the volume of consumed NaOH.

There are limitations to this model. I) The model lacks an absorption step for bile
salts. In vivo, the majority of bile salts (95% to 99%) are gradually absorbed in the
distal ileum. [71, 72]. Bile concentration is critical as it largely influences the
survivability of probiotics. With gradually decreased bile salt concentration, the
survivability of released probiotics at the later part of the small intestine will
significantly increase. II) The model also lacks an absorption step for lipolysis
products (free fatty acids). Extra calcium ions were added to precipitate free fatty
acids to compensate for the situation. However, calcium ions can also interfere with
biological macromolecules, enzymes, and phospholipids, and, thus, might have
some side effects. Nevertheless, added calcium ions in this in vitro setting increased
the lipolysis rate. III) A stomach section is missing. As we are mainly interested in
the deliver passage in the small intestine, adding an enteric coating can protect the
formulation from the low pH. However, probiotics are highly sensitive to low pH in
the stomach. Therefore, it might be interesting to see the whole delivery passage
including the stomach and small intestine.
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Summarized results

Evaluation of different delivery strategies

A mechanistic understanding of lipolysis is needed to explore the possibility of an
oil-based delivery system for probiotics. Lipolysis (oil digestion) is an enzymatic
reaction in which triglycerides are degraded into free fatty acids [43]. More
specifically, because of the poor solubility of oil in water and enzymes are only
water-soluble, lipolysis can only happen at the O/W interface. Therefore, materials
that can interfere with the O/W interface could largely change the lipolysis. These
interferences include the diffusion of the substrate to the O/W interface, the
diffusion of hydrolysis products from the O/W interface, and the subsequent
diffusion of these into the bulk phase [73, 74]. These steps can be related to agitation,
electrolyte concentration, and the presence of surface-active agents (e.g., bile salts,
monoglycerides, free fatty acids, and free fatty acids soaps) [73]. Different
substrates (different chain lengths of triglycerides) also showed different lipolysis
speeds because of pH-dependent solubility and differences in viscosity [75]. The
longer the chain length and the higher the viscosity results in lower lipolysis speed.
But this aspect is out of scope in this thesis where we use MCT as the oil substrate.
The focus is on the diffusion of different components during lipolysis. As discussed
above, the diffusion can be divided into three parts, and one of them is the diffusion
of hydrolysis products. The design of the in vitro method has eliminated further
exploration of this where the high concentration of calcium ions precipitates free
fatty acids. Thus, the diffusion aspects in this thesis include the diffusion of substrate
from the oil phase (MCT oil) to the O/W interface, and the diffusion of substrates
from the water phase (pancreatic lipase and bile salts) to the O/W interface.

There are different ways to slow down lipolysis and the most common way is to add
surface active components. Fundamentally, adding surfactants is to slow down the
diffusion of water-soluble components to reach the O/W interface by competing
with pancreatic lipase and bile salts. Usually, more surface-active components
(lower interfacial tension compared to bile salts and lipase) are used to successfully
occupy the O/W interface. Besides this, surfactants might have a strong influence
on lipase structure which would significantly influence the activity of lipase as the
activity is largely dependent on the structural combination between lipase and
colipase [76]. In this area, discussions are around different types of surfactants, e.g.,
different molecular masses of surfactants, different structures of surfactants, and
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different charges of surfactants. Studies have shown that for small molecular
surfactants, the ability to inhibit or promote lipid digestion depends on the
concentrations and electrical characteristics [77]. For bigger molecular surfactants,
block molecules with several hydrophobic domains and hydrophilic domains seem
to easily occupy the O/W interface and create a steric repulsion effect thus slowing
down lipolysis [78]. In our study, both small modular surfactants (e.g., monooleate
with a molar mass of 356 g/mol) and block molecular surfactants (e.g., poloxamer
407 with a molar mass of 12600 g/mol) were used.

Most of the studies on this topic usually focus on one aspect of modulating lipolysis.
While in our study, we tried to focus on the general picture of the retardation of the
enzymatic lipolysis reactions. Instead of putting all the parameters into one diffusion
concept, we tried to group the mechanism that might influence the diffusion of
substrates (including both the oil phase and aqueous phase) to three aspects: the
diffusion of the oil molecule towards the interface (in liquid status), the
thermodynamic activity of the oil phase, the status of the oil phase (liquid/semi-
solid), and the interfacial composition that may prevent the lipase from adsorbing.

It is important to note that thermodynamic activity in this situation is an estimation,
where hexadecane in oil is considered to be an ideal solution. Because it is an
intrinsic parameter that influences the conversion of MCT oil, the thermodynamic
activity of lipolysis can be applied to different retarders regardless of other retarding
mechanisms. However, despite we tried to separate different retarding mechanisms,
the observation of the lipolysis might be the result of the sums of different
parameters.

Three groups of retarders were investigated using the developed in vitro lipolysis
method, i.e., bulk retarders (Dimethicon 25 ¢St, dimethicon 750 cSt, polyglycerol
polyricinoleate (PRPG), and hexadecane), interfacial retarders (monooleate,
polysorbate 80, poloxamer 407, Pentacthylene glycol monododecyl ether (C12ES),
and cetearyl glucoside) and gelating retarder (ethylcellulose (EC)). All the retarders
are soluble in oil under different conditions.

By increasing the viscosity, the diffusion of oil molecules towards the O/W interface
might be hindered thus slowing down the lipolysis. The results show that there is a
minor retarding effect, with viscosity reaching as high as 5 times that of pure MCT
oil. However, when the viscosity increased to a certain level which makes the oil
phase semi-solid like, the retarding effect becomes significant. In this case, after
adding 10% ECjoo, a stiff oleogel was formed. Less than 50% of the oil digestion
was achieved in 120 min for EC oleogel. While for pure MCT oil, 50% of the lipid
digestion is achieved in 5 min.

When comparing thermodynamic activities, samples that have lower viscosity than
MCT oil were chosen to minimize the influence from viscosity difference. The
thermodynamic activity of different samples results from 0.58 to 0.73. Compared to
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pure MCT oil, of which the thermodynamic activity is 1, there is a minor retarding
effect.

Lastly, using interfacial retarders to hinder access of the lipase to the surface did
only give a minor retardation when low molecular surfactants were used. However,
a polymeric non-digestive surface-active retarder such as poloxamer 407, was able
to form a steric layer that could significantly retard the lipolysis.

Thus, both the change in the consistency of the oil phase and the exclusion of the
lipase from the interface are possible mechanisms for retardation of lipolysis.
However, the demands on the molecules used are extensive: in the first case the
retardation is only seen when the molecules used can form an oleogel; in the latter
case, the surface-active component must have strong irreversible adsorption to the
interface (Paper 1). Summarized mechanisms can be seen in Figure 1.

MCT oil — ey,
1 P, T
: O/OO S
£
: O O%
: a '-
<@ O '.
$ 3
2 OO Q 0
=
&
O  oail
0
Time (min) : Bile'at':id Obo\o\
Lecithin A
MCT oil Surfactant Oo‘g._
%
Hexadecane 16% ~\ Lipase and colipase OO
Ethyl cellulose 300 cP, 10% Poloxamer 407 O
Poloxmer 407 6% O“

Figure 1. Retardation effect from three representative retarders of three retardation mechanisms.
Hexadecane represents the thermodynamic activity parameter, ethylcellulose represents the viscosity
parameter, and poloxamer represents the interfacial property parameter. (Summarized from paper 1)

To conclude, results show that it is not easy to significantly slow down the lipolysis
or decrease the lipolysis extent. Among all the retarders that have been tried, only
EC and poloxamer 407 can efficiently retard the lipolysis. A minor difference could
be observed between the digestion curves of EC oleogel and poloxamer 407. For
EC oleogels, the relative conversion increased along 120 min. For poloxamer 407,
the relative conversion increases more in the beginning and remains the same
afterwards. The accelerating release from EC oleogel is more suitable for delivering
and releasing the encapsulated probiotic to the later part of the small intestine.
Therefore, EC oleogels become the only candidate for a potential new oil-based
delivery system for probiotics.
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Ethylcellulose and ethylcellulose oleogels

Ethylcellulose is the product of etherification between cellulose and ethyl chloride
or sulphate in a high-alkaline solution [79]. The etherification degree can largely
influence the properties of EC, such as water solubility and incipient softening
points [79]. Commercially available EC products used in this study have 48.0-
49.5% (w/w) ethoxyl basis. In other words, it has the equivalent of about 1.4- 2.5
hydroxyl groups etherified [79]. EC can form gels when dissolved in certain
hydrophobic solvents, such as triglyceride oils, commonly referred to as oleogels
[80-82]. EC oleogels are formed after dissolving the EC powder in the oil using a
heating procedure (above the glass transition temperature of EC, around 130-140°C)
[83, 84].

Physical characterization has been well explored to compare EC oleogels with
natural fats. Studies include rheological properties (rheometer), mechanical
properties (texture analyzer, oil entrapment), and thermal properties (differential
scanning calorimetry). During these experiments, parameters varied with different
EC (different cellulose chain length and different concentrations) with the same oil
(e.g., triglycerides) and the same EC with different oil (e.g., different sauces
triglycerides, diglycerides, and monoglycerides and waxes) [80, 85-88]. The studies
also examined EC oleogels with different plasticizers/surfactants, such as sorbitan
monostearate and glycerol monostearate, to investigate the potential alteration of
the oleogel’s characteristics [89]. The structure of the EC powders and EC oleogels
have been studied with crystallographic studies, infra-red spectrometry, and X-ray
diffractometry to investigate the molecular interactions and polymer structures [82,
90, 91].

Four main conclusions from the literature mentioned above, regarding physical
characterization, are as follows. I) Increasing EC concentrations or increasing EC
molecular mass (increasing chain length) would increase the viscosity/hardness of
EC oleogels. 1I) The saturation of the triglycerides will influence the
viscosity/hardness of EC oleogels. III) There might be secondary structures in EC
oleogels, e.g., hydrogen bonding induced structure. IV) Gelation procedure-related
parameters, such as cooling rate and temperature-related structure change are also
relevant to EC concentrations and EC polymer length.

Further elaboration on the correlation between EC polymer and solvent is also
widely discussed. EC oleogel has EC polymer network formation surrounded by
triglycerides, where the junctions of different polymer chains are physical—no
chemical bonds between EC polymers or between EC polymers and triglycerides.
Nevertheless, there might exist hydrogen bonds (H-bond) either intra- or
intermolecularly of EC polymers [92]. These H-bonds primarily happened on the
C6 position, which is the position of the remaining unsubstituted OH-group.
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Therefore, theoretically, in EC oleogels, there might exist H-bonds which would
lead to a secondary structure.

There also exists polymer-solvent interaction, in this case, EC polymer and
triglycerides. However, ATR spectroscopy data from the literature states that the H-
bond occurs only between polymer strands and is responsible for the formation of
the tie points in the EC network [82]. The same literature also states that both the
EC polymer backbone and the ethyl groups do not change in different oleogels, it is
the oil packing within the polymer network that has changed in different
concentrations of EC [82]. Despite a high degree of substitution of EC (2.5 out of
3.0), it appears that the EC polymer chains under solid state still can form a semi-
crystalline structure via the remaining H-bonds and possibly via van der Waals
interactions [93]. Literature also shows that the cellulose subunit length along the
polymer chain of 10.4 A (dimer length), regardless of the polymer source or type
[94].

Different microscopic methods have also been used to explore the microstructure of
EC oleogels, e.g., transmission electron microscopy (TEM), scanning electron
microscope (SEM), and atomic force microscopy (AFM). These different
microscopies were used to reveal the network on the surface of EC oleogels.
However, these microscopic techniques have some complications during sample
preparation including, removing the oil from oleogels using organic solvent,
freezing, sputter, etc., which could, to a different extent, change the microscopic
structure of EC oleogels. Therefore, the reliability of structure from these
microscopic images is limited.

On the other hand, SAXS being a non-intruding method has shown success in
measuring the EC powders. SAXS, USAXS, and WAXS were used to measure the
EC powders, where a supramolecular polymer-ordered structure was observed at
lower q. At higher q, a fractal aggregation was proposed with a fractal dimension of
2.8 [91].

EC oleogels have been widely studied on different levels from the EC molecules to
the physical parameters of the oleogels. However, only one study has been done on
the digestion properties of EC oleogels [95]. The digestion property or the retarding
effect on lipolysis of EC oleogels is the main interest of this thesis. Therefore, the
first task is to investigate the digestion properties of EC oleogels with different EC
molecular mass and concentrations.

Meanwhile, another main challenge comes from the heating temperature needed to
make oleogels (140-160°C). This high temperature is not applicable for
temperature-sensitive compounds such as probiotics. Therefore, a new method is
needed to incorporate probiotics into EC oleogels without being detrimental to the
probiotics.
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Development and validation of a cold-mixing method

EC oleogels are formed after dissolving EC powders in MCT oil at high
temperatures (140-160°C). In this part, we explored the possibility of EC oleogels
as the controlled release delivery system for probiotics by developing a cold-mixing
procedure. The cold-mixing procedure is based on several observations. I) The gel
formation is based on the gel temperature instead of the cooling time. This is
supported by the observation that the same gel status has similar temperature when
using different cooling rates, regardless of different EC oleogels used (different EC
chain lengths and different concentrations). II) There are limited differences in gel
status with the first heating cycle and re-heating cycle. IIl) The oleogel is not fully
solidified when the temperature is around 40°C. These three observations together
indicate that it is possible to reform EC oleogels after disturbing (by adding different
components) the EC oleogel around 40°C.

The description of the cold-mixing procedure is as follows. After heating the EC
powders and MCT oil to 140°C to 160°C, this oleo-solution mixture is allowed to
cool. At around 40 °C, the probiotic pre-mixture or a placebo pre-mixture is added
to the oleogel at different ratios. The warm gel and the added pre-mixture are mixed
for about one minute or until the mixture appears macroscopically homogenous. The
cold-mixed EC oleogels are stored over night before further characterization. The
flowchart of the procedure is shown in Figure 2.

| EC powder + MCT oil |
Heat until 140-160°C
I Step 1, hot-mixing EC powder in MCT |

Cooling until 40°C

l Step 2, cold-mixing added components I

l Stored over night

Figure 2. Flow chart of formulations manufacturing process for cold-mixing formulations. (From paper 2)

The main investigation with this cold-mixing method is focused on whether the
cold-mixed oleogels could reform a continuous gel structure, and if this cold-mixed
oleogel has the same gel characteristic as the hot-mixed oleogel. Furthermore, verify
whether these cold-mixed oleogels have the same retardation effect as the oleogels
produced without a cold-mixing step. Also, if this retardation effect is as predictable
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(e.g., certain trend) as the hot-mixed oleogels. Lastly, measure the viability of the
encapsulated probiotics from the cold-mixed EC oleogel.

In paper 2, we presented the results. In general, EC oleogels prepared using the
cold-mixing method appeared to be continuous oleogels (one-phase system
macroscopically). The cold-mixed oleogels were a bit lower in hardness and oil
entrapment compared to hot-mixed oleogels.

To further explore the differences in physical properties of cold-mixed and hot-
mixed oleogels, storage modules and yield values were measured on 0 week (the
second day after making the gel), 1 week, and 2 weeks. As shown in Figure 3, the
storage modules at week 0 are similar between hot-mixed and cold-mixed oleogel.
After 1 week, the storage modules for both oleogels are increased to a similar extend
and maintained similarly between 1 week and 2 weeks. The change in the storage
modules can be possibly explained by the gel relaxation phenomenon. This
relaxation phenomenon happened not only on the cold-mixed oleogels but also on
the hot-mixed ones.
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Figure 3. Storage modules (a) and yield value (b) of hot-mixed oleogel using EC,,, 0 weeks (e blue), 1
week (m orange), and 2 weeks (4 green), and for cold-mixed oleogel 0 weeks (o blue), 1 week (o
orange), and 2 weeks (A blue).

For yield modules, it is quite similar for both hot-mixed and cold-mixed oleogels
except for 15% ECi. In both storage modules and yield values, a higher
concentration of 15% has larger error bars. This is primarily because of the
preparation step of the samples using cone-plate geometry. Oleogels have 15% ECx
require extra force (manually) to achieve the ideal gap between the cone and the
plate. We also found out that it is almost impossible to measure higher
concentrations (e.g., 20%) when oleogels started to slide rather than deform during
oscillation.

Combining the results of hardness, storage modules, and yield values, we can
conclude that after a short period of gel relaxation (less than 2 weeks), cold-mixed
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EC oleogels and hot-mixed oleogels are very similar in physical gel properties. The
similarity in microstructure was also shown between hot-mixed and cold-mixed
oleogels after 1-week storage at room temperature (Figure 4). These two SAXS
figures show that after cold-mixing, there is no swelling in dimensions (similar
slops). In other words, after adding cold oil to warm EC oleogel, the oil gradually
incorporated into EC polymer networks probably due to gel relaxation.
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Figure 4. SAXS results after 1 week of storage at room temperature. a) hot-mixed oleogels of EC,; 5%
(blue), 10% (green), orange (15%), and red (20%). b) cold-mixed oleogels (only MCT oil added during
the cold-mixing step) after 1-week storage at room temperature of EC,,5% (blue), 10% (green), orange
(15%), and red (20%).

Both cold-mixed and hot-mixed oleogels with the same concentration and same EC
also have similar relative conversions (one example in Figure 5). When the
hardness is below a certain level, the harder the EC oleogels, the higher the
retardation effect. When the concentration is higher than 10%, and the molecular
mass higher is than ECys, the lipid digestions of the oleogels are at a similarly low
level indicating a strong retarding effect. For all the harder EC oleogels, there are
remaining oleogel lumps after the 120 min in vitro lipolysis.

The significant retarding effect from EC oleogels seems promising for it being the
controlled delivery system for probiotics. This might increase the survivability of
the encapsulated bacteria in the upper part of GI tract, where bile salts are a major
challenge.
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Relative conversion

Time (min) Time(min)

Figure 5. Relative conversions of different EC oleogels during in vitro lipolysis. MCT oi I(—, blue) is the
reference in both figures. a). Relative conversions of 10% of ECz (-, pink), ECus (-, green) and ECiqo
(---, purple) hot-mixed EC oleogel. b). Relative conversions of 10% of ECy; (---, pink), ECas (-, green)
and ECyo (-*-, purple) cold-mixed EC oleogel. (From paper 2)

The next step is to encapsulate L. reuteri into EC oleogels using the cold-mixing
method. By comparing the viability from freeze-dried pallets, and the mixture
before and after cold-mixing, we can conclude that both EC and the cold-mixing
method have harmless character to probiotics (details see paper 2). Furthermore, the
in vitro release of encapsulated bacteria and the viability of these bacteria in the
remaining oleogels also demonstrate that EC oleogels offer effective protection
against bile salts and ensure sustained release, leading to enhanced survivability
(Table 3).

Table 3. Survivability of bacteria in MCT oil, weak oleogel (5% ECy), and strong oleogel (10% ECus)
during 120 min in vitro lipolysis. (From paper 2)

Freeze-drying

matrix dispersed Freeze-drying matrix dispersed in
Formulation Freeze-drying matrix in a weak oleogel  a strong oleogel
s dispersed in MCT oil (5% ECy) (10% ECy)
Time (min) 30 60 120 60 120 60 120 Remaining gel
Viability
(CFU/g
freeze-dried
bacteria) 0.2:10° 0.2:10° 0.1-10° 1-10° 2:10° 0.8-10° 0.7-10° 1-10°

* Average, n=3, standard error of the mean is 0.08-10°

While developing the cold-mixing method, several observations might be helpful
for further applications of this method. I) If one wants to keep a similar gel property
(e.g., hardness) as the hot-mixing oleogels, the concentration of added excipients
should be in a certain range. The more added excipients, the harder for the oleogels
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to reform the gel structure. Results show that when added below 20% extra MCT
oil, the hardness has a minor change. When above 20%, the hardness is decreased
more obviously. II) When the EC oleogels are too hard (high EC molecular weight
or high concentration), the cold-mixed oleogels might be inhomogeneous, which
might finally result in phase separation. Phase separation will cause a detrimental
influence on the retarding effect of EC oleogels.

To conclude, the cold-mixing method enables EC oleogels to encapsulate
temperature-sensitive compounds, such as probiotics. More importantly, the cold-
mixing method also provides a means to tune the EC oleogel properties by adding
different concentrations of different excipients at the cold-mixing step.

The effect of disintegrating excipients on the release

Cold-mixed EC oleogels have been proven to be a delivery system for probiotics
with no harm to the bacteria, good protection against harmful environment in the
upper part of the small intestine, and sustained release of encapsulated bacteria.

However, EC oleogels have quite low digestion of the encapsulated oil and
incomplete release of the encapsulated bacteria within 2 hours. Thus, in this part,
the main goal is to develop an EC oleogel formulation that has both good protection
in the harmful environment (upper part of the small intestine) and a higher release
in a safer environment (later part of the small intestine). Obtaining a higher release
with EC oleogels, which exhibit a strong retarding effect, is challenging due to their
stiffness and resistance to break down. The higher the concentration and molecular
mass, the stronger the oleogels, and the more residue remaining after 120 min in
vitro lipolysis (paper 2). 10% EC,, was selected as the model for formulation
development because of its moderate hardness. To be more specific, not too high
hardness will result in a more successful cold-mixing step, and not too low hardness
will result in a strong enough retarding effect as well as enough space for
formulation development.

The results from paper 2 also show that the differences between the release curves
of placebos and formulations loaded with APIs are limited. Therefore, during
formulation development, placebo formulations are good representatives. After
choosing the model EC oleogel (10% EC,»), the next step is to explore the method
to tune the release from the oleogel. The strategy is to apply some excipients which
would increase the oleogel break down during lipolysis.

Lipolysis is an enzymatic reaction where several factors could influence the speed.
First is the total interfacial area as lipolysis happened at the O/W interface [96]. The
second is the removal speed of the lipolysis products (free fatty acids) from the O/W
interface. Free fatty acids are surface active, which will accumulate at the O/W
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interface, thus preventing enzymes from reaching the interface [97]. Therefore, the
release profile may be altered through the manipulation of these transport processes.
This could involve inducing the disintegration/breakdown of the oleogels or
improving the porosity and water permeability within the oleogel matrix.

To systematically investigate the strategy for developing high-release EC oleogels,
the critical step is to understand the release kinetics of formulations with different
added excipients. Subsequently, the aim is to correlate the release kinetics with the
structure, lipolysis, and ultimately the release mechanisms. In general, the release
mechanisms can be controlled by various phenomena, such as dissolution, diffusion,
partitioning, osmosis, swelling, and erosion [98].

There are five most common release kinetic models, zero-order, first order, Higuchi
model, Hixon-Crowell model, and Ritger—Peppas—Kormeyers model. In this thesis,
the Ritger—Peppas—Kormeyers model (Eq. 2) was used as it was developed
specifically for the release of a drug molecule from a polymeric matrix and has been
applied to hydrogels [99, 100]. After fitting the experimental release data into the
mathematical model, the release constant k£ and exponent n will be obtained, which
determine the release mechanisms.
M@

= —kt" Eq.Q2
o, kt q.(2)

Where M(?) is the mass of material released at time #, My, is the total mass of
releasable material at time 0. k is a rate constant (the released fraction at a one-time
unit) describing the magnitude of the release rate. n is the exponent describing the
time dependence, which is indicative of the release mechanism.

The application of Peppas model in this thesis is to evaluate the release by evaluating
the digestion of oil, assuming that the release of bacteria is proportional to the
digestion of oil. Our results (later in the project, fraction of released bacteria versus
digested fraction of oil, details in Figure 9) show that this hypothesis is correct.

Two groups of excipients were added to explore the possibility of increasing the
lipid digestion of EC oleogels, i.e., lipid excipients and hydrophilic powder
excipients. Literature shows that by incorporating lipid excipients into EC oleogels,
varied mechanical properties could obtained due to interactions between EC
polymer chains and the excipients [89]. Lipid excipients including polyoxyl castor
oil (POC), glycerol monooleate (GMO), glycerol dioleate (GDO), glycerol
monopalmitate (GMP), and glycerol monostearate (GMS) were selected.
Hydrophilic powder excipients including sodium starch glycolate (SSG),
maltodextrin (MD), and sodium croscarmellose (SCCM) were studied. These
powder excipients could dissolve in water thus increasing the in vitro digestion.

The relative conversions of different added excipients are summarised in Figure 6.
It shows different relative conversions (from 0.1 to almost 1) could be obtained by

23



adding different excipients into EC oleogels through the cold-mixing step. In other
words, different extents of digestion of EC oleogels can be obtained by adding
excipients. This easy-to-change release mechanism will be promising to adapt EC
oleogels to different requirements of different APIs.
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Figure 6. Summarized relative conversions of different excipients in paper 3.

After using the Peppas models to fit release curves of all the formulations, the n
value from the Peppas equation and the proposed release mechanisms are
summarized in Table 4. Notably, the fitting stops at 60% of the relative digestion.
This is because particle size becomes a more significant factor influencing the
kinetics once the relative conversion surpasses 60%.
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Table 4. Release mechanisms from EC oleogels. The structural illustration is a model of enzymatic
digestion of an ethylcellulose oleogel (EC). The digestive enzymes (blue ovals) operate at the surface.
The medium chain triglyceride (MCT, dark blue dots). The violet molecules inside the gel are diffusion-
restricting molecules such as the EC or added non-digestible lipids. The green-filled circles illustrate
the swelling disintegrating material dissolved in the aqueous phase. The red arrows indicate the
digestion rate controlling step, and n refers to equation 3. (From paper 3)

Release Range | lllustration Samples in the category
mechanism of n

a | Diffusion-limited | 0.35- Oleogel EC2 10%, GMO 6%,

degradation 0.65 o o
(Fickian POC 41%, POC 47%
release)
MD 20%
b | Transition 0.65- MCT oil, GMP 32%, GMS 32%
between 0.85
diffusion and POC 20%
surface limited
digestion MD 33%, MD 50%

¢ | Surface limited 0.85-1 GMP 20%, GMS 20%, GMO +

digestion GDO 2, GMO + GDO 1
combined (0
order reaction SCCM 11%
t
rate) POC 11% + SSG 20%,
POC 11% + SSG 50%
d | Disintegration >1 GMO 11%, GMO + GDO 0.5,
limited GMO 20%, GDO 6%, GDO 11%,
digestion. POC 32%

SCCM 20%, SCCM 33%, SSG
20%, SSG 33%, SSG 50%

POC 11% + SSG 33%,
POC 20% + SSG 20%,
POC 20%+ SSG 33%,
POC 20% + SSG 50%,
POC 32% + SSG 20%,
POC 32% + SSG 33%,
POC 32% + SSG 50%

When no excipients were added, the release kinetic of EC oleogel is within the
diffusion-controlled group (type ). It can be well explained as EC oleogel is a
relatively hard and sticky material and the diffusion of triglycerides to the O/W
interface is the main limiting step.
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Formulations with added hydrophilic powder disintegrants are mainly grouped in
type d where the disintegration is the limit factor. Usually, these formulations have
a low £ indicating a lower release at the duodenum and jejunum and a high »
indicating a high release at the ileum and colon (details in paper 3). These results
demonstrate the feasibility of tuning the controlled digestion of the EC oleogel for
controlled delivery to the ileum and colon through the incorporation of
disintegrating excipients (dry powder of polyelectrolytes). Furthermore, 12-hour in
vitro results indicate that up to 100% relative conversion could be achieved with
different disintegrants up to 10 hours (paper 3).

For lipid excipients, it is notable that more hydrophilic surfactants, like
monoglycerides, may degrade the gel and thereby result in a rapid release. More
hydrophobic excipients (e.g. diglycerides), as well as larger oil soluble complex
surfactants (polyglycerol poly ricinolate), give a limited improvement of the release,
possibly by the reduction of the interfacial tension. Meanwhile, some of the lipid
excipients have high melting points and remain in solid format when added during
the cold-mixing step. These excipients will strengthen the EC oleogel hardness
therefore lowering the release. As there are different limiting factors playing,
formulations with different concentrations of these lipid excipients result in
different release mechanism groups.

Combinations of surface-active lipids (e. g., polyethoxylated castor oil) with
swelling hydrophilic polymers (e.g., sodium starch glycolate) all have high n value
(n>1) compared to other formulations. When # is above 1, the formulation has
accelerating release. In other words, a high fraction of the encapsulated bacteria is
released at the target time and position in the GI tract (ileum and colon). The
combination of surface-active lipids and swelling hydrophilic polymers also enables
a versatile, controlled disintegration of the oleogel, allowing for a controlled release
over a long time.

To conclude, the application of the Peppas model to the oil digestion of EC oleogels
seems reasonable. The different release kinetics (grouped by exponent n) fit well
with the actual physical structure of EC oleogels and the release phenomenon.
Therefore, the combination of quantitatively descriptive models with release
mechanisms can be a potentially useful tool. This tool can be helpful in the
development of EC oleogels tailored for targeted release in the GI system.
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A storage stability study

The viability of probiotics can be influenced by oxygen level, water activity,
temperature, pH, etc. [25, 101, 102]. Different forms of probiotics, e.g., powders,
suspensions, and microencapsulation, have different issues of losing viability during
process and storage [103]. Studies have shown that during storage, the viability can
be lowered to different extents (0.8 logio to 2.8 logio) under accelerated conditions
(37°C/75% RH) and different oxygen levels with L.reuteri [104]. Furthermore, the
viability of probiotics could be largely decreased during the GI tract when meeting
low acidity, bile salts, and other biological secretions [105, 106].

The recommended number of viable bacteria is around 10° to 10® CFU/g in the
product at the time of consumption [61]. As probiotics should be alive when
consumed, it is important to examine the viability after storage. The viability of the
encapsulated probiotics is also influenced by the physical and chemical stability of
the formulation itself. As discussed earlier, there is a relaxation phenomenon
existing in EC oleogels within one week under room temperature. This change in
the physical structure of EC oleogels might influence the viability of the
encapsulated probiotics. Meanwhile, the relaxation might behave differently at
accelerated conditions. Therefore, the hardness of EC oleogels is necessary to
measure together with the viability of the bacteria. An in vitro digestion method was
applied to evaluate the release of probiotics from EC oleogels.

To summarize, in this part, three steps of evaluation of the formulations were
applied. I) The physical stability of EC oleogels with and without probiotics was
measured using a texture analyzer. II) The viability of the encapsulated probiotics
was measured, where a stomacher was used to release the encapsulated bacteria
from EC oleogels. III) The release profile and the viability of the released probiotics
from the EC formulations were evaluated using in vitro digestion. During in vitro
analysis, probiotics were under the physiological conditions of the small intestine
(exposure to bile, exposure to pancreatin, removal of free fatty acids, pH 7).

Two formulations were chosen, one added pure MCT during the cold-mixing step
represents the simple formulation. Another one added SCCM during cold-mixing
represents the controlled-release formulation. Each formulation has two batches,
one without bacteria and one with added 2% freeze-dried L. reuteri. Detailed
information can be seen in paper 4. Two storage conditions were selected (30°C/
75% RH, and 40°C/75% RH) with a period of 90 days. All measurements were done
at time points of 0, 17, 30, 60, and 90 days. Day 17 was added because of the low
reproducibility viability results from day 0. For in vitro analysis, samples were
withdrawn from the digestion media at 10, 20, 30, 60, and 120 min.

Results show that there is an increase in both hardness and relative digestion within
the first 30 days. This increase is similar between the two storage conditions. After
30 days, results from both measurements are similar regardless of different storage
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conditions. This change aligns with the rheology data discussed earlier, where gel
relaxation phenomena might be the reason. Gel relaxation occurred and finished
within 1 week (room temperature, Figure 4).

The relaxation does not appear to affect the viability of the encapsulated bacteria
(Figure 7). The viability does not decrease the most in the first 30 days compared
to the rest of the storage days. Instead, the viability gradually decreased in 90 days.
The loss of viability is between 0.2 to 1 logio among all the batches (both plating
and flow cytometry results).
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Figure 7. Viability from both plating and flow cytometry measurements of four samples 0, 30, 60, and

90 days. On the y-axis, the unit is CFU/g formulation for plating results and cells/g formulation for flow
cytometry results. The guiding line for data sets is not considering outliers (data point in parenthesis).

The aimed formulated alive number (4-10° CFU/g, calculated number from percentage) of the bacteria
is the black circle at time point 0. The formulated bacteria number are presented at time 0 using black
circle and white as the filling color. (From paper 4)

a) Oleogels without disintegrants: EC,,/MCT-B/30-plating (e, red), EC,./MCT-B/40-plating (m, green),
EC/MCT-B/30-FC (4, blue), EC»/MCT-B/40-FC (v, purple).

b) Oleogels with disintegrants EC,,/SCCM-B/30-plating (e, red), EC,,/SCCM-B/40-plating(m, green),
EC,,/SCCM-B/30-FC (A, blue), and EC2/SCCM-B/40-FC (v, purple).

Figure 8 shows the release curves of live bacteria during 120 min in vitro lipolysis.
When exposed formulations to a lethal environment during in vitro lipolysis (high
bile concentration), EC oleogel formulations showed both protection of the
encapsulated bacteria and controlled release of bacteria. For simple formulations
(EC2/MCT-B/30 and EC/MCT-B/40), the number of live bacteria is much lower
than the total number of encapsulated bacteria. But for controlled release
formulations (EC,/SCCM-B/30 and EC,/SCCM-B/40), EC oleogels keep
releasing live bacteria into the in vitro solution and can maintain a high number of
live bacteria from 30 to 120 min. A similar trend of results could be seen from FC
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data. Both the total and dead numbers of bacteria increased from 60 min to 120
min, and the total number of bacteria is very close to the theoretical value of
encapsulated bacteria for the controlled release formulation (formulations added
SCCM) (Paper 4).
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Figure 8. Plating results of EC2/MCT-B/30, EC»/MCT-B/40, EC»/SCCM-B/30, and EC,,/SCCM-2/40
from in vitro lipolysis after a storage time of 30(e), 60(m), and 90 days (4 ). Bacteria in oil is the
reference (v). The formulated bacteria number is 4-10® CFU/g. (From paper 4)

This stability study has demonstrated that EC oleogel formulations are quite stable
after a limited time (probably less than 1 week). Limited difference in hardness and
viability between 30°C and 40°C further proves the high stability.

Viability data show that the number from controlled release formulations is higher
than the simple formulations. This could be explained by the fact that the stomacher
cannot release all the bacteria from the simple formulation. EC oleogels are sticky
materials that also do not dissolve in water. It is possible that some bacteria were
still entrapped into the EC oleogels. Nevertheless, the difference between simple
formulation and controlled release formulation at time point 0 is not big (around 0.3
logio). Therefore, this systematic error should not largely interfere with the viability
results, especially the trend of viability within the sample batch.
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Viability, release, and survivability of bacteria from EC oleogels

Bacteria counting was used to evaluate the quality of the EC oleogels as the
controlled release delivery system for probiotics. High quality of EC oleogels
encapsulating bacteria includes high viability in the formulation, high survivability
under biological conditions, and a high number of live bacteria at the target location
in the GI tract.

It is a challenge to determine the bacteria number which is caused by different
reasons. It is influenced by the intrinsic characteristics of the EC oleogels. EC
oleogels are highly viscous and sticky and cannot dissolve in water. Therefore, it is
challenging to measure the viability of the encapsulated bacteria as it is hard to get
all the bacteria out from EC oleogels. The solution is to use a stomacher, which
applies a physical force to the solution, but it might be not sufficient as can be seen
a bit lower number of cells in the simple formulations. Whereas with controlled
release formulations that contain disintegrants, the detergents can help release
bacteria during the stomacher and thus result in a higher number.

Another challenge in bacteria counting can also be caused by the relatively high bile
salt concentration during the 120-minute in vitro digestion. During in vitro lipolysis,
live cells are gradually released from EC oleogels and gradually become dead
because of high bile concentrations. Therefore, the live cell number from plating
cannot represent the released number of cells from EC oleogels. Extra
measurements that could count both alive and dead bacteria are needed (using flow
cytometry). However, flow cytometry by itself is a challenging technique.
Literature shows that the difference in the results of plating and flow cytometry can
vary depending on the bacteria and stain used [ 107]. For example, in this experiment,
there exists a large number of debris which increases the hardness of collecting and
identifying data. Surprisingly, results show that the alive cell numbers from flow
cytometry are at a similar magnitude as the plating results, also, it is comparable to
the reference number (formulated bacteria number). Therefore, the flow cytometry
data are valid.

The combination of released bacteria from flow cytometry and the digestion of oil
in EC oleogels also proves the hypothesis brought up during formulation
development is correct. The release of bacteria number does increase with the
increasing digestion of the encapsulated MCT oil. Furthermore, the correlation
between the fraction of the released bacteria and the digested fraction of oil is almost
linear (Figure 9).
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Figure 9. Summarize the fractions of released bacteria versus the digested fraction of oil from the EC
oleogels using flow cytometry, EC,,/MCT-B (e, grey for 0 days and blue for 30, 60, and 90 days),
EC,,/SCCM-B (m, green for the odd data of EC,,/SCCM-B/30 at 30 days and EC,,/SCCM-B/40, and
red for 30, 60, and 90 days). The dashed line is the trend line. (From paper 4)

In this part, we have demonstrated that EC oleogels have good physical stability.
The storage stability of the encapsulated bacteria is slightly decreased over time.
During in vitro lipolysis, EC oleogels with disintegrants can continuously release
the encapsulated bacteria within 120 min and maintain the high live cell numbers
from 30 to 120 min. Furthermore, this release of bacteria correlates reasonably with
the degree of oil digestion in the EC oleogels.
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Discussion

Ileum and colon targeted delivery system for probiotics

General colon-targeted delivery systems and their trigger mechanisms have been
discussed in the introduction. However, not many of them have been applied to
probiotics. Some of the most discussed materials in the literature are polymeric
carriers in different formats such as microgels and beads, capsules and tablets, and
microdevices [108]. Some of these delivery strategies show successful protection
during the GI tract and can release encapsulated bacteria in the colon [109, 110].
One drawback for these new delivery strategies is the challenge of sustaining
viability during storage. Water-based, double emulsion delivery systems show good
protection during the upper part of the small intestine, but a severe decrease in
viability was observed during storage just for 3 days at 4°C [111].

Commercially available probiotic products are mainly in dried powder format and
stored in either capsule (typically gelatine and HPMC capsule) or sachets or directly
compressed into tablets [108]. Probiotics in dry format have low survivability
during storage because of oxygen and humidity [104]. Meanwhile, there is low or
no protection in the gastrointestinal tract with dry formats. Nevertheless, these dry
formats might be suitable for the most common probiotics currently (e.g.,
Limosilactobacillus), which are less sensitive to oxygen (facultative anaerobic) and
bile, and mainly colonized in the small intestine. For more sensitive probiotics, such
as probiotics that are strictly anaerobic, sensitive to the environment in the GI tract,
and target delivery to the colon, a new delivery system is urgently needed [112, 113].

The oil-based delivery system is extra interesting for probiotics as it has low water
activity and is a barrier between probiotics and air/oxygen. The main shortage of a
pure oil delivery system is the fast digestion and release in the stomach, duodenum,
and jejunum resulting in no protection during GI tract and no controlled delivery to
the ileum and colon. On the other hand, an oil-based delivery system with retarding
effect on lipolysis at the early part of the small intestine might be the ideal candidate
delivery system for probiotics.

To evaluate the retarding effect more accurately for different delivery strategies, an
in vitro lipolysis model was modified. Several parameters such as increasing
calcium concentration and using high mixing technology were adjusted to achieve
the fast speed of lipolysis (for pure MCT oil) at the beginning (for details see in
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vitro method section). Using the modified in vitro lipolysis model, 70% pure oil can
be fully converted from triglycerides to free fatty acids in 10 min and reach 100%
conversion within 120 min. The fast digestion speed at the beginning and full
digestion within the experiment time makes it suitable for evaluating the retarding
effect both slowing down the lipolysis and decreasing the lipolysis extent.

The retarding effect of different delivery strategies was evaluated using the in vitro
method, from which, EC oleogels show great potential because of their high
lipolysis retardation within 120 min. There are several studies of EC oleogel
application but mainly on edible applications such as sausages [87], dough products
[114], and chocolate [115]. The only application of EC oleogels as the delivery
system is for lipophilic bioactive substance delivery (beta-carotene) [95]. In almost
all the applications of EC oleogels with other components (including APIs and
excipients), the other components were added either before the heating or when the
temperature of the EC mixture was higher than 100°C. This high temperature
eliminates the possibility of applying EC oleogels to temperature-sensitive
components, such as probiotics.

A cold-mixing method was developed to tackle this problem. EC oleogels with cold-
mixing method thus can be the delivery system for probiotics. Three aspects of EC
oleogels (both hot-mixed and cold-mixed oleogels) were investigated, including
physical characteristics, encapsulation quality, and oil digestion and delivery
properties of the encapsulated probiotics.

Physical characteristics of EC oleogels

The physical stability of EC oleogels is critical to investigate because the cold-
mixing method disturbs the gel structure at a relatively low temperature. At this low
temperature, the viscosity is already increased to some extent. This relatively higher
viscosity indicates that the gel structure has formed to some extent. Therefore, it is
not obvious whether the gel structure will be reformed after the disturbance.
Measurements including rheology properties (storage modules and yield value),
hardness, oil entrapment, and SAXS were done on both hot-mixed and cold-mixed
oleogels.

Results from all these four measurements show that for both oleogels, increasing
the concentrations and increasing the molecular mass of EC will result in higher
hardness, oil entrapment, storage modules, and yield value.

The disturbance induced during the cold-mixing step results in lower hardness,
reduced oil entrapment capacity, and decreased storage modules within 1 week of
storage at room temperature, compared to hot-mixed oleogels (without cold-
mixing). However, similar storage modules and yield values were observed between
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1-week and 2-week samples (room temperature) for both hot-mixed and cold-mixed
oleogels. The microstructure gained from SAXS also shows the similarity of the two
gels after 1 week of storage under room temperature. These indicate that there might
exist gel relaxation in both cold-mixed and hot-mixed oleogels. After relaxation,
cold-mixed oleogels are similar to hot-mixed oleogels at both molecular level and
at a larger scale (e.g., domains around 50-300 nm). Furthermore, no further changes
on hardness for longer storage time (up to 90 days) and under accelerated storage
conditions (30 and 40°C). To conclude, cold-mixed EC oleogels are stable after
relaxation, of which the time length is less than 1 week at room temperature.

Another important parameter for an effective delivery system is the adjustable
characteristics so that the formulation can be easily modified to different demands.
The physical characteristics of EC oleogels can be tuned during the cold-mixing
step. A higher concentration of oil added can largely decrease the hardness and a
higher fraction of solids added can largely increase the hardness. With the
possibility to tune the physical characteristics of EC oleogels by cold-mixing
method, the potential of developing EC oleogels for different purposes is largely
increased.

Encapsulation quality for probiotics of EC oleogels

A high-quality encapsulation formulation should protect probiotics from various
stresses, thus maintaining a high viability when reaching the target delivery location.
The stress are the oxygen and humidity in the environment during storage, and the
low pH and high bile concentration in the GI system before reaching the ileum and
colon. Using EC oleogel as the delivery system, the stress can also come from the
relatively high temperature (around 40°C) during the encapsulating procedure (cold-
mixing procedure), and different materials used in the formulation.

Results show that EC polymer, MCT oil, different lipid excipients and different
hydrophilic powders are harmless to the bacteria, the same as the cold-mixing
procedure. Meanwhile, because the bacteria were mixed in the EC polymer system,
the encapsulation efficiency during the producing process could be as high as 100%.

EC oleogels can also maintain the high viability of the encapsuled probiotics. The
viability has less than 1 logio decrease at 40°C for 90 days. Also, the encapsulation
quality does not seem to be influenced by the gel relaxation. The delivery strategies
in aqueous solutions (e.g., double emulsions), where good protection in the stomach
was achieved, the encapsulation efficiency (live cells in the internal aqueous phase)
started at around 96% at time 0 and decreased to 55% after 14-day storage at 4°C
(L. acidophilus) [116]. For microencapsulation delivery strategies using chitosan
and xanthan gum, and incorporated in yogurt, the storage stability of the
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encapsulated bacteria decreases between 0.7 logio to 1.2 logio at 4°C for 3 weeks (L.
acidophilus) [117].

The good protection to the encapsulated bacteria in both storage and in vitro analysis
could indicate that EC oleogels are a good barrier against oxygen and
humidity/water. This characteristic makes it a unique opportunity to further apply
EC oleogels to more strict anaerobic bacteria (e.g., next-generation probiotics).

Oil digestion and delivery properties of EC oleogels

Retarding effect of EC oleogels on lipolysis is one of the most critical parameters
for target delivery to the ileum and colon. The stronger the retarding effect, the more
promising the delivery to the ileum and colon. In both hot-mixed and cold-mixed
oleogels, the higher the concentration and higher the molecular mass of EC oleogels
in MCT oil will result in a stronger retarding effect (harder oleogels). However,
unlike the hardness of EC oleogels, the retarding effect has a limit where similar
retarding effects were observed despite increased concentrations or molar mass
(details in paper 2). A reasonable explanation for this is that at this limit, the
hindrance from the gel structure is strong enough to limit encapsulated oil from
migrating to the oil-water interface. Therefore, the relative conversion remains
similar within 120 min in those solid-like oleogel formulations.

The retarding effect or the digestion fraction of the oil does not directly correspond
to the release of the bacteria. One complication can come from the interaction
between probiotics and EC oleogels. Freeze-dried probiotics are embedded in cryo-
protection materials including various components, such as sucrose and
maltodextrins, and then encapsulated in the EC oleogels. Studies have shown that
there might be interactions (e.g., hydrogen bonds) between EC polymer and sucrose
[118]. Furthermore, as EC polymers remain insoluble in water after lipolysis, there
will likely be bacteria remaining in EC polymer aggregate in the digestion media.
Nevertheless, results show almost all numbers of the encapsulated bacteria were
released. Meanwhile, the digested fraction of oil and released fraction of bacteria
seem to be not only positively correlated but are almost linear (Figure 9).

The almost linear correlation between the fraction of digested oil and the fraction of
released bacteria provided fundamental support for formulation development where
a placebo (no bacteria was encapsulated) was used. During formulation
development, the release properties of the EC oleogels can be evaluated by the lipid
digestion behaviour of EC oleogels. Because of the cold-mixing method, the release
properties could also be easily tuned by adding excipients during the cold-mixing
step. The added excipients will have less influence from the relatively low
temperature (40°C) therefore avoiding possible oxidation or other reactions from
the high temperature (above 100°C).
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Release property is one of the most important parameters for EC oleogels being the
controlled delivery system. We found out that EC oleogels can have different release
properties when adding different excipients (lipid excipients and hydrophilic
powder excipients). Digested fraction of encapsulated oil can vary from around 10%
to almost 100% within 120 min with different release kinetics. Accelerating release
can be obtained by adding disintegrants, the combination of disintegrants and lipid
excipients. However, the release property of a certain formulation can be
complicated as different mechanisms might influence the same time, e.g., diffusion,
erosion, and enzymatic reaction. Therefore, the Peppas model was used to analyses
and group the release kinetics.

After applying the Peppas model, different release kinetics were obtained with
different n values. More importantly, the release kinetics from oil digestion results
seems to match very well with the actual release mechanisms (7able 4). This well
match conversely proves that the Peppas model is a suitable model for the EC
oleogel system. It is the first time that the Peppas model was used to analyses the
release from EC oleogels. The tool (combination of quantitative model and release
mechanisms) proposed during the formulation development built a solid ground for
understanding and for helping formulation development of other applications.

The high stability of EC oleogel itself and the accelerating release properties of EC
oleogels build the foundation for EC being the possible controlled release system
for probiotics. The actual release profile of probiotics from the ideal oleogel
formulations under physiological conditions adds to the advantages. Figure 8 shows
that both EC oleogel formulations can gradually release the encapsulated bacteria.
For the accelerating release formulation (added disintegrants during the cold-mixing
step), the bacteria number is 1 logio higher than the reference formulation (bacteria
in MCT oil at time 0) when the live number is stable. The high number of live
bacteria after 120 min exposure to high bile concentration shows both the protection
and the controlled release characteristic of the EC oleogels.

For accelerating release formulation (added disintegrants) after 90 days storage time
at 40°C, the live bacteria number (under physiological conditions) show an overall
only around 1 logio decrease of live cells compared to the formulated number
(Figure 8). This is strong evidence that EC oleogels can protect the encapsulated
bacteria from various stresses (both at storage and during the GI tract), resulting in
overall high viability until reaching the targeted location in the GI tract.

To conclude, the release properties of EC oleogels can be easily tuned with certain
levels of control. This controllable manner of the release properties enhances the
success of EC oleogel as the controlled delivery system for different APIs and
different target locations. Another promising characteristic of EC oleogel is the high
stability of EC oleogel formulation itself. Last but most importantly, EC oleogels
can protect the encapsulated bacteria from oxygen and bile salts and deliver the live
bacteria to the later part of the small intestine.
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Experimental limitations and challenges

One experimental limitation is the choice of model bacteria. L. reuteri was used
instead of other more oxygen-sensitive probiotics. L. reuteri is one of the most
common probiotics that is commercially available. It is gram-positive and
facultatively anaerobic, which means that the bacteria are quite robust and can
handle oxygen to some extent. These characteristics make the experiment easier as
the main method used to evaluate the viability is conventional plating. Nevertheless,
the high viability of L. reuteri under accelerated storage conditions shows that EC
oleogels are a good barrier toward oxygen and bile concentrations. This gives an
insight that EC oleogels might also be a good encapsulation system for restricting
anaerobic bacteria (next-generation probiotics).

There are several experimental challenges under the current experiment settings.
One improvement that could be made is the gel-making procedure. During the cold-
mixing procedure, different mixtures of MCT oil and excipients were added into
oleogels at around 40°C, and the mixing was done by using a stainless spatula and
with handcraft. A certain degree of standardization based on observation has been
applied. For example, during the cold-mixing step, the mixing stops when the gel
appears homogeneous. But when different not-soluble excipients were added, the
oleogel appeared to be white and thus it was hard to determine when to stop. When
a larger amount was needed during stability study, a mixer was applied instead of a
spatula but the judge of when to stop the mixing was still based on observation.
Therefore, there might exist inhomogeneity in the samples.

The next challenge is the filling of EC oleogels into different containers, i.e., gelatine
and HPMC capsules and glass bottles. Especially when making samples for the
stability study. There are lots of containers to fill in and accurate mass is needed for
certain containers. The temperature-dependent gel characteristic of EC oleogels
makes the long filling process extra difficult as the oleogel is gradually cooling down.
The lower the temperature, the harder the oleogels are. It might be possible that
different gel characteristics could be observed, for example from the first glass bottle
to the last glass bottle. Fortunately, a gel relaxation was also observed among both the
cold-mixing and hot-mixing oleogels. After relaxation, both gels with the same EC
and same concentration have almost the same gel characteristics. Therefore, despite
the difference during the filling step, a similar oleogel could be obtained.

Another experimental challenge is the extraction of bacteria from EC oleogels. EC
oleogels are highly viscous and sticky, and EC polymers are insoluble in water. The
method used for the viability test is by adding physical force to the mixture of the
oleogels and MRS agar solution (detailed procedure see papers 2 and 4).
Surprisingly, the number of extracted live bacteria from EC oleogels was very close
to the formulated bacteria number. The same magnitude of live bacteria number was
observed between plating results and flow cytometry. All these results prove that
the extraction method used was reliable.
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Conclusions

This thesis has presented the progress of formulation development, while also
providing a certain level of fundamental scientific understanding regarding the
developed formulation, such as release kinetics and release mechanisms.

An in vitro lipolysis model is modified based on the needs of this project. This
modified in vitro lipolysis allows for the full digestion of MCT oil in a way that no
experimental condition is a hindrance to the digestion speed or digestion extension.
It also allows a direct correlation between relative conversion and retarding effect
from different retarders. Furthermore, different oil-based delivery strategies were
compared using this in vitro model. EC oleogel shows a strong retarding effect and
continuous digestion characteristics, making it the most promising delivery system
for probiotics.

The development of the cold-mixing method solves one of the main challenges (high
temperature) and enables the application of EC oleogel as the delivery system for
probiotics. Meanwhile, the cold-mixing method provides a way to modify EC
oleogels in various aspects. The two most important aspects include the ability to
incorporate temperature-sensitive components, as well as the ability to modify the
release mechanism. The latter was proven by adding different excipients during the
cold-mixing step, resulting in varying release mechanisms and release extent. More
importantly, a high level of delivery of live probiotics at the target location (ileum
and colon) in the GI tract is obtained by adding disintegrating hydrophilic powder
excipients.

Storage stability study shows that EC oleogels are stable over a long time. EC
oleogels with the cold-mixing method can protect the encapsulated bacteria during
both storage and passage through the upper part of the gastrointestinal system (high
bile salts concentrations and various enzymes).

Therefore, EC oleogels show great potential as a controlled delivery system for
probiotics.
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Outlook of the future

This thesis has so far demonstrated that EC oleogels can be the controlled release
delivery system for probiotics with good protection during both storage
(temperature, humidity, oxygen) and under physiological conditions (bile salts and
enzymes).

An effective in vitro method was modified for this thesis. However, it would be
interesting to investigate how EC oleogels perform under the whole gastrointestinal
system instead of only the small intestine compartment, i.e., including the stomach
section with low pH, the small intestine section where the bile concentration can be
gradually lowered, the colon section where if the remaining encapsulated bacteria
could be fully released, and finally under oxygen-depleted condition.

Adhesion and colonization would also be an interesting topic to investigate in the
future. These two are the key steps before a probiotic can insert its function [119].
Some literature shows there is limited adhesion of probiotics that are orally
administrated [120]. Furthermore, in vivo analysis could be one option for further
study.

One interesting application for EC oleogels is the delivery system for biologics (e.g.,
vaccines, proteins, and monoclonal antibodies). Oral administration of biologics has
encountered numerous challenges primarily due to their low stability within the
gastrointestinal tract. The low stability is caused partially by their natural
characteristics and partially because of the complicated system from the
gastrointestinal system. This situation is similar to probiotics. Therefore, there is a
possibility that EC oleogels can also be the controlled release delivery system for
biologics.

Lastly, there is more that can be done on the commercial aspect. In this thesis, a
commercial model probiotic (L. reuteri) was applied in a model delivery situation.
And there already exist lots of successful commercial products of this probiotic. It
would be interesting to apply EC oleogels to new probiotic strains, for example, the
ones that have more restrictive protection requirements, e.g., strict anaerobic
probiotics. During formulation development, we have shown that the controlled
release function can be easily tuned by adding different excipients. This can be very
helpful as different bacteria may require different target location, e.g., the stomach,
later part of the small intestine, and colon.
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