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Abstract

Background and objective: Capsaicin, the bioactive component in hot chilli
peppers, has been demonstrated to induce reversible opening of epithelial
cellular tight junctions. The aim of this research project was to study the
formation of capsaicin nanoparticles and assess their potential as a Pickering
emulsifier in o/w systems formed by the solvent displacement method. This
microstructural approach could attenuate the drawbacks (e.g. pungency, low
water solubility and cytotoxicity at high concentration) of capsaicin while at the
same time exert its effect as a potential drug delivery enhancer through
paracellular pathway.

Methods: To synthesize highly monodispersed capsaicin nanopatrticles, the
equilibrium and the solubility behaviour of capsaicin were studied in the
ternary system: capsaicin-water-ethanol to identify the ouzo region. Then, a
capsaicin-based nanoemulsion was formulated and characterised. The
microstructure of the system has also been evaluated. Finally, assessments
of cell cytotoxicity and permeability were carried out by monitoring impedance
measurements in MDCK Il cell monolayers.

Results: Highly monodispersed capsaicin nanoparticles were formed in the
ouzo region. Stable capsaicin-based nanoemulsions were also developed by
the solvent displacement method while harnessing the ouzo effect. However,
TEM images seemed to suggest that the mechanism of stabilisation of
nanoemulsion might be different to the Pickering stabilization. In vitro
cytotoxicity and permeability studies revealed that the nanoemulsion
attenuated the cytotoxic effect of capsaicin on MDCK Il cells and modulated
the reversible tight junctions opening.

Conclusions: This study provides new insights into the development of o/w
emulsions with capsaicin and may lead to novel oral drug delivery
applications.
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Chapter 1
Introduction

Drugs can be delivered into the body by various routes as depicted in Figure
1.1. Compared to other routes of administration (ROA), oral drug delivery has
been used most frequently due to its simplicity, sustained delivery,
convenience and patient compliance (Homayun et al., 2019). However, this
administration route is complex due to the absorption of drugs occurring in the
gastrointestinal tract (Gl tract). Multiple levels of barriers must be overcome
before drugs reach their sites of action, which leads to low bioavailability of
some drugs.

Ocular delivery

- Drops, bioadhesives Intravenous delivery

- Injection

Buccal delivery Intramuscular delivery
- Mucoadhesive, spray - Depot
Sublingual delivery Subcutaneous delivery
-Tablets - Depot, implant

) Transdermal delivery
Oral delivery - Patch, cream, spray
- Capsule, pill

Pulmonary/Nasal delivery
- Aerosol, spray

Vaginal/rectal delivery
- Gel, suppository

Figure 1.1 Routes of drug administration (National Pain Centers, 2019).

Barriers for poor bioavailability of oral drug delivery are as follows: (a) the
mucus layers and the epithelium of intestinal mucosa form physiological
barriers for the passage of drugs; (b) biochemical barriers consisting of
metabolizing enzymes and efflux systems that can degrade drugs, are
obstacles for drug delivery as well (Kiptoo et al., 2016); (c) the
physicochemical properties of a drug determining its solubility and membrane
permeability. According to biopharmaceutical classification system (Table
1.1), low water solubility or low membrane permeability of drugs in class Il and
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class lll can be chemical barriers to limit their oral bioavailability (Svenson,
2004).

Table 1.1 Drug classification by biopharmaceutical classification system
(Amidon et al., 1995).

High permeability Poor permeability

High solubility Class | Class 1l

Poor solubility Class I Class IV

Thus, there is a need to prevent drug degradation and enhance drug
absorption through oral delivery. Nanocarriers are investigated extensively to
provide an alternative solution to administer active pharmaceutical ingredients
(API) with improved bioavailability and therapeutic effect (Sharma et al.,
2016). Due to their high surface area to volume ratio, this kind of drug delivery
systems has the ability to enhance solubility and cellular contact, resulting in
higher bioavailability in the Gl tract (Zhang et al., 2013). Besides, they can
also provide additional benefits such as improved pharmacokinetics and
biodistribution, site-specific delivery, controlled release and attenuated dose-
related toxicities (Din et al., 2017). Nanocarrier systems like liposomes,
micelles, emulsions, nanoparticles and capsules are widely used for drug
delivery. The formulations and applications of these carriers have been
broadly reviewed in many papers (Zhang et al., 2013; Svenson, 2004; Sharma
et al., 2016) and their structures are shown in Figure 1.2.

Polymeric Solid lipid Nanogels
nanoparticles nanoparticles

Micelles

o 3.0
000 o0

Nanoemulsions Nanocrystals Dendrimers Nanospheres Carbon nanotubes

Figure 1.2 Structures of different nanocarrier systems (Zhang et al., 2013).
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Compared to other nanocarriers, nanoemulsions (NESs) are easier to prepare
and have a higher drug loading capacity (Patel et al., 2017). NEs have been
widely used as a vehicle for poorly soluble drugs since they can enhance the
bioavailability by protecting the encapsulated APl and enhancing its solubility.
Besides, they can also mask the possible unpleasant taste or texture, making
them more acceptable for oral delivery (Lachman et al., 1986). Generally, they
are colloidal dispersions of two immiscible liquids, oil and water, with/without
surfactants, forming oil-in-water (o/w) or water-in-oil (w/0) systems with the
size of droplets less than 200 nm (Shaker et al., 2019). Due to the positive
Gibbs free energy required to increase the water/oil interfacial area,
nanoemulsions have a higher free energy than the phase separated state.
Thus, they are thermodynamically unstable. However, nanoemulsions are
kinetically stable due to their extremely small particle size. Those patrticles are
involved into Brownian motion, thereby preventing gravitational separation
(creaming/sedimentation) or droplet aggregation (coalescence/flocculation)
(McClements, 2021). The Ostwald ripening, which describes the growth of
large droplets at the expense of smaller ones, is the main issue for their
stability (Anton and Vandamme, 2011). This mass transport process is
typically driven by differences in chemical potentials for the solutes in droplets
of different sizes. Those smaller droplets have higher chemical potentials and
greater solubility than larger droplets, leading to molecular diffusion from
smaller droplets to larger droplets because of the concentration gradient.
Using a compound less soluble in the continuous phase as the dispersed
phase can decrease the rate of Ostwald ripening (Koroleva and Yurtov, 2012).

Recent progress has shown that Pickering emulsions, stabilised by solid
particles, have the ability to slow down Ostwald ripening and display higher
stability (Whitby and Wanless, 2016). This kind of emulsions can also avoid
the use of traditional surfactants, leading to higher safety for In vivo usage.
These systems have gained substantial traction given their applications in
various areas such as foods, pharmaceuticals and cosmetics.

Capsaicin is a natural alkaloid occurring in hot chilli peppers of Capsicum
family and it is responsible for the pungency sensation. As one of the
predominant capsaicinoids, it exerts various biological properties such as
chronic pain relieving, body temperature regulation and obesity reduction,
among others. Previous researches have demonstrated that capsaicin
treatment induced reversible tight junction opening. Though the underlying
mechanisms are under extensive investigation and not fully understood yet,
capsaicin has been suggested as a new type of paracellular permeability
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enhancer to enhance the delivery of hydrophilic macromolecular drugs across
biological barriers.

The overall goal of this project was to assess the formation of a novel
capsaicin-loaded NE system by the solvent displacement method. Highly
monodispersed and stable capsaicin nanopatrticles were obtained within the
ouzo region of a ternary phase diagram (ethanol-water-capsaicin). We
hypothesized that the capsaicin nanoparticles generated would be adsorbed
simultaneously at the oil/water interface to form a Pickering emulsion favoured
by the nanosize of the particles created. The advantage of this approach
would be low energy input, absence of surfactant and simplicity for its
formation at laboratory scale. NEs in this case, were produced only in one
step due to the rapid diffusion of the organic phase into the aqueous phase
and the supersaturation of hydrophobic solutes.
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Chapter 2
Literature Review

2.1 Introduction

In this chapter, a broad review of relevant literature about capsaicin and
capsaicinoids, Pickering emulsions, solvent displacement and the ouzo effect,
cellular tight junctions is included to provide background knowledge and set
the motivation behind this work and fundamentals for its development.

2.2 Capsaicin and capsaicinoids

Capsaicinoids are a group of non-volatile alkaloids present in Capsicum. They
are hydrophobic, colourless, odourless, crystalline and responsible for
pungent and hot sensations of chilli peppers. To date, there are about 25
different natural capsaicinoids identified (Valim et al., 2019). Capsaicin and
dihydrocapsaicin, comprising about 90% of capsaicinoids in chilli peppers, are
the two major ones. Other capsaicinoids include homocapsaicin,
homodihydrocapsaicin, norcapsaicin and nordihydrocapsaicin, among others.

The content of capsaicinoids in chillies directly affects their pungency which
can be either assessed precisely by analytical methods such as high-
performance liquid chromatography (HPLC) with UV or fluorescence
detection, or roughly estimated by sensory determinations and the Scoville
scale. The Scoville heat units (SHU) is the number of times the chilli extract is
diluted until no detectable heat is perceived through the sensory test (Scoville,
1912). The sweet bell pepper for example, is zero SHU while the habanero
pepper, one of the hottest chillies, is 200,000—300,000 SHU. Pure capsaicin
and dihydrocapsaicin are 16 million SHU, nearly twice the pungency
compared to other capsaicinoids (Juturu, 2016).

2.2.1 Chemical structure

Capsaicinoids are from the vanilloid family and they share a similar structure
comprising a vanillyl group and C9-C11 branched chain fatty acid with an
amide group (Hayman and Kam, 2008). Figure 2.1 shows the chemical
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structures assigned to the six main capsaicinoids. They are different in the
length of the branched chain fatty acids or the number of unsaturation.

U\ CH3
O/\ Capsaicin Dihydrocapsaicin Hy

H,C” j@/\ w CH,
HO Homocapsaicin

Homodihydrocapsaicin

(0] CH, 0O CH,
oo W\
HEC’OU\NWCHQ H,C u CH,
HO Norcapsaicin HO Nordihydrocapsaicin

Figure 2.1 Chemical structures of six main capsaicinoids (Kulkarni et al.,
2017).

2.2.2 Functional properties and biological effects of capsaicin

Capsaicinoids, especially capsaicin, play an important role in food and
pharmaceutical industries. It is essential to understand its biological and
physiological activities. Many articles have reviewed the health benefits of
capsaicin such as pain management, anti-cancer, anti-obesity and cardio-
protective effect.

It is well known that the burn and pain sensation caused by hot chilli peppers
is mainly due to capsaicin, which is an agonist that can bind to the transient
receptor potential vanilloid 1 (TRPV1). TRPVL1 is also a receptor for other
physical and chemical stimulus such as zingerone, noxious heat (> 43°C), low
pH, voltage and lipids, leading to pain sensations (Jara-Oseguera et al., 2008;
Tominaga and Tominaga, 2005). This phenomenon is called nociception.
TRPV1, a nonselective cation channel with high permeability to Ca?*, can be
found in many sensory nerve fibres as well as non-neuronal tissues such as
kidney, bladder (Jara-Oseguera et al., 2008; Du et al., 2019). As Figure 2.2
shows, TRPV1 consists of six transmembrane domains, a pore-forming
hydrophobic region located between the fifth and sixth transmembrane
domains and intracellular N and C terminal tails. Since capsaicin is
hydrophobic, it can cross the cell membrane and interact with the cytoplasmic
domain of the third and fourth transmembrane proteins on TRPV1. The
binding is via hydrogen bonding and Van der Waals interaction with a
“hydrophobic tail up, vanillyl head down” configuration (Du et al., 2019; Yang
and Zheng, 2017; Fattori et al., 2016). Then TRPV1 is activated via
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phosphorylation by protein kinases, leading to calcium influx and the release
of neuropeptides (substance P) (Lu et al., 2020). While the dephosphorylation
of the receptor and depletion of substance P by an intracellular Ca?*-
dependent mechanism, result in a decrease in receptor sensitivity (Smutzer
and Devassy, 2016; Kaiser et al., 2017). Therefore, the repeated exposure of
TRPV1 to capsaicin can lead to the desensitization of this receptor, allowing
the utilisation of capsaicin and its analogues topically to relieve muscle and
joint pains (Fattori et al., 2016).

Proe loop

Extracellular

Intracellular

NH:2

& Phosphorylation site /2, Anchor protein repeats
@» Calmodulin binding @ ATP binding

. TRP domain @ Phosphoinositide-binding site

Figure 2.2 Schematic diagram illustrating the structure of TRPV1 channel (Du
et al., 2019).

In addition, capsaicin may have the potential to improve cardiovascular health
due to its blood pressure regulation activity by enhancing the release of
neuropeptide calcitonin gene-related peptide (CGRP) through TRPV1
activation (Peng and Li, 2010). In this case, other mechanisms have also been
discovered, such as a decrease in lipid storage, attenuating atherosclerosis
(Ma et al., 2011), reducing platelet aggregation (Almaghrabi et al., 2016),
among others.

Moreover, capsaicin has a beneficial role in weight loss and obesity reduction
where it has been shown that satiety and fullness can be enhanced by addition
of capsaicin to the diet (Westerterp-Plantenga et al., 2004). Furthermore,
many studies have reported that capsaicin could target multiple signalling
pathways and modulate gene expression involved in the proliferation,
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apoptosis and metastasis of tumour or cancer cells, suggesting the anti-
cancer potential of capsaicin against various human cancers (Clark and Lee,
2016; Cho et al., 2017).

Recently, many experiments have demonstrated that capsaicin induced
reversible epithelial cells tight junctions opening (Kaiser et al., 2015; Salama
et al., 2006). Reversible opening of tight junctions would benefit the
therapeutic effect since it avoids the entry of metabolic waste as well as the
leakage of important proteins and nutrients for too long time. Therefore, it
offers an opportunity to mediate cell permeability and enhance the absorption
of hydrophilic macromolecular drugs through the paracellular pathway.
Further explanation to this is provided within section 2.3.3.

Though capsaicin has a variety of pharmacological properties, clinical
applications have been limited due to its strong pungency, low water solubility
and cytotoxicity at higher doses. Delivery systems such as liposomes,
micelles, nanoemulsions have been developed to encapsulate capsaicin in
order to enhance the oral bioavailability as well as to relieve the irritation in
the gastrointestinal mucosa (Lu et al., 2020). Other studies have also led to
the discovery of non-pungent analogues such as capsiate, dihydrocapsiate
(Kobata et al., 1998) and palvanil (Luongo et al., 2012). Also, non-pungent
glycosylated capsaicin derivatives have been obtained by biotransformation
methods using plant cultured cells (Kometani et al., 1993).

2.2.3 Capsaicin as cell tight junctions modulator

Many studies have been conducted to elucidate the mode of action behind the
effect of capsaicin on cell permeability. Among these studies, human colon
adenocarcinoma (Caco-2) and Madin-Darby Canine Kidney (MDCK) cell
monolayers are most intensively used as in vitro models to evaluate cell
permeability, since they form strong tight junctions and are easy and rapid to
cultivate (Volpe, 2011).

A research group in Japan uncovered the mechanism underlying the tight
junctions opening action of capsaicin in intestinal Caco-2 cells. It was
demonstrated that cell permeability was increased with a high concentration
of capsaicin from 200 to 500 uM after 45 min. By monitoring intracellular Ca2*
and Lactate Dehydrogenase (LDH) activity, they confirmed that this level of
capsaicin concentration was safe to the cell monolayer (Isoda et al., 2001). In
a later study, they found that cell permeability, assessed by TEER
(transepithelial/transendothelial electrical resistance), can be completely
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recovered with 100 uM capsaicin treatment as Figure 2.3a showed (Han et
al., 2005). But they did not test the reversible effect of capsaicin treatment at
higher concentrations.

TER (relative valuc)

04"

b 1.51
= Control

125 uM
- 150 uM
= 250 uM
=500 pM

750 uM
== 1000 uM

1500 pM

Figure 2.3 Effects of free capsaicin on TEER along with time. (a) Relative
TEER in Caco-2 cells, capsaicin concentrations were 0 uM (open boxes),
100 uM (filled boxes), and 1 mM (open triangles) (Han et al., 2005). (b)
Normalized TEER in MDCK-C7 cells (Kaiser et al., 2015b).

As for the mechanism, the binding between capsaicin and its vanilloid receptor
was initially suggested (Isoda et al., 2001). After that, they revealed that the
decrease in the amount of flamentous actin (F-actin) and heat shock protein
(HSP47) expression happened during capsaicin-induced tight junctions
opening (Han et al.,, 2002). But for the reversible effect, they showed that
ribosomal protein P2 was expressed significantly leading to the activation of
elongation factor 2, which stabilized F-actin (Han et al., 2005). Cofilin is one
of the actin-depolymerizing factors and activation of cofilin was found to
correlate with Ca?* influx induced by capsaicin (Nagumo et al., 2007). Further,
they suggested that relocation of F-actin, ZO-1 and Claudin-1 happened along
with actin alteration after capsaicin treatment. These results showed that
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cofilin is the key factor in tight junctions opening in epithelial cells (Nagumo et
al., 2008).

Studies in MDCK-C7 cells showed that TEER increased and peaked during
the first 20 min, and then decreased in a capsaicin dose-dependent manner.
After 24 h, the TEER recovered to the original values except when the
concentration of capsaicin exceeded 500 uM (Figure 2.3b). An MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay indicated that
capsaicin exhibited cytotoxicity when the concentration was higher than 300
MM. However, capsaicin-loaded nano-formulations such as nanoemulsions
and nanocapsules can substantially attenuate the decrease of TEER, which
allows the application of higher concentrations of capsaicin (Kaiser et al.,
2015).

They also investigated the effect of capsaicin derivatives on MDCK-C7 cells
and found that less lipophilic vanilloids showed a rapid effect on TJ opening
after administration. In this case and opposite to Caco-2 cells, the TRPV1
receptor is not necessarily required to induce this effect in MDCK-C7 cells
since Ca?* influx was not observed (Kaiser et al., 2016b).

Similarly as in Caco-2 cells, dephosphorylation of cofilin and depolymerization
of actin were also found along with tight junctions opening in MDCK Il cells.
Even more, the depolymerization of actin mainly occurred at bicellular tight
junctions and there was a shift in the location of F-actin to the apical side as
illustrated in Figure 2.4. This kind of actin alteration was found to be capsaicin-
specific. Besides, they did not observe any change in the location of protein
with the treatment of capsaicin, but the amount of occludin decreased
significantly (Shiobara et al., 2013).
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Figure 2.4 Effects of capsaicin on the actin depolymerization and distribution
of F-actin (Shiobara et al., 2013).
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In MDCK I cells, Ca?* influx was found to be relevant to other channels.
Further report showed that the activation of transient receptor potential cation
channel, subfamily A, member 1 (TRPA1) channel, rather than TRPV1 was
involved in the reversible tight junctions opening by capsaicin (Kanda et al.,
2018). In their study, TRPA1 was found to be responsible for the Ca?* influx
and they confirmed that actin reorganization was responsible for the
reversibility. TRPAL is another ion channel in the transient receptor potential
(TRP) family, and it can be activated by several electrophilic compounds (such
as mustard oil) due to their binding to TRPA1 cysteine residues. Later, they
also discovered that transient receptor potential vanilloid 4 (TRPV4) channel
activation induced rapid Ca?* influx as well as a reversible increase in
paracellular permeability in MDCK |l monolayers, but this was induced by a
synthetic agonist GSK instead of capsaicin (Mukaiyama et al., 2019).

A recent study investigated the influence of capsaicin on the integrity of
microvascular endothelial cell monolayers with murine endothelial capillary
brain cells (line cEND). In this, it was also observed the redistribution of the
actin skeleton. In addition, the location of Claudin-5 as well as ZO-1 was
changed (Kaiser et al., 2019).

In general, the mechanism for capsaicin-induced reversible tight junctions
opening is partially understood and varies in different epithelial cells.

2.3 Pickering Emulsions

Pickering emulsion (PE) is a kind of emulsion stabilised only by solid particles
adsorbed at the interface between two immiscible liquids. It is now well
established that these solid particles form a steric barrier at the interface,
resulting in high stability against coalescence for months or even years
(Monégier du Sorbier et al., 2015). Once attached to the interface, the energy
needed to remove the particles may be considerably large. Depending on the
size and contact angle of the particles, this energy can reach thousands of kT.
Therefore, the particle absorption is considered to be irreversible in many
situations (Hunter et al., 2008; Linke and Drusch, 2018). This high desorption
energy is also the reason for the higher stability of PE compared to surfactant-
stabilised emulsions (Zembyla et al., 2020). However, it is possible to detach
these particles using external magnetic or electrically fields when magnetic or
electrically polarisable particles are used as stabilizing agents in the PE
(Ettelaie and Lishchuk, 2015).
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Many different types of solid particles can serve as stabilizing agents such as
Hydroxyapatite, silica, clay, chitosan, magnetic nanoparticles, cyclodextrin,
nanotube (Yang et al., 2017). Some food-grade nanoparticles, for example,
starch, soy protein, whey protein, have also been commonly used. PE, either
o/w, w/o or multiple, is singled out from classical ones, by the absence of
surfactants (Albert et al., 2019). Due to this, PE exhibits not only superior
stability, but also low toxicity and less pollution to the environment.
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Figure 2.5 Mechanism of two types of Pickering emulsions (Albert et al.,
2019).

The type of the PE formed is determined by the wettability of solid particles at
the interface. The better wetting liquid becomes the continuous phase while
the other one becomes the dispersed phase. The wettability of solid particles
can be determined by measuring the three-phase contact angle, which is an
angle measured in the water phase at the three-phase boundary of solid
particles, continuous phase and dispersed phase. As Figure 2.5 shows, oil-in-
water (o/w) emulsions will form if © is less than 90- (e.g., silica, clay) while
water-in-oil (w/o) emulsions form when 8 is greater than 90- (e.g., carbon
black). When 8 is exactly 90°, particles are immersed equally into each phase
and there is no preferential formation. Whether o/w or w/o emulsions result
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depends on the particle and solution properties such as particle concentration
(Hunter et al., 2008; Albert et al., 2019). The type of the Pickering emulsion
could possibly be modified by adjusting the volume ratio of the dispersed and
continuous phase (Ortiz et al., 2020). However, PE tends to be unstable when
phase inversion happens.

Emulsification methods to manufacture PE were summarised and compared
by Albert et al. (2019). High shear process such as high-speed
homogenization, high-pressure homogenization and sonication are commonly
used to produce PE. In addition, low shear techniques such as membrane
emulsification and microfluidic emulsification has also been applied to prepare
PE. Each emulsification technique has its own characteristics in terms of set-
up, operation, emulsion properties and energy consumption. High shear
process has the advantage of quick and easy set-up, while low shear
techniques would benefit from better quality of the emulsion. Usually, particle
characteristics such as size, polymorphism and shape are modified first by
breakdown technology (bottom-up approach or top-down approach) to obtain
better Pickering stabilization. And then nanoparticles are utilised to fabricate
emulsions (Aditya et al., 2017).

Certain requirements in terms of wettability and size should therefore be met
for these solid particles to serve as stabilizers. The size of solid particles
should be smaller at least an order of magnitude than the dispersed phase in
emulsion (droplets). Besides, the stability of Pickering emulsion would be
affected by many parameters such as the solid particle concentration, surface
charge and wettability (Chen et al., 2020).

2.4 Solvent displacement and the ouzo effect

Solvent displacement, also known as nanoprecipitation, has long been known
to prepare polymeric nanoparticles (Fessi et al., 1989). It is a one-step
manufacturing process with advantages such as occurring instantaneously,
being reproducible and economic for the formation of nanoparticles. In
addition, the nanoparticles produced are monodisperse and have a high drug
loading capacity. During the process, an organic solvent that is miscible in
water at all ratios is used to dissolve a hydrophobic solute. As shown in Figure
2.6, the organic phase (organic solvent + hydrophobic solute) is then injected
quickly to the aqueous phase under mild stirring conditions and nanoparticles
form instantly upon solvent evaporation in a rotary evaporator. The removal
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of the organic solvent from nanopatrticle suspension could enhance stability
against Ostwald ripening and/or reduce toxic effect for biological applications
(Kumar and Prud’homme, 2009).
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Figure 2.6 Schematic diagram of the solvent displacement method (Ye and
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Figure 2.7 Schematic Gibbs free energy profile of spontaneous emulsification
process (Solans et al., 2016).

This method requires low energy and it forms nanoparticles by spontaneous
emulsification taking the advantage of internal chemical energy of the system
(Anton and Vandamme, 2011). In spontaneous emulsification, as indicated in
Figure 2.7, the immiscible liquids are not in equilibrium, gradients in chemical
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potential between the phases may originate negative values of free energy of
emulsification and emulsification is produced spontaneously.

The mechanism of nanoparticles formation was firstly explained by the well-
known Marangoni effect (Fessi et al., 1989; Galindo-Rodriguez et al., 2004),
which considers interfacial turbulence between two non-equilibrated phases
as the driving force. Later on, the ouzo effect was discovered to describe the
process of creating metastable liquid-liquid dispersions with hydrophobic
solute, solvent and non-solvent, which is responsible for the turbidity appeared
in some aperitifs such as Ouzo and Pastis (Vitale and Katz, 2003). This effect
has been referred as the driving force of solvent displacement by recent
publications (Francois and Katz, 2005; Beck-Broichsitter et al., 2010). Once
the organic phase and aqueous phase are brought into contact, the solvent
contained in the organic phase rapidly diffuses into the aqueous phase. The
mixed binary solution becomes a non-solvent for the hydrophobic solute.
Local supersaturation of hydrophobic solute leads to its spontaneous
nucleation and growth in the form of small particles. Growth stops when the
aqueous phase is no longer supersaturated with the hydrophobic solute.
Polymeric nanoparticles are formed when polymers act as hydrophobic solute
(Francois and Katz, 2005).
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Figure 2.8 Ouzo region in the phase diagram of water, solute, solvent (Botet,
2012).

In the ternary phase diagram (Figure 2.8), the ouzo region is generally located
in a very narrow area corresponding to low solute and low solvent fraction. In
addition, this region is located between the spinodal and the binodal curves
where a metastable dispersion can be generated. The binodal curve describes
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the miscibility limit as a function of composition and it separates the conditions
where are thermodynamically favourable for the system to be fully mixed
(single phase region) or phase separated (two-phase region). While the
spinodal curve shows the limit of thermodynamic stability with respect to small
fluctuations in composition and density. Within the curve, small fluctuations
would lead to phase separation via spinodal decomposition (i.e. the different
pure phases appear spontaneously). Outside the curve but within the two-
phase region is the metastable area, where phase separation goes by
nucleation and growth (Botet, 2012; Vitale and Katz, 2003). If there are large
kinetic barriers to the phase separation, it is possible for a system to exist for
a long time in the metastable state, even though the Gibbs free energy is not
minimized.

To determine which factor is more relevant to the solvent displacement
method, a study was carried out to evaluate the effect of several parameters
like: solvent type, mixing speed of polymer solution with non-solvent phase,
polymer molecular weight, concentration and viscosity of polymer solutions,
and interfacial tension of the non-solvent phase) on the production of
nanoparticles. It was found that factors to do with the ouzo effect such as
diffusion coefficient and supersaturation are more influential than interfacial
tension, though they all affect the size and polydispersity during the formation
and storage of particles (Beck-Broichsitter et al., 2010; Lepeltier et al., 2014).

According to previous studies (Aschenbrenner et al., 2013; Francois and Katz,
2005; Vitale and Katz, 2003; Lepeltier et al., 2014), two features are relevant
to the ouzo effect: (1) The ouzo effect produces particles with narrow size
distribution. The size of particles is determined by the concentration of solute
in the organic phase, or more accurately, the ratio of excess solute to solvent.
In the ouzo region, smaller particles are formed when solute concentration is
lower and larger particles are formed when solute concentration is higher. This
is due to the occurrence of nuclei aggregation at higher solute concentrations.
More nuclei are present at higher supersaturations, resulting in larger
particles. When working at lower supersaturation, nuclei are dispersed in a
very diluted state so that nucleation and growth is the dominant mechanism.
(2) The particles produced in the ouzo region are relatively stable without the
presence of surfactant. Several factors might be involved in the stability of
nanoparticles. The size of the particles is generally in the submicrometer
range. Those particles are small enough so that creaming/precipitating is
slow, especially when the density of the solute is close to that of water. In
addition, Ostwald ripening can be greatly retarded when the solute is very
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insoluble in water, the size is homogeneous and the organic solvent is
removed from the aqueous phase. Besides, the further aggregation may be
limited if nanopatrticles display hydrophilic moieties or non- zero zeta potential
(Lepeltier et al., 2014).

All in all, the ouzo effect can be taken advantage to synthesize small and
stable nanoparticles with a very narrow size-dispersity. The advantages of
producing nanopatrticles within the ouzo region are the low energy required for
their production and the absence of stabilising agent.

2.5 Cellular tight junctions

Tight junctions can be found both in the epithelium and endothelium of many
tissues. In multicellular organisms, the epithelium and endothelium form
physical barriers between the environment and the body. The integrity of these
barriers is maintained by intercellular junctions including tight junctions,
adherence junctions and desmosomes, while gap junctions are responsible
for intercellular communication (Figure 2.9). Moreover, the functional barriers
also regulate the transportation of essential substances across the cell layers.
Figure 2.10 shows the paracellular transport along with transcellular transport
(passive diffusion, transcytosis as well as carrier-mediated uptake and
diffusion) that allows the selective uptake and transport. Paracellular transport
is the main route for hydrophilic drugs such as peptides and proteins, while
transcellular transport is the main one for lipophilic drugs (Salama et al.,
2006).

— Tight junctions
—— Adherence junctions
— Desmosomes

— Gap junctions

Figure 2.9 A schematic drawing of intercellular contacts between
neighbouring cells forming barriers (Lea, 2015).
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Figure 2.10 Different modes of transport through cell layers: (1) paracellular
transport, (2) passive diffusion, (3) vesicle-mediated transcytosis and (4)
carrier-mediated uptake and diffusion (Lea, 2015).

As the most apical part of intercellular junctions, tight junctions play an
important role in sealing the paracellular space and controlling the paracellular
transport of ions and molecules in a charge and size selective manner (Weber,
2012). It has been reported that solutes with molecular weights over 3.5 kDa
cannot be uptake through this way, due to the dimensions of the paracellular
space (Salama et al., 2006).

2.5.1 Molecular architecture of tight junctions

Tight junctions are macromolecular complexes containing more than 40
different proteins that create an interconnected network, with functions of
linking adjacent cells, regulating paracellular transport as well as signalling
processes such as gene expression, cell proliferation and cell polarity
(Schneeberger and Lynch, 2004; Zihni et al., 2014).
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Figure 2.11 Molecular composition of tight junctions (Niessen, 2007).
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Although these contain lots of proteins, the basic molecular composition of
tight junctions is shown in Figure 2.11. Generally, tight junctions consist of two
classes of proteins:

1) the structural transmembrane proteins which have the potential to mediate
cell-to-cell adhesion;

Occludin and tricellulin, sharing similar structure, are four-span
transmembrane proteins that regulate the signalling pathways of tight
junctions. However, tricelluin only appears at tricellular tight junctions and it
Is essential for the formation of tight junction structure, while occludin is not
directly involved in the barrier formation according to previous literature
(Steed et al., 2009).

The claudin family (at least 24 members) also has four transmembrane
domains but no sequence similar to occludin, playing a crucial role in the
formation of tight junction strands, agueous pores or channels. Different
expression pattern of claudins at tight junctions are thought to be the reason
for variations in the barrier property like iron or size selectivity in different
epithelium and endothelium (Tsukita et al., 2001; Niessen, 2007)

The single-span protein family of junctional adhesion molecules (JAMS) is the
third group of the structural transmembrane proteins. This IgG-like family may
participate in cell adhesion, barrier formation or cell polarization by recruiting
polarity protein complexes (Vermette et al., 2018; Niessen, 2007).

2) the scaffolding proteins which provide links between structure
transmembrane proteins and actin-based cytoskeleton (Niessen, 2007).

Many different scaffolding proteins ( the zonula occludens proteins, cingulin,
MAGI 1-3, PAR 3/6, Pall, PATJ, MuPP1 and others) form a cytoplasmic
plague. These proteins contain multiple interaction domains to interact
directly between transmembrane proteins and actin. The zonula occludens
proteins ZO-1, ZO-2, and Z0O-3 are an important group of tight junctional
scaffolding molecules, which can interact directly with occludin and claudins
via their PDZ domains, while their C-terminus can associate with actin
(Schneeberger and Lynch, 2004).

This basic structure helps to maintain the integrity of tight junctions. However,
it is well known that this structure is not static and the dynamics are linked to
its barrier function (Weber, 2012).
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2.5.2 Enhancing drug delivery via modulation of tight junctions

While the barrier function of tight junctions contributes to the correct
functioning of the organism, it is also a challenge in oral drug delivery to pass
through intestinal barriers, especially for the delivery of hydrophilic drugs or
macromolecules to the systemic circulation or to the central nervous system.
Therefore, permeability enhancers such as surfactants (e.g. Sodium dodecyl
sulfate (SDS), Tween 80), chitosan, bile acid salts, fatty acids (e.g. sodium
caprate), multicarboxylic acids (e.g. ethylenediaminetetraacetic acid (EDTA))
and capsaicin are intensively studied for poorly permeable molecules (Ibrahim
et al., 2020).

Ideally, a permeability enhancer should act in a non-invasive way when the
drug is at the absorption site. However, most of the enhancers are targeted to
increase permeability through the transcellular route, leading to mucosal
damage or plasma membrane disruption (Aungst, 2012). It is important that
the increase in permeability is transient and safe. Compared to the disruption
of cell membrane structure, it seems that reversible opening of TJs through
paracellular pathway would be safer.

Recently, some peptides derived from zonula occludens toxin, or Clostridium
perfringens enterotoxin (Deli, 2009; Bocsik et al., 2016), chitosan (Yeh et al.,
2011), capsaicin (Shiobara et al., 2013; Kaiser et al., 2019) have been
confirmed for their ability of mediating reversible opening of tight junctions.
These kind of modulators can enhance drug delivery across epithelial barriers
and the blood—brain barrier. They can also provide a potential way to enable
the oral administration of proteins and peptides.

2.5.3 Methods to investigate integrity of cellular tight junctions

Since tight junctions regulate the paracellular transport, it is necessary to
assess the cell permeability and drug absorption under different stimulus.
Therefore, different types of techniques have been developed to evaluate the
integrity of tight junctions.

Transepithelial/transendothelial electrical resistance (TEER) measurements
are frequently used to quantify the integrity of cellular barriers. TEER primarily
reflects the permeability of paracellular pathway to ions like Na*, CI, K* and
HCO3'. This measurement can be conducted on cells growing on filters with
a voltohmmeter and a pair of chopstick-style electrodes. But it has some
drawbacks, for example, TEER values measured with this device depends on
the position of the electrodes, and it may cause disturbance to cells when
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inserting them into the wells. Also an overestimation of TEER could happen
due to the inhomogeneity of the electric field produced by chopstick-style
electrodes across the cell layers. This can be reduced by the central
placement of electrodes, an increase in the medium volume and using inserts
with smaller area (Jovov et al., 1991). In addition, using an EndOhm chamber
to measure TEERs is more reliable as the device provides a more uniform
current density compared to handheld chopstick electrodes (Sheller et al.,
2017).

Compared to voltohmmeter, impedance spectroscopy is a more advanced
method to assess ion permeability, which analyses signal with a frequency
sweep rather than a single fixed frequency (Srinivasan et al.,, 2015).
Therefore, it can provide not only the TEER values but also the capacitance.
Besides, it is non-invasive and automated. In this, cells are grown on
permeable membranes to form monolayers and then transferred to a multi-
well device to perform electrical measurements by placing an electrode on
each side of the membrane and applying an AC voltage with a range of
frequencies. Figure 2.12A shows how the TEER, capacitance of the
monolayer (Cci), ohmic resistance of cell medium (Rmedium) and capacitance
of the electrodes (Cei) contribute to the total impedance of the system. Based
on the equivalent circuit (Figure 2.12B), the computer software can calculate
and process the TEER and capacitance as readout parameters.

There is an obvious correlation between permeability and TEER: tight cell
monolayers correlate with high values of TEER while high permeability
monolayers show low TEER values. As for the capacitance (Cci), it gives
additional information about the morphological changes and cell detachment.
Besides, cell viability can be estimated from the change in capacitance
(Benson et al., 2013; Lee et al., 2012).

However, the methods mentioned above do not discriminate between the
paracellular and transcellular pathway. This is very important when ion fluxes
via ion channels are involved in the process. Researchers have developed a
two-path impedance spectroscopy to differentiate between these two
pathways by reversible modulation of the paracellular pathway combined with
flux measurements of fluorescein as a paracellular marker (Krug et al., 2009).
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Figure 2.12 Typical impedance spectrum of a cell monolayer at different
frequencies (A) and the equivalent electrical circuit diagram (B). Z, the
total impedance; Cei, capacitance of the electrodes; Cci, capacitance of
the cell monolayer; Rmedium, Ohmic resistance of the medium; Rreer,
ohmic resistance of the cell monolayer (Benson et al., 2013).

Another method to investigate epithelial/endothelial barrier integrity is to
determine the permeability of certain hydrophilic substrates of varying
molecular weights, such as sucrose or dextran. Radioactive or fluorescently-
labelled substrates are preferred for easy analytical detection (Benson et al.,
2013). Permeability coefficient can be calculated to quantify the barrier
function. The permeability can be tested in two directions, from the apical side
to the basolateral side or vice versa. Transcellular pathways must be excluded
by specific inhibitors. Due to the non-invasive nature of TEER measurements
and their outstanding temporal resolution, the impedance spectroscopy is
often favoured over permeability assays to ensure barrier integrity.

In addition, there are many advanced imaging techniques investigating the
opening phenomenon itself. Electron microscopy and freeze fracture electron
microscopy are useful techniques for ultrastructural characterisation of the
tight junctions. When combined with immunolabeling, they can also be used
for protein localization (Johnson, 2005). High-resolution fluorescence
microscopy such as laser scanning confocal microscopy, has also been
attractive for the visualization of immuno stained tight junctions (Markov et al.,
2012).
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2.6 Aim of the project

Capsaicin is a multi-functional active compound with many biological exhibited
applications, especially its potential application as a paracellular permeability
enhancer. However, the application of capsaicin has some drawbacks
regarding its low water solubility, cytotoxicity at high doses and pungency.
Thus, many delivery systems have been developed to encapsulate capsaicin
in order to improve its oral bioavailability while at the same time attenuating
their irritating and sensitizing capacity.

Pickering emulsification, in which solid particles adsorb at in the interface to
stabilise emulsions, is a well-known technology conferring high resistance to
coalescence due to steric barriers formed by the solid particles. With the use
of edible, biodegradable and biocompatible solid particles, Pickering
emulsions have great potential to be used as therapeutic vehicles for drug
delivery. Usually solid particles using as Pickering emulsifiers have to be
modified first to decrease their large particle size and their irregular
morphology to increase its efficiency to stabilise the emulsion. Pickering
emulsions generally require high shear processes for their formation. The use
of capsaicin nanoparticles to stabilise emulsions has not been reported yet.

Solvent displacement is generally a simple, fast and spontaneous process to
produce nanoparticles. Under appropriate conditions, highly monodispersed,
small and stable nanoparticles can be synthesized. The ouzo region identified
within the ternary phase diagram satisfy such conditions. Normally, three
compounds are involved in this process, the hydrophobic solute, solvent and
non-solvent. The addition to the system of another hydrophobic solute such
as oil renders a more complex system.

Given the above background, the aim of this project is to evaluate the
suitability of capsaicin nanoparticles to stabilise the o/w Pickering emulsion. It
was hypothesized that when capsaicin and oil are both introduced into the
system, given the insolubility of capsaicin in oil, the formed capsaicin
nanoparticles during the process could potentially act as emulsifier by
adsorbing at the oil and water interface. This would provide a novel way to
produce Pickering emulsions avoiding the use of high shear energy. The
project also aimed to examine whether the obtained capsaicin-stabilised NE
influence the tight junctions of MDCK Il cell monolayers.

To achieve the above aim, the work is divided in the following parts:

1) A study of the solubility, phase equilibrium and recrystallization of
capsaicin in binary solvent mixtures of ethanol and water;
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2) Development of capsaicin nanoemulsions by Pickering stabilisation
harnessing the nanoprecipitation and the ouzo effect;

3) Preliminary assessment of the effect of capsaicin nanoemulsions on
the permeability of epithelial monolayers of MDCK 1l cells.
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Chapter 3
Materials and Methods

3.1 Materials

Capsaicin was purchased from two different suppliers Hello Bio (Bristol, UK)
& Sigma-Aldrich (from Capsicum sp. 95%, Steinheim, Germany). FTIR and
HPLC analysis showed both compounds are identical. Capsaicin from Sigma-
Aldrich was used for all studies except turbidity study and characterisation of
capsaicin nanoparticles, in which capsaicin from Hello Bio was used.
Pharmaceutical grade Miglyol®812, a mixture of medium-chain triglycerides,
was from Sigma-Aldrich (St Quentin-Fallavier, France). Ethanol absolute was
from VWR Chemicals (Lutterworth, UK). Milli-Q water, used throughout, was
from a Milli-Q Gradient water purification system (Millipore, Watford, UK).

3.2 Methods

3.2.1 FTIR and HPLC analysis of capsaicins from two suppliers.

Capsaicins from two suppliers were evaluated by Fourier transform infrared
spectroscopy (FTIR) and high-performance liquid chromatography (HPLC).
The FTIR measurements were performed between 650 and 4000 cm™ at 1
cm™ spectral resolution using a 4500 series portable FTIR Spectrometer (A2
Technologies, Danbury, USA). The data collection and analysis were
conducted using the Microlab PC software. 400 pg/mL of capsaicin-ethanol
solution was prepared with each capsaicin for HPLC analysis as described in
section 3.28.

3.2.2 Solubility study of capsaicin in solvent mixtures.

The equilibrium for capsaicin dissolved in binary solvent mixtures of ethanol
and water were studied at 25°C under atmospheric pressure. The temperature
was controlled using a water bath (Grant Instruments Ltd, Cambridge, UK)
and high performance liquid phase chromatography (HPLC, Shimadzu) was
employed for capsaicin detection in solution.

An excess of capsaicin (an amount above the maximum solubility of capsaicin)
was added to a glass vessel with a cap containing pure Milli-Q water at first.
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This was kept under magnetic stirring (LTE Scientific Ltd, Oldham, UK) set at
speed level 2 according to the dial selector switch during 3 h to ensure
equilibrium was reached. Then the saturated solution was allowed to stand for
about 1 h to enable any solids that were finely dispersed in the solution to
settle down. An aliquot of 400 uL from the supernatant was taken out while
being weighed on a 0.1 mg precision balance. Mass of the sample was
recorded. The aliquot was then filtered through 0.2 um PTFE syringe filters
(fisherbrand™, Fisher Scientific UK Ltd, Loughborough, UK). The sample was
diluted with ethanol to keep all components in solution.

To adjust the mass fraction of ethanol (0.1) in the solvent mixture, the required
mass of ethanol to add can be calculated as follows:

Mass of ethanol to add = mass of the solvent mixture after sampling(3054.4) x mass fraction

of water (1) / mass fraction of water (0.9) — mass of the solvent mixture after sampling(3054.4)

Ethanol was then added while being weighed in order to record the actual
mass of ethanol added. The actual mass fraction of ethanol cam then be
calculated as follows:

Mass fraction of ethanol = (Mass of the solvent mixture after sampling (3054.4) x mass

fraction of ethanol (0) + mass of ethanol added (323.3)) / mass of the solvent mixture (3377.7)

The system was stirred for another 3 h. Sampling taking a 400 uL was then
performed as protocol described above. Experimental data were recorded in
Table 3.1. After finishing all the tests, the samples were injected into an HPLC
system to determine the concentration of capsaicin in solution.

Table 3.1 Data of binary solvent mixtures of ethanol and water.

Mass of the
Mass Mass of Mass of the Mass of the
, solvent
fraction of ethanol solvent sample .
) mixture after
ethanol added (mg) mixture (mg) (mg) _

sampling (mg)

0 - 3453.0 398.6 3054.4

0.096 323.3 3377.7 389.9 2987.8

0.200 389.1 3376.9 383.2 2993.7
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3.2.3 Capsaicin nanoparticles preparation

Capsaicin was firstly dissolved in ethanol at three different stock
concentrations (1.25 mg/mL, 2.3 mg/mL and 10 mg/mL). A certain volume of
capsaicin ethanol solution was added into an Eppendorf tube containing water
and then mixed by pipetting up and down for 10 times at room temperature.
The total volume was 200 pL for turbidity measurements and 300 pL for size
characterisation.

3.2.4 Turbidity measurements

Samples were transferred to a flat base transparent 96-well plate (SARSTEDT
AG & Co, Numbrecht, Germany) with 200 pL per well for all the
measurements. Turbidity was measured at 25°C through the detection of
absorbance of light scattered at 600 nm (ODeoo) using a microplate reader
(Tecan Group Ltd., Mannedorf, Switzerland).

3.2.5 Nanoemulsions preparation

Table 3.2 Formulations of capsaicin-loaded NEs.

Capsaicin |
concentration  Capsaicin Water Miglyol®812
No. (mg/mL) solution (uL) (uL) (L)
1 1.25 896 9063 a1
2 1.25 1295 8664 a1
3 1.25 1660 8299 41
4 2.3 896 9063 41

Capsaicin was dissolved in ethanol at a concentration of 2.3 mg/mL. Briefly, a
specific volume of Miglyol®812 was mixed with a specific volume of capsaicin-
ethanol solution first to form the organic phase (see Table 3.2). This was
immediately poured into a large amount of water according to Table 3.2 in a
beaker under magnetic stirring (US 152, Stuart Equipment, Stone, UK ) at
speed level 4 at room temperature. The magnetic stirring is conducted for 10
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min with a parafilm covering the beaker to prevent ethanol evaporation. Then
the emulsion (milky dispersion) was concentrated in a rotary evaporator
(Heidolph Instruments, Schwabach, Germany) at 35°C until reaching a
desired volume of nanoemulsions to yield a final capsaicin concentration of ~
2.5 mM.

3.2.6 Particle size distribution and Zeta potential analysis

The particle size distributions, the mean particle diameter and the
polydispersity index (PDI) of all nano-formulations were measured by dynamic
light scattering (DLS) using a Malvern Zetasizer Ultra (Malvern Instruments
Ltd., Worcestershire, UK) at 25°C. Measurements were carried out using
disposable cuvettes and at 173° angle. Samples were diluted with Milli-Q
water prior to being tested.

Zeta potentials were measured at 25°C using a disposable folded capillary
electrophoretic cuvette (DTS1070, from Malvern Instruments Ltd.,
Worcestershire, UK) by mixed laser Doppler velocimetry and phase analysis
light scattering (M3—PALS).

A refractive index of 1.51 was used for capsaicin and 1.44 for Miglyol®812.
All measurements were performed in triplicate.

3.2.7 Transmission electron microscopy (TEM)

The morphology and size of the NE was analysed by TEM at the Astbury
Centre for Structural and Molecular Biology of the university of Leeds. TEM
was performed using a JEM-1400 Transmission Electron Microscope (JEOL
USA, Inc., Peabody, USA), running with a tungsten filament at 120 kV. The
images were captured on a Gatan 1 K CCD camera.

In order to increase the electron contrast, the samples were prepared via
negative staining. Briefly, 5 yL of the NE was pipetted onto a 3 mm diameter,
carbon coated, copper TEM grid. This was left for 1 minute to allow the
particles to adhere to the carbon film. A piece of Whatman no.1 filter paper
was used to wick away the excess of liquid from the sample and a 5 pL drop
of 1% uranyl acetate stain was deposited onto the sample and excess of liquid
again wicked off after 10 s.
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3.2.8 High-performance liquid chromatography (HPLC) with UV
and fluorescence detection

HPLC measurements were carried out using a Shimadzu Prominence HPLC
System (Shimadzu, Columbia, USA) comprising a model DGU-20AS
degasser, a LC-20 AD pump system, a SIL-20 AC auto-sampler, a CTO-20AC
column oven, a photodiode array detector system (SPD-20A) and a RF-20Axs
fluorescence detector.

Capsaicin was separated on a Kinetex C18 reversed phase column (5 pm,
100 A, 150x4.6 mm, OOF-4601-EO; Phenomenex, Torrance, USA).
Temperature in the oven was set to 30°C and the flow rate was set to 1.0
mL/min. A mixture of water and 20% (v/v) acetonitrile was used in isocratic
mode as the mobile phase. The mobile phase gradient was set as displayed
in Table 3.3. The injection volume was 20 uL. The detection wavelength was
set at chl: 282 nm, wavelength ch2: 360 nm for UV detection and excitation
wavelength of 280 nm and emission wavelength of 320 nm were set
respectively for fluorescence detection. The retention time of capsaicin was
at around 5.9 min. The software used to operate the system was
LabSolutions. The calibration curve prepared using standard solutions of
capsaicin was linear (R?=0.999) in the concentration range of 30 - 600 pg/mL.

Table 3.3 Mobile phase gradient for HPLC capsaicin method.

Time (mins) % Water % Acetonitrile
0 55 45
8 50 50
15 45 55
40 10 90
45 55 45
55 55 45

3.2.9 Determination of association efficiency

The nanoemulsions were partitioned using Viva Spin tubes (Vivaspin turbo 15
PES 30KD, Sartorius) by centrifugation (Rotina 380, Hettich GmbH & Co. KG,
Tuttlingen, Germany) at 3000 g-force for 1 h at 20 °C. The liquid passing
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through the membrane of vivaspin was collected and then filtered through a
0.2 um PTFE syringe filter (fisherbrand™, Fisher Scientific UK Ltd,
Loughborough, UK). HPLC system was used to accurately quantify the
amount of free capsaicin in solution. The association efficiency (AE) of
capsaicin was calculated as follows:

AE (%) = (Total capsaicin amount — Free capsaicin amount) x 100 / Total capsaicin amount

3.2.10 Emulsion stability tests

The stability of nanoemulsions under storage at room temperature was tested.
Both particle size and zeta potential were tested during five days.

3.2.11 Cell culture

Madin-Darby Canine Kidney (MDCK) Il cells (Batch 19G037, P-30) (ECACC,
public Health England, Salisbury, UK) were cultured in 75 cm? flasks using
DMEM (Invitrogen, Carlsbad, CA) supplemented with 5% FBS (Fetal bovine
serum) and 1% PEST (penicillin-streptomycin, 10000 units penicillin, 270000
units streptomycin in 0.9% NaCl). The cultures were maintained in an
incubator at 37°C with 5% CO2 (MCO-18AIC, Sanyo Electric Co., Ltd, Osaka,
Japan). Cells from passages 31-38 were used for all experiments. After
reaching microscopic confluence, the cells were washed with 10 mL
phosphate buffered saline (PBS) twice and trypsinized for 6 min with 8 mL
0.05% trypsin in EDTA (1X) buffer. After detachment, 10 mL of cell culture
medium was added to the trypsin buffer. The cell suspension was then
centrifuged at 2000 rpm for 5 min (Universal 320 R, Hettich GmbH, Tuttlingen,
Germany). The medium was removed and the cell pellet was resuspended in
cell culture medium. A 45 pL aliquot of cell suspension was diluted with 5 pL
trypan blue and the number of cells was counted with an improved Neubauer
chamber. The cells were then sub-cultured.

3.2.12 Electrical impedance measurements

Transepithelial electrical resistance (TEER) and capacitance (CcL) of cell
monolayers were measured using an automated CellZscope® instrument
(nanoAnalytics, Muinster, Germany). Cells were grown on translucent
transwell permeable supports (12 mm, 1 cm? growth area, 0.4 ym pore size;
Corning Inc., New York, USA). The supports were pre-wet with about 0.1 mL
of cell culture medium for at least 2 min. 1.5 mL of cell culture medium was
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transferred to the basolateral chamber. A 500 uL aliquot of MDCK I cells in
suspension was then seeded onto the membrane of the supports (~10° cells
per well). The plate was incubated with the supports at 37 °C and 5% CO: in
a humid atmosphere for 6 h (if seeding was carried out during the morning) or
16 h overnight (if the seeding was carried out at the end of the day). After this,
the apical medium was removed and replaced with 0.7 mL of cell culture
medium in order to remove non-adherent cells and reduce the risk of
multilayer formation. Each well in the instrument was then filled with 1.5 mL of
cell culture medium. The supports were finally transferred into the instrument
to monitor the growth of cells and the formation of the monolayer.

Before the cells reached confluency, the medium of the supports was replaced
in the apical compartment as well as in the wells with pure DMEM. Once
constant resistance was reached of at least 100 Q/cm? , the experiment was
started by replacing 350 pyL of the medium in the apical chamber with the
sample dissolved in pure medium at double the desired concentration. Control
samples consisting of pure DMEM were used as a mean of reference. The
resistance and capacitance were measured continuously for 24 h.

3.2.13 Data analysis

Data statistical analysis was carried out using Microsoft Excel
v16.0.13628.20318 (64 bit) and Origin 2020. SpectraGryph v1.2 was used for
the analysis of FTIR. All experiments were conducted at least in triplicate
except the solubility tests and the impedance measurements.
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Chapter 4
Results and Discussion

4.1 FTIR and HPLC analysis of capsaicins from two suppliers

FTIR and HPLC studies were performed to compare the analytical
characteristics of the capsaicins obtained from two different suppliers. FTIR
spectra of capsaicins are shown in Figure 4.1. The FTIR spectrum of capsaicin
from Sigma showed the appearance of peak at ~3310 cm! characteristic of
secondary amine v(N-H) and v(O-H), ~3000 and ~2840 cm™ assigned to
aliphatic v(C-H), ~2850 cm assigned to v(C-H) in methyl ester and 1627
cm? for v(C=0), ~1630 to v(C=0) of amide | and ~1525 cm for §(N-H) and
vs(N-C=0) of amide Il, and 1238 cm™ for v(C-N), 1260 cm™! assigned to v(C-
O) in aromatic-OH, ~990 cm assigned to 800p(C=C). The region of 1000 to
500 cmt shows “fingerprint” bands characteristic of asymmetric tri-substituted
aromatic ring. Overall, very similar FTIR spectra were determined for the two
capsaicin samples indicating a consistent with structure on both. The spectra
of capsaicin are also consistent with those presented in the literature (El-
Kaaby et al., 2016; Giri et al., 2016; Tran and Hadinoto, 2017).

Capsiaicn from Sigma-Aldrich

R

3310

Capsiaicn from Hello Bio 1515 1238
1653
2859
3308
2926
1626
1514 1,00

I T T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 4.1 FTIR spectra of the capsaicins from two suppliers: Sigma-Aldrich
(red line) and Hello Bio (black line).
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As for HPLC analysis, the peaks of interest corresponding to capsaicin were
identified in the chromatograms (Figure 4.2) obtained for two capsaicins. An
extra peak was observed in the Chromatogram (Figure 4.2b) of capsaicin from
Hello Bio, this corresponds to dihydrocapsaicin, indicating a lower degree of
purity of the compound produced by this supplier. The retention time for
capsaicin and dihydrocapsaicin was 5.83 and 7.42 min, respectively.
According to the chemical structure shown in section 2.2.1, capsaicin and
dihydrocapsaicin are only different in one unsaturation in the aliphatic chain,
therefore, the FTIR spectra did not show any significant difference.
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Figure 4.2 Chromatograms of the capsaicin-ethanol solution at 400 pg/mL,
(a) capsaicin from Sigma-Aldrich; (b) capsaicin from Hello Bio.
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4.2 Solubility study of capsaicin in solvent mixtures

According to the product information from Cayman Chemical, the solubility of
capsaicin is at least 30 mg/mL in ethanol (Cayman Chemical, 2020). But it has
been reported to have a lower solubility of 28.93 mg/L in water at 25°C (Gv et
al., 2018). However the solubility of capsaicin in a mixture of solvents (ethanol
of water) has not been previously reported to our knowledge. In this work the
solubility of capsaicin in a mixed solvent system of ethanol and water was
evaluated. Table 4.1 displays the measured values of solubility of capsaicin
at 25°C in binary solvent mixtures at different mass fractions of ethanol. As
expected, the solubility of capsaicin increases along with the increase of
ethanol composition in the solvent mixture.

Table 4.1 Experimental solubility of capsaicin at 25°C in binary mixture of
solvents (ethanol+ water) at different mass fraction ratios.

Ethanol mass  Water mass Solubility of capsaicin
fraction fraction (mg/L)
0.000 1.000 17.89
0.096 0.904 137.40
0.200 0.800 580.78

As it can be seen from Table 4.1, the maximum solubility of capsaicin in water
in a supersaturated conditions was determined as 17.9 mg/L that is lower than
that reported. The solubility information is very important for the development
of the recrystallization process of capsaicin and to tailor the crystal formation
in terms of size and PDI. A previous study reported the experimental data on
solubility of capsaicin in different pure solvents such as n-hexane,
cyclohexane and carbon disulfide (Yan et al., 2012). Other research works
have also compared the solubility of capsaicin in solutions of varying
percentages of ethanol via UV/Vis detection (Costanzo et al., 2014).
However, this is the first time where data on the solubility of capsaicin in
binary solvent mixtures by HPLC is reported. The purpose of this study was
to tailor the synthesis of highly monodispersed capsaicin nanoparticles
through its recrystallization. A stirring period of 3 h to perform the solubility
tests was deemed enough to reach equilibrium conditions within the system
in terms of the final application purposes in this study. Longer times of contact
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and wider range of temperatures would be required for a thorough theoretical
study (Tsavas et al., 2002).

Interestingly, when there is around 30% (m/m) of ethanol in the mixture, the
appearance of two liquid phases can be observed under constant stirring. As
it is shown in Figure 4.3a, an excess of capsaicin leads to the dispersion of
droplets (circled in yellow) floating on the surface of the supersaturated
solution rather than to the dispersion of solid particles. Once the system is left
to cool down and the stirring is stopped, the system then becomes cloudy and
develops a milky appearance within several minutes (Figures 4.3b and c). It
finally becomes phase separated, leading to the formation of needle-like
capsaicin crystals. This last process occurs within a period of several hours
(Figure 4.3d).

Figure 4.3 Phase transition of the system with around 30% ethanol in the
solvent mixture. (a) the appearance of two liquid phases under constant
stirring; (b and c) the milky white appearance of the system when self-
cooling and the stirring is stopped; (d) the formation of needle-like
capsaicin crystals after several hours.

The appearance of capsaicin-rich, oily droplets on the liquid surface, though
no oil was added in this case, could probably be explained by the oiling out
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behaviour of capsaicin. Oiling out, also termed out as liquid-liquid phase
separation, has been reported for many proteins, polymers and small organic
molecules especially APIs during crystallization (Meng et al., 2020; Zhang et
al., 2021). Normally, crystallization from solution follows crystals nucleation
and growth, while in some cases, an intermediate liquid-like state occurs prior
to crystal nucleation and the crystal nuclei start to form in those droplets (Sun
et al.,, 2018). It usually happens during the cooling crystallization using a
mixture of solvents when the supersaturation degree is too high (Takasuga
and Ooshima, 2014). Oiling out is normally undesirable since it causes
problems in crystal purity, morphology and size distribution; however, recent
researches have shown this phenomenon can be controlled to produce
spherical crystals (Bonnett et al., 2003). In our case, the system existed as
two liquid phases with one phase dispersed in the form of droplets under
constant stirring. Some small crystal nuclei could have been formed in these
droplets at the beginning since they look turbid, but longer time is required for
crystal growth.

As for the system transition, the underlying mechanism could be that the
system falls into metastable state due to the change in temperature, leading
to the nucleation of capsaicin in the continuous phase. The appearance of
turbidity (milky like colour) may be as result of light scattering effect by those
small nucleus. However, those crystals will continue to grow and aggregate
forming more stable needle-like crystals and the solution becomes transparent
again. With the cap on the glass vessel, it can be assumed that ethanol was
not evaporating here. This process resembles the ouzo effect but exhibits low
stability that develops with time.

4.3 Phase equilibrium study of capsaicin nanoparticles
formation

Making use of what appeared to be the formation of capsaicin crystals
(capsaicin nuclei) as described earlier in section 4.1 resembling the ouzo
effect, the recrystallisation process was studied under different conditions
such as different ratios of water to ethanol (WER) and varying the
concentrations of capsaicin present in the system.

A ternary phase diagram of the system water-ethanol-capsaicin was built in
attempt to identify the ouzo region. Since capsaicin is not soluble in water, the
phase diagram can be divided into two parts according to the well-known
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binodal line, which separates the one-phase region from the two-phase
region. That line indicates the limit in the solubility of capsaicin in the mixture
of water and ethanol, which can be converted using the solubility data.

Turbidity measurements were carried out over time to understand the phase
behaviour and stability of systems at different water to ethanol ratios (WER)
and then at three different capsaicin concentrations (1.25, 2.3 and 10 mg/mL).
In addition, the region of interest was investigated corresponding to where
nano-sized, highly monodispersed and stable capsaicin nanoparticles were
formed.

Figure 4.4 shows that the absorbance (proportional to the turbidity) of the
system, showed a general trend to increase considerably first and then
decrease along with the decrease of WER (increase of ethanol content) at all
capsaicin concentrations. This was because the level of supersaturation of
capsaicin was greatly influenced by variations in WER. Those samples with
smaller WER (higher ethanol concentration) exhibited the smallest
absorbances (around 0.04), which could mean the existence of one phase in
the system where capsaicin present in the system is fully soluble in the mixture
of water and ethanol. As for higher WER (higher water concentration), the
values of absorbance became smaller again because of the smaller amount
of ethanol incorporated, leading to the formation of smaller amount of
capsaicin crystals in the system. Thus, each concentration of capsaicin had a
given WER leading to the highest turbidity and therefore the formation of
dispersed nanoparticles. When looking at the same WER, higher capsaicin
concentrations led to higher values of absorbance. Though the values of
absorbance for systems with the smallest capsaicin concentration (1.25
mg/mL) were relatively low, capsaicin concentrations were above the solubility
limit of the binary solvent mixture at higher WER, since the solubility of
capsaicin in water is extremely low. The small changes in the absorbance
values along with time can be explained by the unstable nature of the systems
possibly associated with the evaporation of some ethanol and/or the growth
or aggregation of the nanoparticles.

High turbidity in the system could either mean a larger amount of capsaicin
dispersed nanoparticles or larger size of capsaicin nanoparticles since
absorbance is a parameter that measures the attenuation of the transmitted
light within the material. Attenuation can be caused by different physical
process such as absorption by the sample, reflection loses and particles light
scattering.
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Figure 4.4 Effect of water-to-ethanol ratio (WER) on the absorbance
(measured at 600 nm) of systems over time at three different capsaicin
concentration (A: 1.25 mg/mL, B: 2.3 mg/mL, C: 10 mg/mL). Different
symbols represent varied WER.
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Figure 4.5 2D contour plot showing the dependence of the absorbance
(measured at 600 nm) as a function of the ethanol and capsaicin molar
fractions at O min. The region with no data was not explored.

Figure 4.5 shows a 2D contour plot for turbidity. The dark blue area and above
region corresponds to the region where one-phase is predominant, this occurs
at higher level of ethanol or low capsaicin content. The orange area highlights
the region where nucleation is likely to occur due to supersaturation, leading
to formation of large amount of capsaicin crystals and even non-soluble solid
capsaicin.

Based on the analysis of above diagrams, several formulations that showed
low variation of absorbance along time were selected for particle size
distribution analysis via dynamic light scattering (DLS) and only 5 of them
(Table 4.2) showed smaller particle size ranging from 100 to 500 nm and
having low PDI values (< 0.2). These particles became larger in size when
measured after 2 h at room temperature, indicating the growth of
nanoparticles. The size of the capsaicin nanoparticles could be controlled to
produce nanoparticles between 100 and 500 nm by changing the
concentration of the initial solution since they all had a very high WER. As
suggested in previous works where ouzo region has been studied, the use of
higher solute concentrations leads to larger size particles. In this case, more
nuclei are produced by a higher level of supersaturation and these nuclei
aggregate instead of growing by diffusion, resulting in larger particles at higher
supersaturations (Aschenbrenner et al., 2013; Lepeltier et al., 2014).
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Size characterisation of samples was carried out without removing ethanol
from the system by evaporation. This is because the transition between ouzo
and non-ouzo region is similar with or without solvent evaporation, which has
been previously proved (Middha et al., 2019). As for the pH of these samples,
it can be expected to be similar due to the small variations in capsaicin
concentration and WER.

Table 4.2 Particle size and PDI values of capsaicin nanoparticles obtained
using different formulations.

SizeatOh Sizeat2h
Capsaici.n Capsa_icin Water z- z-
concentration solution average average
No. (mg/ml) (ul) (u)y  d(nm) PDI d (nm) PDI
1 1.25 27 273 118+9 0.18 175+5 0.10
2 1.25 39 261 170+17 0.06 254+1 0.06
3 1.25 50 250 256+13 0.06 342+12 0.06
4 2.3 27 273 317+30 0.04 491+6 0.06
5 2.3 39 261 472+47 0.07 645+94 0.14

Characterisation of these formulations has also been conducted replacing
water by phosphate buffered saline (PBS buffer) or Dulbecco's Modified
Eagle's medium (DMEM) without phenol red in order to test the stability of
particles under biological conditions. From Table 4.3, we can see that the size
of all samples was relatively larger than those made with water. Higher values
of polydispersity were also observed after 2 h. The salt in the PBS could have
possibly played a role in the formation of capsaicin nanoparticles. The
presence of electrolytes (NaCl, KCI, NazHPO4, KH2PO4) in PBS may interfere
with the preferential adsorption of —OH ions from water observed in the
capsaicin nanoparticles in water. In addition, higher salt concentration could
possibly affect system stability, leading to aggregation of nuclei and formation
of larger particles. As for the use of DMEM without phenol red instead of water,
Table 4.4 showed that the size became even larger and more polydisperse. It
seems possible that the components, especially salts, present in the DMEM
solution may have disturbed the capsaicin recrystallization process.



-41 -

Table 4.3 Particle size and PDI values of capsaicin nanoparticles prepared
in PBS (salt concentration: ~149.7 mM).

SizeatOh Sizeat2h
Capsaici.n Capsa_icin PBS z- z-
concentration solution average average
No. (mg/mL) (uL) (uL)  d (nm) PDI d (nm) PDI
1 1.25 27 273 219+26 0.03 541+55 0.05
2 1.25 39 261 301+12 0.03 662+20 0.15
3 1.25 50 250 510+22 0.05 587+33 0.57
4 2.3 27 273 596+2 012 785%6 1.00
5 2.3 39 261 559+16 031 6996 0.99

Table 4.4 Particle size and PDI values of capsaicin nanoparticles prepared
in DMEM (salt concentration: ~165.72 mM).

ici - Si tOh Si t2h

Capsaicin Capsaicin MEM Ize a ize a

concentration solution z-average Z-average
No. (mg/mL) (uL) (uL) d (nm) PDI d (nm) PDI
1 1.25 27 273 678+52 0.20 2316+240 0.34
2 1.25 39 261 1619+ 177 0.11 2646 +392 0.55
3 1.25 50 250 1643 +£348 0.17 2241 +713 0.43
4 2.3 27 273 620+36 0.14 649+248 0.89
5 2.3 39 261 1140+29 0.22 1078+146 0.78

4.4 Physicochemical and morphological characterization of
nanoemulsions

After the thorough study on the recrystallization of capsaicin, oil was
incorporated into the formulations to produce NEs via the solvent
displacement method. Size characterization (Table 4.5) shows that, within
experimental error, the NEs had rather similar mean droplet size of around
230 nm and PDI < 0.3. Mean size and PDI remained stable up to 24 hours.
Though measured using the refractive index of Miglyol®812 instead of
capsaicin, these values are kind of similar to size of capsaicin particles without
oil. The Zeta potential values determined for these formulations resulted in
negative values (C= -30 mV), without evident variations for different NEs. The
reason for the negative Zeta potential values, given that both Miglyol
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monoglycerides and capsaicin are neutral, stems on the preferential
adsorption of —OH ions from water. This is a known effect for oil droplets and
other colloidal systems (Beattie et al., 2009). The relatively high Zeta potential
values are consistent with a moderate stability against aggregation. The little
variation in Zeta potential values, is consistent with the notion that the NEs
obtained from different conditions all shared very similar surface properties.
As for NE produced in same process but without capsaicin the zeta potential
value was -39 mV, slightly more negative than those with capsaicin. The pH
of these formulations were not measured since the volumes of samples (1-2
mL) were too small for a pH meter. In theory, the pH of these formulations
could be similar due to the same capsaicin final concentration.

Table 4.5 Characterisation of nanoemulsions (NEs) with a final capsaicin
concentration of ~2.5 mM.

Size at Day 0 Size at Day 1
Nanoemulsions Y y Zeta
NoO z-average z-average potential

' d (nm) PDI d (nm) PDI (mV)
1 263+18 0.35+0.03 229+17 0.26+0.02 -33+5
2 221+4 0.24+0.03 212+3 0.18+0.01 -29+5
3 213+4 0.18+0.02 210+8 0.18+0.01 -30+0
4 259+27 0.32+0.03 227+15 0.28+0.06 -32+5
5 246 £10 0.25+0.04 220+6 0.21+0.04 290

Note: Different NEs in the table correspond to the conditions and systems
shown in Table 4.2, but with different mixing methods.

Among these NEs, No.5 NE was further investigated considering the required
volume for biological tests. The tested association efficiency was estimated
as 99.5%, meaning nearly all of the capsaicin was deposited in the form of
nanoparticles. Transmission electron microscopy (TEM) was used to study
the microstructure of the NE produced. TEM images (Figure 4.6) showed
spherical particles comprised of sizes ranging from 50 nm to 2 um. According
to the size distribution profile of NE shown in Figure 4.8b, there were a few
droplets with size in the range of several microns. Thus, the size of particles
from TEM images seemed to agree with DLS measurements. The large
particles could be oil droplets, while the smaller population could be either a
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second population of oil droplets or capsaicin nanoparticles. However, none
of the spherical droplets showed the presence of nanoparticles adsorbed at
the interface as it would be expected from Pickering stabilisation.

Figure 4.6 TEM images of No.5 NE at the magnification of 2 um.

Capsaicin
nanocrystals

Figure 4.7 Schematic illustration of the Pickering emulsion stabilized by
capsaicin nanoparticles.

According to Pickering stabilisation, the expected microstructure of the stable
NE should have resembled the one schematically presented in Figure 4.7, in
which small capsaicin nanoparticles appear adsorbed at the oil interface.
However, the TEM images did not show such clear-cut evidence of Pickering
adsorption of nanoparticles at the o/w interface.

We can only offer a highly speculative argumentation to a possible structural
alteration of the nanoparticles leading to their detachment from the interface
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of NE when preparing the samples for TEM imaging. This could be due to the
drying of samples on the grid or the use of slightly radioactive uranyl acetate
as a contrast agent. It has been shown that the application of external
magnetic or electric fields leads to the detachment of electrically polarizable
particles from PE (Hwang et al., 2010).

On a different note, according to requirements for solid particles to serve as
effective Pickering stabilizers, one reason to why PE may not have formed,
could be the rather large size of capsaicin nanoparticles. Those capsaicin
nanoparticles are much larger than surfactant molecules and have slower
adsorption dynamics as a result. Usually, the size of the solid particles should
be at least one order of magnitude smaller than the PE oil droplets (Ettelaie
and Lishchuk, 2015). That means the capsaicin nanoparticles should be
smaller than ~20 nm to have achieved Pickering stabilisation. It cannot be
ruled out that the large capsaicin nanoparticles observed in the absence of oil,
could have suffered a disintegration resulting in a substantial reduction in their
particle size during the spontaneous emulsification process. The presence of
a dark halo around the NE in the TEM images, may be stem on the existence
of a layer of such capsaicin nanoparticles too small to be resolved by TEM
imaging at that magnification. Besides, modifications of the capsaicin
nanoparticles may help their adsorption. This could be further evaluated by
carrying out contact angle measurements that assess the wettability of
capsaicin by the oil and water phase.

Another explanation for the system stability could work here is electrostatic
stabilization. Because of the preferential adsorption of —OH ions from water,
capsaicin nanoparticles and oil droplets dispersed in water are likely stabilized
by repulsive electrostatic forces.

Finally, the stability of NE was assessed upon storage at room temperature
for 4 days. No cream layer formation or oil layer formation was observed
during this period. However, it was observed that the precipitation of needle-
like capsaicin crystals (1-2 mm in length) on the second day after formation.
This could have been caused by temperature fluctuations at room conditions
since recrystallization is very sensitive to temperature change. According to
Figure 4.8a, mean average droplet size dropped slightly after the first day and
remained stable for consecutive period of study. Figure 4.8b showed the
particle size distribution, indicating the good condition of NEs even capsaicin
crystals have precipitated. It is crucial to understand how pH and salt
concentration changes affect the stability of the formulation, though no further
investigation has been done in this term.
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4.5 In vitro cytotoxicity study

The obtained stable No.5 NE was subsequently examined on its biological
activity against MDCK I cells. Cell viability after exposure to chemicals can
be assessed by in vitro cytotoxicity assays. Conventionally, the MTT assay is
used to measure cell metabolic activity under defined conditions. However,
this method has drawbacks of being time consuming and labour intensive.
According to previous studies (Ceriotti et al., 2007; Lee et al., 2012; Kaiser et
al., 2015b), capacitance measurements can be used for real-time and non-
invasive assessment of cell viability. Thus, impedance measurements of
capacitance were used to investigate cytotoxic effects of different capsaicin-
based formulations on MDCK Il cell monolayers.
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Figure 4.9 Normalized capacitance for cells grown on Transwell inserts with
different treatments. The normalized capacitance is relative to the control
sample. Measurements were recorded for 3 h and 24 h after applying
treatments. Results are average of one biological experiment with at
least three technical replicates.
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Figure 4.9 shows the values of normalized capacitance estimated at 3 and 24
h after adding treatments. At 3 h, the normalized capacitance for all the
treatments was very close to that of the control sample and it increased slightly
after 24 h except for the significantly increase observed for 500 uM free
capsaicin treatment. This indicated that 500 uM free capsaicin after 24h could
cause cell detachment and a significant reduction in cell viability. By contrast,
capsaicin-loaded NEs at the same concentration did not induce an increase
of capacitance due to cell detachment, revealing a cytoprotective effect on
MDCK I cells.

The cytotoxicity of capsaicin has been investigated in many kind of cells. This
effect depends on time of exposure and concentration. For epithelial cell lines
including MDCK-C7 cells (Kaiser et al., 2015b), Caco-2 cells (Kaiser et al.,
2017; Tsukura et al., 2007) and TR146 cells (Kaiser et al., 2015a), it is
reported that a strong reduction of cell viability would happen at doses higher
than 300 uM as determined by MTT assay. As for impedance measurements,
previous research has shown the capacitance of MDCK-C7 cells increased
significantly after 24 h by 750 uM. Considering their different cultivated surface
areas, the results from two methods were consistent. Free capsaicin has been
shown to be more toxic towards MDCK Il cells, compared to results of
capacitance measurements obtained for MDCK-C7 cells.

The reason for the cytotoxic effect shown by capsaicin is that capsaicin can
induce an inhibition of cell proliferation and evoke apoptosis. This is possibly
related to an increase in intracellular calcium influx, generation of reactive
oxygen species, disruption of inner mitochondrial membrane potential and
activation of some transcription factors in many malignant cells (Maksimova
et al., 2016). It has also been shown that the cytotoxic effect of capsaicin
works similar to the normal counterpart as well (Helvaci and Cémertpay,
2018). This may explain the observed cytotoxicity of capsaicin in MDCK type
Il cells.

The obtained results should be confirmed with further biological replicates.

4.6 Cell permeability study

To study the permeability of MDCK Il cells and the integrity of tight junctions
under capsaicin exposure, automated impedance measurements of TEER
were carried out. Figure 4.10 shows the evolution of relative TEER response
of MDCK monolayers to different treatments. It is clear that capsaicin induces
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a reversible decrease in TEER. The effect of capsaicin on the tight junctions
was dose-dependent and the capsaicin-loaded NEs were shown to modulate

the reversible disruption of the tight junctions.
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Compared to the control and ethanol, free and emulsified capsaicin induced a
decrease in TEER values of MDCK Il cell monolayers at the very beginning
and recovered to the initial value without removal of capsaicin. Surprisingly, a
doubling the dose of free capsaicin from 250 to 500 uM induced a smaller
TEER reduction (< 10%). On the contrary, for capsaicin-loaded NEs, doubling
the dose of capsaicin resulted in a more pronounced TEER decrease, down
to ~60% at ~2.5 h of the original value for NE with 500 uM of capsaicin. After
the early reductions, the TEER values recovered in both free capsaicin and
capsaicin-loaded NEs, but with notorious differences in the recovery time,
following the order: free CAP 250 uM > NE 500 uM = free CAP 500 uM > NE
250 uM. Beyond recovery, all treatments resulted in an increase in TEER
values from the original ones. And then the TEER values decreased in this
order: NE 500 uM >> free CAP 500 uM > free CAP 250 uM > NE 250 pM.
When reaching end-point values (25 h), NE with 500 uM capsaicin increased
to up to 150% of the original values.

Previous studies have demonstrated the capsaicin—induced reversible
decrease in TEER in Caco-2 cells (Han, J.K. et al., 2005), MDCK-C7 cells
(Kaiser et al., 2015b) and even MDCK type Il cells (Shiobara et al., 2013). It
was shown that the effect of capsaicin on the TEER of MDCK Il monolayers
was dose dependent, with TEER almost unchanged at 30 uM capsaicin, but
significantly reduced to around 50% after 2 h when 100 and 300 uM capsaicin
were applied. Those observations are slightly different from what it was
observed in this study, in which not only TEER was capsaicin dose dependent
but also the degree of variation, was unexpected. The reason for this may
have been related to the preparation of the free capsaicin solution. Capsaicin
was firstly dissolved in ethanol and then diluted by large amount of DMEM
before being applied to cells. As mentioned before, capsaicin was seen to be
extremely unstable in DMEM. Mixing these by pipetting could have led to the
formation of large particles. Thus, the TEER results could have been affected
by the preparation protocol. However, the capsaicin-based NEs were more
stable when diluted and displayed a dose dependent pattern as expected.

As for the duration of tight junction opening, it is not very clear since there is
a time lag at the very beginning because of treatments addition. However, it
can be roughly inferred from the graph that it could have taken upto 2 -6 h
for TEER to recover. Previous studies indicated that tight junction opening
lasted for ~6 h for MDCK Il cells when treated with 300 uM (Shiobara et al.,
2013), which is close to our estimation. For MDCK-C7 cells, longer times (12.5
- 24 h) were required to close tight junctions (Kaiser et al., 2015b). The
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difference in duration of tight junction opening could be probably related to the
different biological properties of different cell strains. Although they are both
from the parental MDCK cells, MDCK-C7 cells are isolated from lower
passages and have very tight junctions with high TEER values of more than
4000 Q+cm?, while MDCK Il cells used in the present study are from higher
passages and hence, display lower TEER (less than 300 Q-cm?), diagnostic
of leaky junctions. This is due to the difference in the composition of tight
junction as the expression of tight junction protein claudin-2 in MDCK type Il
cells (Dukes et al., 2011). For very tight junctions, it is possible that longer
time of exposure is required for opening. However, a quick tight junction
opening is desirable since it would ensure the proper function of the barrier,
avoiding the entry of metabolic waste as well as the leakage of important
proteins and nutrients. Therefore, a given drug can be safely co-delivered and
controllably absorbed.

Previous studies indicated that capsaicin in the form of nanoemulsions and
nanocapsules could modulate the tight junction opening. If compared to the
decrease effect induced by 100 and 300 puM capsaicin in previous study
(Shiobara et al., 2013), the NE in our study could also attenuate the effect. It
seemed capsaicin in the form of nanoparticles would attenuate its cytotoxicity
as well as the tight junction opening. Whether it can reduce its pungency
remains to be determined.

After reversible tight junction opening (5 h), the TEER values kept increasing
and exceeded the initial values by up to 3-fold, indicating that monolayers
become tighter under the effect of capsaicin. It seems that capsaicin can also
reorganize and strengthen the structure of epithelial tight junctions after
recovery. Previous study has reported that capsaicin derivatives (e.g.
dihydrocapsaicin, nonivamide) that displaying reversible opening of tight
junctions recovered to a higher value than initial (Kaiser et al.,, 2016a).
However, no study has reported this for capsaicin.
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Chapter 5
Conclusions

5.1 Summary

In this work, the ouzo region for the formation of capsaicin nanoparticles in
mixtures of ethanol/water was identified in the ternary phase diagram. To our
knowledge, this is the first report of the ouzo effect of capsaicin. The size of
capsaicin nanoparticles can be controlled in size ranging from ~100 to ~500
nm by the increase of capsaicin mass fraction. Introducing of oil into the
system produced a stable o/w NE using the solvent displacement method.
This is a simple, surfactant-free and low-energy protocol. In this case (using
different mixing method), the size of capsaicin nanoparticles can be
substantially reduced to around 50 nm or even smaller that is not seen at that
magnification, while the size of oil droplets is around 200 nm. However,
contrary to our hypothesis, at this stage, we cannot conclude unequivocally
that the mechanism of stabilization is due to Pickering adsorption of capsaicin
nanoparticles or a different, yet to elucidate, phenomenon. The obtained
formulations seem to be sensitive to temperature not only in the process but
also during the storage. As for the biological effect, the obtained NE
formulation was found to attenuate the toxicity of capsaicin and to have a
pronounced effect on tight junction opening when applied to a model epithelial
monolayer of MDCK I cells. In addition, the effect of tight junction opening
lasts for shorter times than when cells are exposed to free capsaicin. Overall,
these results suggest that the NE produced here is a safer and more robust
option for the modulation of tight junctions permeability. It may offer a novel
strategy for the delivery of large and hydrophilic molecules through
paracellular pathway.

5.2 Future work

Validation of solubility tests and impedance measurements can provide
confirmation of these preliminary results. Though labor-intensive, the
tetrazolium-based MTT assay should be carried out for the formulations
produced here to assess their cytotoxicity as it is a highly sensitive method
and a standard protocol. It is also worthwhile to test whether this type of NE
modulates the pungency of capsaicin in its present form as nanopatrticles.
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Further studies utilizing more advanced methods (e.g. aggregation-induced
dye emission) can provide more information about the ouzo region of
capsaicin in the ternary phase diagram. In addition, extra tests can be
performed by adding salt to the system to see if the stabilization mechanism
is electrostatic repulsion due to adsorption of some charge species in the
surface of droplets.

It also remains to be determined why capsaicin nanoparticles do not adsorb
at the interface and assess if Pickering emulsions using capsaicin
nanoparticles could be formed using high shear technologies. Further
investigations are recommended for the evaluation of the wettability of
capsaicin nanoparticles in terms of contact angle, which should give an insight
of the interface adsorption efficiency. Modifications in size, surface charge and
concentration may help capsaicin nanoparticles to adsorb at the interface.
Technigques able to offer atomic resolution such as small-angle X-ray
scattering (SAXS) may help to elucidate the nature of the o/w interface of the
capsaicin-stabilized NEs.
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