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ABSTRACT

Quercetin (Q) is a flavonoid found in fruits, vegetables and some herbs. Q is known for its
biological activity in the body, due to its beneficial impact on the risk of cardiovascular
diseases, certain cancers, and inflammation. However, its application in food products is
constrained by several factors including its low bioavailability, water solubility, bitter taste and
chemical instability. Therefore, loading quercetin in nanoparticles (NPs) has been a vivid

solution to overcome these challenges.

In this study, quercetin-fortified nanoparticles were prepared from shellac (SH) as the core
material stabilized by almond gum (AG) and tween 80 (T80) using antisolvent precipitation
method. The final nanoparticles were prepared by 0.67% SH, 0.02% Q, 0.5% AG and 0.1%
w/v T80 using the stirring speed of 750 rpm at a dosing rate of 0.5 ml/min. The average particle
size was 135+8nm with a polydispersity index (PDI) of 0.25+0.01, the encapsulation efficiency
was 97.7£1.2%. The nanoparticles were also fully re-dispersible with a slight increase in
particle size. Quercetin-loaded nanoparticles showed a high antioxidant activity at pH 7.4
compared to free quercetin while the degradation of quercetin was lower in the nanoparticles
compared to free quercetin at the same pH. Although a high concentration of nanoparticles
exhibited some toxicity towards Caco-2 cells, under subtoxic condition, cellular quercetin
uptake was 3 times less than free quercetin. Quercetin loaded in nanoparticles was found to be

2 times more available for uptake than free quercetin at a pH of 7.4.
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CHAPTER 1: INTRODUCTION

1.1 Background

Quercetin (Figure 1) is a naturally occurring flavanol found in fruits and vegetables such as
apples and onions (Wu et al., 2008), herbs such as Ginkgo biloba (Watson & Oliveira, 1999)
and red wine (Kerem et al., 2004). In most plants, quercetin is bound to sugars, ethers and
phenolic acids (Wang et al., 2016). Quercetin in its pure form, exists as yellow crystals or
powder with a bitter taste and poor solubility in water (0.01mg/ml at 25°C) (Gao et al., 2011,
Wang et al., 2016). It is however lipophilic and moderately soluble in ethanol (4mg/ml at 37°C)
(Priprem et al., 2008). Chemically, quercetin displays a typical flavonoid structure with five
hydroxyl groups, two benzene rings (A and B) which are linked by an oxygen containing
pyrene ring (C) (Wang et al., 2016).

Benzoyl Cinnamoy!

Band Il at 258 nm Band | at 369 nm

Figure 1: Chemical structure of quercetin

Quercetin and its biological activity have been extensively studied. Many studies have
demonstrated that quercetin is a very strong antioxidant. It can scavenge reactive oxygen and
nitrogen species and has the ability to chelate metal ions thereby preventing lipid peroxidation
in the body (Bose & Michniak-Kohn, 2013; Kim et al., 2013; Kukongviriyapan et al., 2012;
Luangaram et al., 2007; Arts et al., 2004). Due to its antioxidant activity, several studies have
linked quercetin to have strong anticancer properties (Cossarizza et al., 2011; Dajas, 2012). Its
regular consumption has been related to reduced rates of lung, stomach, pancreatic, breast
cancer (Damianaki et al., 2000), prostate cancer (Vijayababu et al., 2005) and colon cancer
(Kuo, 1996; Park et al., 2005). Several unique properties have been reported for quercetin such

as strong anti-inflammatory effects (Ruma, Sunil, & Prakash, 2013) as well as reduction in the



risk of coronary artery disease (Wang et al., 2016) and antimicrobial properties (Dinesh Kumar,
Verma, & Singh, 2016).

Given all the above benefits of quercetin, there are however many technological challenges
that limit the application of quercetin in food products. First, quercetin has a low solubility in
water (Gao etal., 2011) coupled with a bitter taste. It is chemically unstable to oxygen, alkaline
pH, temperature, other antioxidants and metal ions (Wang et al., 2016). Studies have shown
that quercetin has a low bioavailability of 1% in humans (De Paz et al., 2015). Dietary blood
concentrations of quercetin range from 10° to 10" M (Biasutto et al., 2010), which is lower
than the therapeutic antioxidant concentrations ranging from 10 to 10° M (Vargas & Burd,
2010). Therefore, to enhance the dispersibility in aqueous systems, avoid degradation and

improve the quercetin bioavailability, effective delivery systems are needed.

Different delivery systems of quercetin have been extensively studied and are successful to
avoid quercetin degradation, to improve the aqueous dispersibility and to increase the
bioavailability of quercetin (Aditya et al., 2014). Nanoparticles are one of these delivery
systems that are currently explored. Due to their small size, nanoparticles have been found to
enhance the solubility, increase the dissolution rate and enhance the absorption and
bioavailability of drugs (Bhatia, 2016; Wu et al., 2008). For instance, Bagad & Khan (2015)
showed that nanoparticles maintained a sustained release of quercetin and its bioavailability
was strongly increased 2.38-4.93 fold compared to pure quercetin. In another study, it was
revealed that the release of quercetin was improved 74-fold compared to pure quercetin and
the antioxidant activity of quercetin was higher in nanoparticles than in pure form (Wu et al.,
2008). However, it should be noted that most of these nanoparticles were prepared using many
synthetic compounds and therefore their application in food products may be limited.
Therefore, there is a growing demand especially from the food industry for quercetin-loaded
nanoparticles fabricated from naturally existing compounds. In this study, nanoparticles were
prepared using shellac (SH) as a core material, almond gum (AG) and tween 80 (T80) as
stabilizers.

Shellac is a natural resinous product purified from lac which is secreted by Lac insects (Kerria
lacca), which are tree parasites in India, Myanmar, Thailand and South China (Brown, 1973).
It is composed of both polar and non-polar components comprising of polyhydroxy
polycarboxylic esters, anhydrides and lactones (Patel et al., 2013). Shellac is insoluble in acidic

and neutral pH (Leick et al., 2011) and it is physiologically harmless and has been proven to



be non-toxic (Farag & Leopold, 2009). Almond gum is produced by sweet almond trees
(Amygdalus communis L). This species mainly grows in subtropical regions especially Middle
East, South East Asia (Ladizinsky, 1999) and the Mediterranean region (Bouaziz et al., 2014).
It is classified as an arabinogalactan polysaccharide and consists of a water-soluble and water-
insoluble fraction (Rezaei et al., 2016). In this study, the water-soluble fraction was used.
Tween 80, also known as polysorbate 80, is a synthetic nonionic emulsifier and surfactant. It
is a derivative of polyethoxylated sorbitan and oleic acid (Food Safety Commission, 2007).
The use of T80 in fabrication of nanoparticles has been shown to improve the encapsulation
efficiency of the bioactive compound together with a reduction in particle size (Doost et al.,
2018). In this study, the stability and in-vitro functionality of quercetin-loaded nanoparticles
were studied. To this end, special attention was given to the creation of a high degree of
supersaturation, a uniform spatial concentration distribution in the solution, and a negligible

growth of crystals.

1.2 Objectives

To determine the effect of preparation parameters on particle size and acid resistance
e Determine the effect of stirring speed and dosing rate on particle size
e Determine the effect of AG and T80 concentration on particle size
e Determine the most optimal combination of ingredients that is resistant to aggregation
atpH 1.2

To characterize the fabricated quercetin-loaded nanoparticles
e Measure the particle size of the fabricated quercetin-loaded nanoparticles
e Determine the encapsulation efficiency of quercetin by fabricated nanoparticles

e Study the morphology of the fabricated quercetin-loaded nanoparticles

To study the in-vitro functionality of quercetin-loaded nanoparticles
e Study the redispersability of the fabricated quercetin-loaded nanoparticles
e Study the antioxidant activity of quercetin-loaded nanoparticles

e Quantify the cellular uptake of quercetin-loaded nanoparticles using Caco-2 cells



CHAPTER 2: LITERATURE REVIEW

2.1 Nanoparticles

Nanoparticles are characterized by a particle size of less than 1000 nm. Because of their small
size, nanoparticles enhance the absorption and bioavailability of drugs (Wu et al., 2008). They
have been extensively used in the delivery of drugs with water-insoluble compounds (Bala et
al., 2006; Dai et al., 2004). Some of the advantages of nanoparticles are: decreased patient-to-
patient variability, enhanced solubility, increased oral bioavailability due to the increase in
surface area, increased rate of dissolution and less amount of dose required (Bhatia, 2016).

2.1.1 Preparation of nanoparticles

Several methods have been used to prepare nanoparticles. Some of these are; spontaneous
emulsification or solvent diffusion method (Murakami et al.,1999), double emulsion and
evaporation (Ubrich et al., 2004; Vandervoort & Ludwig, 2002), coacervation or ionic gelation
(Fessi, Puisieux, Devissaguet, Ammoury, & Benita, 1989), polymerization (Boudad et al.,

2001) and anti-solvent precipitation (Kakran et al., 2012).

2.1.2 Anti-solvent precipitation method

Anti-solvent precipitation is attained through the addition of a non-solvent into a solution to
achieve supersaturation. This is the driving force to solute precipitation (Joye & McClements,
2013).

The theory of anti-solvent precipitation is described by Kakran, Sahoo, Li, et al. (2012). It
involves three steps: first, the generation of supersaturation, followed by nucleation, and lastly
crystal growth. The anti-solvent precipitation method is mainly used for poorly water-soluble
compounds. In this method, the compound is first dissolved in a solvent and is then rapidly
mixed with a solvent-miscible anti-solvent. This leads to lowering of the solubility of the
compound in the solvent as compared to the original solution, which results into

supersaturation. The initial supersaturation (S) is given by Equation 1.

s=o
Ceq
Equation 1



where Coisthe initial concentration of the solution to be precipitated and Ceq is the equilibrium

concentration in the solute-solvent-anti-solvent system.

Nucleation is achieved when the solute concentration exceeds the equilibrium saturation
concentration (Joye & McClements, 2013). The time elapsed between the onset of
supersaturation and the appearance of nuclei is known as the induction time (Lyczko et al.,
2002). Nuclei growth is achieved mainly by condensation happening when the solute
concentration goes above the critical supersaturation concentration. Condensation occurs when
molecules are added to the particle surface. It stops when the solute concentration goes below
the equilibrium saturation concentration (Matteucci et al., 2006). The condensation rate is
reduced by coagulation due to a reduction in the total number and surface area of present
particles (Joye & McClements, 2013).

2.1.3 Important parameters

During the production of nanoparticles, it is important to control the particle size distribution
and the stability of the particles (Thorat & Dalvi, 2012). It is desirable to produce small particles
with low polydispersity index with stability against growth and gravitational separation (Joye
& McClements, 2013). Changing various process conditions can lead to the control of these

properties.

2.1.3.1 Anti-solvent to solvent ratio

Many studies have demonstrated that increasing the anti-solvent volume leads to a decrease in
particle size (Bakldyga, Podgorska, & Pohorecki, 1995; Kakran et al., 2012; Khan &
Schneider, 2013; Zhang et al., 2009). There are two explanations for this; first, increased
instantaneous supersaturation resulting from the rapid reduction in solvent concentration
(Kakran et al., 2012; Zhao et al., 2007); the second explanation is reduced crystal growth at

lower solute concentration (Zhao et al., 2007).

2.1.3.2 Addition of solute to anti-solvent

The addition speed and order have been shown to have a major impact on the properties of the
particles due to the influence on the rate and the degree of supersaturation, hence a nucleation
and particle growth (Joye & McClements, 2013). Increasing the flow rate leads to increase in
jet velocity, Reynolds number and shear forces. This results into increased mixing per unit time

leading to a reduction in particle size (Kakran et al., 2012). Langer et al. (2003) discovered



that the addition rate had a substantial effect on the polydispersity index but no effect on particle
size. Park, Jeon, & Yeo, (2006) found that the particle size was larger when anti-solvent was

added to solute/solvent system.

2.1.3.3 Mixing

Mixing is a very important parament in the formation of nanoparticles since it helps to generate
supersaturation which leads to nucleation and growth (Thorat & Dalvi, 2012). Mixing takes
place at three different levels which are macromixing, mesomixing and micromixing.
Macromixing occurs at a crystallizer scale, mesomixing is also known as turbulent mixing and
involves large-scale mass transfer of the solution (Yu, Shekunov, Baldyga, & York, 2001).
Mesomixing is influenced by solvent flow rate, stirring speed and turbulent diffusibility
(Barrett et al., 2011). Micromixing involves molecular diffusion and engulfment of various
solvent regions (Batdyga, Bourne, & Hearn, 1997; Barrett et al., 2011). Micromixing directly
influences the distribution of supersaturation and enables particles formed earlier with regions
of high supersaturation as opposed to meso and macromixing which have an indirect effect
(Joye & McClements, 2013).

2.1.3.4 Concentration of bioactive compound

The bioactive compound concentration also affects the particle size attributed to two
mechanisms (Kakran et al., 2012; Meer, Sawant, & Amin, 2011). Number one, due to the high
concentration of solute, the degree of supersaturation is increased, leading to the formation of
more and smaller nuclei. However, nuclei growth will be promoted simultaneously due to the
increased frequency of collisions and reduced diffusion distance. Secondly, when the solute
concentration is increased, the viscosity also increases, which hinders diffusion between the
solvent and anti-solvent leading to non-uniform supersaturation, slower nucleation rates and

hence larger particles.

2.1.3.5 Temperature

Temperature has an impact on the precipitation process in many ways. It affects the equilibrium
saturation and supersaturation, diffusion rate, and the velocity of the system. This in turn will
have an impact on nucleation rate, crystal growth, coagulation, and agglomeration (Kakran et
al., 2012; Kim et al., 2012). Generally, increasing the temperature leads to larger particles
which have a broader particle size distribution (Park et al., 2006; Zhang et al., 2009; Zhao et



al., 2007). When the temperature is increased, the solubility of the compound also increases,
this reduces the degree of supersaturation leading to the nucleation rate and thereby less
particles grow into larger particles (Park et al., 2006). In addition, high temperatures increase
the diffusion and hence promote the growth of particles.

2.1.3.6 Effect of stabilizers

Surfactants increase the nucleation rate by decreasing the interfacial tension forming smaller
particles. Some polymers also have this effect and offer stabilization by steric hindrance or
electrostatic repulsion (Joye & McClements, 2013). The properties of polymers like rigidity,
polarity, and hydrophobicity also play a role in determining the ability of polymers to inhibit
particle growth (Dalvi & Dave, 2009). At higher levels of surfactant, there may be the
promotion of particle growth when the critical flocculation is exceeded (Joye & McClements,
2013).

2.2 Almond gum

Almond gum is produced by sweet almond trees (Amygdalus communis L). This species mainly
grows in subtropical regions especially Middle East, South East Asia (Ladizinsky, 1999) and
the Mediterranean region (Bouaziz et al., 2014). The gum is produced from the branches,
leaves and stems due to mechanical injury followed by microbial growth or because of
gummosis disease (Ladizinsky, 1999).

2.2.1 Chemical composition of almond gum

Almond gum as well as Arabic gum, are classified as arabinogalactan polysaccharides due to
the high composition of arabinose and galactose sugars (Rezaei et al., 2016). The composition
of almond gum has been found to vary a lot depending on the region in which it is cultivated
and the season (Rezaei et al., 2016). Rezaei et al., (2016) found out that almond gum is
composed of two main fractions that are classified based on their solubility in water, namely
the water-soluble fraction and the water-insoluble fraction. This is used as a basis for
determining the quality of gum; the higher the soluble fraction, the higher the gum quality.
From their study, Rezaei et al., (2016) found that the soluble fraction of almond gum was about
90%. The water-soluble fraction is mainly composed of total sugars (93%) with some protein
(0.16%), fat (0.12%) and ash (0.92%). The water-insoluble fraction has less sugars (58%), with
higher protein (0.93%), fat (0.64%) and ash content (1.4%) than the water-soluble fraction.



The sugar composition of almond gum mainly comprises galactose and arabinose with small
proportions of xylose, rhamnose, glucose and mannose (Rezaei et al., 2016). The whole gum
and soluble gum have a higher galactose arabinose composition than the insoluble gum. Water
soluble fraction is composed of arabinose (52.1%), galactose (33.42%), rhamnose (0.43%),
mannose (0.18%), glucose (0.15%) and xylose (4.8%) (Rezaei et al., 2016)

2.2.2 Applications of Almond Gum

Almond gum in Syria is mixed with palm gum to make Syrian gum for use locally in the
confectionary industry. Irregular Eastern India gum is available in India, which is formed by
mixing almond gum with other gums such as Arabic, tragacanth and ghati (Nussinovitch,
2009).

Almond gum has good emulsification properties and it has been revealed that less almond
gum is needed to achieve optimal emulsification in comparison to Arabic gum (Mahfoudhi et
al., 2014). Almond gum has also been reported to elongate the shelf life of sweet cherries
(Mahfoudhi & Hamdi, 2015b) and tomatoes (Mahfoudhi, 2013). It has been demonstrated
that Almond gum has antimicrobial activity on beef under cold storage (Bouaziz, et al.,
2014).

2.2.2.1 Use of almond gum in nanoparticles

Hussain & Jaisankar (2017) used almond gum in the synthesis of hydrogel silver nanoparticles.
In this study, almond gum was used to synthesize a semi interpenetrating hydrogel (almond
gum-poly-acrylamide). The formed hydrogel was used to entrap silver nanoparticles. After
formation, the nanoparticles were characterized, and the analysis of the antimicrobial activity
was studied. The formed hydrogel silver nanoparticles exhibited a high thermal stability, which
was attributed to the presence of silver nanoparticles inside the gel network. The effect of
almond gum on swelling was also investigated and it was found that increasing in gum
concentration increases the swelling capacity of the hydrogel silver nanoparticles up to 0.2g of
gum. This was attributed to an increase in the hydrophilic groups. A further increase in gum
resulted into a decrease in swelling capacity. This was due to the increase in the viscosity of
the medium which inhibited the mobility of the ions. On the antimicrobial activity, it is reported
that hydrogel silver nanoparticles exhibited a greater antimicrobial activity than semi
interpenetrating hydrogels without silver nanoparticles. The greater antimicrobial activity was

attributed to the sustained release of silver nanoparticles from the hydrogel.

8



Mahfoudhi & Hamdi (2015a) studied the kinetics and the storage stability of [-carotene
encapsulated with almond gum and Arabic gum by freeze drying. Almond gum was found to
have a higher encapsulation efficiency, smaller particle diameter and lower cold-water
solubility than Arabic gum. On the storage stability, it was figured out that the relative humidity
had a big role to play as the rate of degradation of B-carotene increased with increase in relative
humidity for almond gum and Arabic gum. The degradation of both was also found to follow

first order kinetics.

Rezaei et al. (2016) used almond gum/PV A nanofibers as a delivery system for vanillin. In this
study, the nanofibers were formed by electrospinning. It was concluded that vanillin

incorporated in almond gum/PV A nanofibers had a higher thermal stability than free vanillin.

Selvasudha & Koumaravelou (2017) compared the multifunctional synergistic effect of
chitosan, almond gum and guar gum on simvastatin loaded nanoparticulate delivery system. In

this study, nanoparticles were prepared by solvent evaporation.

2.3 Tween 80

Tween 80, also known as polysorbate 80 is a synthetic nonionic emulsifier and surfactant. It is
a derivative of polyethoxylated sorbitan and oleic acid. Some of the hydroxyl groups of sorbitol
and anhydrous sorbitol are esterified with oleic acid which is followed by condensation of

about 20 ethylene oxide molecules (Food Safety Commission, 2007).

2.3.1 Use of Tween 80 in nanoparticles

Jacobs, Kayser, & Muller, (2000), prepared nanosuspensions for delivery of a poorly water-
soluble drug (terazepide) and Tween 80 was used as a stabilizer. They discovered that the
higher the concentration of the surfactant, the more stable the nanosuspension. Bhalekar et al.
(2009), prepared solid lipid nanoparticles for topical delivery using T80 as a surfactant. They
reported that an increase in T80 concentration led to a reduction in particle size. Wilson et al.
(2008), prepared poly (n-butylcyanoacrylate) nanoparticles coated with T80 for delivery into
the brain for treatment of Alzheimer’s disease. It was discovered that the drug coated with T80

had a significantly higher uptake than the free drug.

2.3.2 Toxicity of T80

The toxicity of T80 has been widely studied (Castro et al., 1995; Miiller et al., 1997; Tsujino,

Yamazaki et al., 1999). Arechabala et al. (1999), studied the cytotoxicity of various surfactants,
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both ionic and non-ionic, including T80. They reported T80 to have the lowest toxicity of the
surfactants studied. The LCso of T80 determined by MTT assay was 210ug/l. Mdller et al.
(1997), studied the cytotoxicity of solid lipid nanoparticles as a function of lipid matrix and the
surfactant using the MTT assay. They reported that surfactants, including T80, which bind on

the nanoparticles reduced further the toxicity of the nanoparticles.

2.4 Shellac

Shellac (Figure 2) is a resinous product purified from lac which is secreted by Lac insects
(Kerria lacca), which are tree parasites in India, Myanmar, Thailand and South China (Brown,
1973). Shellac consists of polar and non-polar components comprising of polyhydroxy
polycarboxylic esters, anhydrides and lactones. Aleuritic and terpenic are the main acid
components (Patel et al., 2013). Shellac is insoluble in acidic and neutral pH (Leick et al.,
2011). Shellac is physiologically harmless and has been proven to be non-toxic (Farag &
Leopold, 2009).
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Figure 2: Chemical structure of shellac
2.4.1 Applications of shellac

Shellac is primarily used as an enteric coating due to its acidic character (Farag & Leopold,
2009). Shellac has been used for colon targeting. Roda et al., (2007) developed a formulation
with hydroxy methyl cellulose and shellac coating for extended and selective delivery of
butyrate in ileo-caecal and colon. Wang et al. (2015) used shellac to form nanofibers for colon

drug delivery. It has also been applied in the formulation of microcapsules (Sheorey et al.,
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1991). Shellac has been used to prolong the shelf life of fruits such as oranges by acting as a

coating material (Khorram et al., 2017).

2.4.2 Use of Shellac in nanoparticles

Cui et al. (2014) prepared core-shell nanoparticles using shellac as the core material and
polyvinyl pyrolidone as the shell material for drug encapsulation. The nanoparticles were
prepared by electro-spraying. The used model drug was ferulic acid and the controlled release
of this drug was studied. The formed nanoparticles had an average diameter of 530nm. From
the drug release study, it was observed that the prepared nanoparticles could provide the desired

drug release profile.

Characterization of the stability of curcumin zein-shellac nanoparticles was done by Sun et al.
(2017). The nanoparticles were prepared by antisolvent co-precipitation. It was observed that
the particle size was lower with bare nanoparticles compared to loaded nanoparticles. It is
reported that the size of loaded zein-shellac was larger than that of loaded zein but smaller than
that of loaded shellac. Zein-shellac nanoparticles showed a higher encapsulation efficiency
than zein nanoparticles. Zein and shellac showed improved protection against the thermal
degradation of curcumin. It was also noted that the zein-shellac complex allowed the controlled

curcumin release in simulated gastrointestinal fluids.

In another study, shellac was used together with chitosan to form nanoparticles loaded with
bovine serum albumin (BSA) (Kraisit et al.,2013). In this study, nanoparticles were prepared
by ionic cross-linking. It was discovered that, depending on shellac, chitosan and BSA
concentrations, three states could be observed that is; nanoparticles, aggregation and solution
and this was due to electrostatic forces. A good balance between attraction and repulsion forces
resulted into the formation of nanoparticles while aggregation and solution were formed due to
an imbalance in these forces. The size of the nanoparticles ranged from 100 to 300nm. The
encapsulation efficiency ranged from 11- 67%, while the loading efficiency ranged from 7-
47% and the increase in chitosan glutamate resulted into a decrease in both due to the increase
in viscosity. From the release study, it was observed that there was an immediate release of

BSA and the release amount was between 64.3 and 78.1%.

Ma et al. (2017) prepared nanofibers and nanoparticles from shellac and sodium shellac for
drug delivery. The drug loaded in these nanoparticles was ketoprofen. Nanoparticles were

prepared by electro-spraying and electrospinning. The particle size diameter ranged from
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351+250nm to 699+750nm depending on the components and the method of preparation. From
the release study at pH 2, the release did not reach 100% due to agglomeration that was
observed physically while at pH 6.8 100% release was achieved. It was also found out that
sodium shellac had a larger drug release effect and a higher drug release rate than shellac.
Likewise, nanoparticles had a larger drug release effect and higher drug release rate than

nanofibers.

2.5 Quercetin
2.5.1 Chemical structure of quercetin

Figure 3 shows the chemical structure of quercetin (Wang et al., 2016); it exhibits a flavonoid
structure with five hydroxyl groups. It has two benzene rings (A and B) with an oxygen
containing pyrene ring (C) connecting both rings. The glycoside form of quercetin is the most
common form in which quercetin is found. In this form, one or more hydroxyl groups are

replaced by sugar groups of different types.

Benzoyl Cinnamoyl

Band Il at 258 nm Band | at 369 nm

Figure 3: Chemical structure of quercetin

2.5.2 Biological activity of quercetin

The mechanism for antioxidant activity of Quercetin is based on its reactivity with reactive
oxygen species and chelation of ions (Bose & Michniak-Kohn, 2013). Quercetin and other
flavonoids are ideal scavengers of peroxyl radicals because of their favorable reduction
potentials. The presence of a B-ring catechol group is responsible for scavenging reactive
radical species through its hydrogen or electron donating ability (Schroeter et al., 2002). The

presence of 2,3-unsaturation and 4-ortho group is partly responsible for the antioxidant activity
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of quercetin. The ability to chelate redox-active metals is due to the presence of hydroxyl

groups on the B-ring and the 5-hydroxy group of A-ring (Valko et al; 2006).

In vitro studies have revealed that quercetin is one of the most powerful scavengers of reactive
oxygen species (Kim et al., 2013; Kukongviriyapan et al., 2012; Luangaram et al., 2007).
These reactive species can induce damage of cells and tissues in the body which may result
into cardiovascular diseases, cancer and diabetes (Valko et al., 2006). Arts et al. (2004)
presented that quercetin can enhance the endogenous antioxidant capacity of scavenging ABTS
6.2 fold compared to Trolox. Quercetin is reported to effectively protect cultured human skin
fibroblasts, endothelial cells and keratinocytes against oxidative damage (Skaper et al., 1997).
In-vitro and in-vivo studies have revealed that quercetin has strong anticancer properties
(Cossarizza et al., 2011; Dajas, 2012). Quercetin prevents cancer induced by oxidative stress
due to its antioxidant activity and the fact that it suppresses the activity of many kinases
involved in the growth of cancer cells (Baghel et al., 2012). Quercetin has been reported to
exhibit a strong anti-inflammatory capacity (Ruma et al., 2013). It is suggested that quercetin
may suppress lipopolysaccharide-induced cytokine production in different cells (Wang et al.,
2016). The anti-inflammatory activity of quercetin may be attributed to the antioxidative and
free radical scavenging properties of quercetin (Comalada et al., 2005). The previous studies
showed that quercetin can reduce the risk of coronary artery disease (Wang et al., 2016).
Edwards et al. (2007) carried out a study on hypertensive patients; they found out that an intake
of 730mg of quercetin per day reduced the systolic pressure by 7mm Hg, the diastolic pressure

by 5mm Hg and the mean arterial pressure by 5mm Hg.

There are reports that diets high in quercetin may be vital in preventing blood clots and blocked
arteries. This has been said to significantly reduce the chances of death from heart failure and
stroke (Valko et al., 2006). Quercetin has also been described to have antimicrobial properties
against food-borne pathogens. In study conducted by Dinesh Kumar, Verma, & Singh (2016),
it was found that quercetin loaded nanoparticles were more effective against food-borne

pathogens compared to free quercetin.

2.5.3 Chemical stability of quercetin

Quercetin has been shown to undergo chemical changes during food processing and storage
The chemical stability of quercetin depends on oxygen concentration, pH, temperature,

concentration of other antioxidants and metal ions (Wang et al., 2016).
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Quercetin can undergo oxidation into different oxidation products which are referred to as
quercetin-quinones (Boots et al., 2003). These products contain one ortho-quinone and three
quinone methides. Quercetin can also undergo cleavage forming protocatechuic acid (Wang et
al., 2016). The quercetin-quinones have been reported to be reactive towards mercaptans and
can react with GSH instantly which is the most abundant endogenous mercaptan (Awad et al.,
2002). At low GSH concentrations, quercetin-quinones can react with protein sulfhydryls to

form protein-quercetin adducts known as glutathionyl-quercetin (Boots et al., 2003).

The stability of quercetin also depends on pH and temperature. Quercetin exhibits a high level
of instability in organic solutions at pH >7 (Buchner et al., 2006; Young Moon et al., 2008). It
has been revealed that the degradation of quercetin is higher under alkaline conditions (Buchner
et al., 2006; Young Moon et al., 2008). Ranilla, Genovese, & Lajolo, (2009) reported a 70%
quercetin loss in kidney beans when boiled at 100 °C for 50 min. They also reported that this
loss is attained within 5 minutes under pressure cooking at 121°C. Traditional pasteurization

led to 17% decrease in quercetin in grapefruit juice (Igual et al., 2011).

Quercetin has also been reported to react with metal ions forming quercetin-metal complexes.
This led to changes in redox potential of metal ions (Ravichandran, Rajendran, & Devapiriam,
2014). It is reported that this reaction leads to a reduction in the free radical scavenging activity

of quercetin (Wang et al., 2016).

2.5.4 Bioavailability of quercetin

The food matrix has an important role in the bioavailability of quercetin (Wang et al., 2016).
Goldberg, Yan & Soleas (2003) studied the absorption of quercetin in three different matrices
(vegetable homogenate, grape juice, and white wine) in healthy individuals. Each contained
10mg quercetin/kg body weight and the subsequent serum quercetin concentrations were 10.8

ng/L for vegetable homogenate, 25.3 ng/L for grape juice and 12.7 ng/L for white wine.

2.5.5 Quercetin delivery systems

The available delivery systems for quercetin are currently divided into five groups: lipid-based
carriers, polymer nanoparticles, inclusion complexes, micelles and conjugates-based

nanoparticles (Wang et al., 2016).

Aditya et al., (2014) carried out a comparative study on three lipid nanocarriers for quercetin;
solid lipid nanoparticles (SLN), nanostructured lipid carriers (NLC), and lipid nanoemulsions
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(LNE). It was observed that quercetin loaded and free NLC had the smallest particle size
compared to SLN (34nm) and LNE (47nm). The encapsulation efficiency in these systems was
greater than 90%. LNE (58.4%) and NLC (52.7%) showed the highest bioaccessibility
followed by SLN (39.7%) and lastly free quercetin solution (7%) at the end of two hours.

Bagad & Khan (2015), prepared quercetin loaded nanoparticles using poly (n-
butylcyanoacrylate) (PBCA) coated with polysorbate-80 (T80) by emulsion polymerization
method for oral delivery of quercetin. The particle size for quercetin-PBCA was 161.1nm and
for quercetin-PBCA+T80 was 166.6nm. The encapsulation efficiency was found to be 79.86%
for quercetin-PBCA and 74.58% for quercetin-PBCA+T80. There was an initial burst in the
release. However, a sustained release was maintained compared to free quercetin. The
bioavailability of quercetin was increased by 2.38-fold in quercetin-PBCA and 4.93-fold in
quercetin-PBCA-T80.

Tan et al., (2011) prepared quercetin-loaded lecithin-chitosan nanoparticles using tocopheryl
propylene glycol as a surfactant. The particle size was 95.3 nm and the encapsulation efficiency
was 48.5%.

Wu et al. (2008) characterised the antioxidant activity of quercetin-loaded nanoparticles using
eudragit and polyvinyl alcohol (PVVA) as carriers by nanoprecipitation. The release of quercetin
was increased 74-fold compared with pure quercetin. The antioxidant activity of the quercetin
loaded nanoparticles was more effective than of pure quercetin on DPPH scavenging, anti-

superoxide formation, superoxide anion scavenging, and anti-lipid peroxidation.

De Paz et al. (2015) produced water-soluble quercetin formulations by antisolvent precipitation
and supercritical drying. It was observed that by using lecithin as a carrier material, it was
possible to obtain stable and homogeneous dispersions of quercetin particles with high
encapsulation efficiencies (up to 90%).
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CHAPTER 3: MATERIALS AND METHODS

3.1 Materials

Quercetin (= 95%), Tween 80, dimethyl sulfoxide (DMSO, (= 99.5%)), and sodium azide (=
99.5%) were purchased from Sigma-Aldrich Co. Almond gum was bought from Sepahan
Nano-Food Co. (Isfahan, Iran). The provided sample was white and of a uniform size without
extra impurities and collected at a certain harvesting time from similar types of trees
(Amygdalus communis L.). Shellac powder (SSB-55 PHARMA FP) with A particle size of
95% <100um was kindly donated by SSB Stroever GmbH & Co. KG (Bremen, Germany).
Ultrapure water purified by a Milli-Q filtration system (0.22um) (Millipore Corp., Bedford,

MA, USA) was used for the analyses and preparation of all agueous solutions.

3.2 Extraction of almond gum

Almond gum was extracted using a procedure reported by Sedaghat Doost et al. (2018).
Briefly, AG was pulverized with a ball mill (Retsch, PM 400, UK) for 30 minutes to create a
powder. To separate the water-soluble fraction from the insoluble fraction, a stock solution
(4%) in milli-Q water was left to stir for three hours at a temperature of 20°C. For complete
hydration, the mixture was kept at 4°C overnight. The mixture was centrifuged at 20000rpm
for 40 minutes at 25°C and the clear solution (water-soluble fraction) was decanted off and
0.02% of sodium azide was added to prevent microbial growth. To determine the dry matter
content, 10ml of the solution was dried at 105°C overnight. The solution was kept at 4°C for

further experiments.

3.3 Preparation of nanoparticles

Nanoparticles were prepared by antisolvent precipitation. The procedure was adopted from
Sedaghat Doost et al. (2018) with slight modifications. A Shellac stock solution of 2%w/v with
(0.05%w/v) or without quercetin in ethanol (Absolute grade, VWR Belgium) was prepared and
left to stir for 30 minutes. Absolute ethanol was used as the solvent while water was the
antisolvent. The aqueous solution contained almond gum (0-0.7%w/v) and/or T80 (O-
0.2%w/v). Nanoparticles were prepared by dosing of the ethanol solution in the agueous
solution using a dosing machine (Metrohm-765 Dosimat) at a set flow rate (0.1-9ml/min) while
the aqueous solution was being stirred at a set stirring speed (500-1000rpm). The volumetric
ratio of ethanol to aqueous phase was 1:3. The ethanol was evaporated off using a rotary
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evaporator (IKA RV 10, Belgium) in a water bath at 50°C at 190 mbar for 10 minutes. The

final concentration of shellac was 0.67%w/v.

3.4 Effect of preparation parameters on particle size and acid resistance
3.4.1 Effect of stirring speed and dosing rate

In both studies, the nanoparticles were prepared with 0.67%w/v shellac and 0.5% almond gum.
To determine the effect of stirring speed, the dosing rate was fixed at 6ml/min and the stirring
speed was varied from 500rpm to 1000rpm. To study the effect of dosing rate, the stirring speed
was kept constant at 750rpm while the dosing rate was varied from 0.1 to 9ml/min. The rest

of the procedure remained the same as described in section 3.3.

3.4.2 Effect of almond gum and T80 concentration on particle size

Nanoparticles with different almond gum concentrations (0-0.7%w/v) were prepared with
constant concentration of T80 (0.1%w/v). The dosing rate was 6ml/min while the stirring speed

was 750rpm. The rest remained constant as described in section 3.3.

Nanoparticles with different T80 concentrations (0.01-0.2%w/v) were prepared with constant
AG concentration (0.5%w/v). The dosing rate was 6ml/min while the stirring speed was

750rpm. The rest remained constant as described in section 3.3.

3.4.3 Acid resistance study

To determine the optimal combination of AG and T80 that prevents aggregation of shellac
particles at pH 1.2 (stomach pH), the influence of pH on the visual appearance of 0.67%w/v
shellac at different AG and T80 concentrations was investigated. The nanoparticles were
diluted in milli-Q water and the pH adjusted to 1.2 with 1N HCI. The mixture was visually

observed for aggregation.

3.5 Characterization of nanoparticles

The final nanoparticles were prepared using 2% SH (0.67% final composition), 0.05% Q
(0.02% final composition), 0.5%w/v AG and 0.1%w/vT80. The stirring speed was 750rpm at
a dosing rate of 0.5ml/min.
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3.5.1 Size measurement

The particle size distribution of the samples was measured using Photon Correlation
Spectroscopy (Model 4700, Malvern Instruments, U.K.) at a scattering angle of 150° at 25°C.
The colloidal system was diluted prior to analysis with an appropriate solution (at pH 1.2 or
Milli-Q water) to avoid multiple scattering. The light intensity correlation function was
analyzed based on the CONTIN method, whereas the z-average diameter and PDI were

obtained by cumulant analysis. Each individual measurement was an average of 10 runs.

3.5.2 Encapsulation efficiency (EE)

Quercetin encapsulation efficiency in the NPs was determined using UV spectrophotometry
(UV-vis, VWR, Belgium) at 380nm. A standard curve (Figure 4) was generated using a series

of quercetin concentrations ranging from 5-50pg/ml in DMSO (Sedaghat Doost et al,, 2018).
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Figure 4: Standard curve of quercetin dissolved in DMSO

Encapsulation efficiency was determined based on the method reported by Davidov-Pardo et
al., (2015). Briefly, a given amount of sample was placed in centrifugal tubes (Amicon altracel-
10K 15ml, Millipore Cork Ireland). It was centrifuged at 3076g for 30min. The filtrate was
dissolved in DMSO and the absorbance was read at 380nm. The concentration of quercetin was

obtained from the standard curve. The EE was estimated as follows (Equation 2):
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EE% = S4-% o 100
cQ

1

Equation 2

where CQ is the concentration of quercetin added to the original sample and CQ, is the

concentration of quercetin in the filtrate.

3.5.3 Morphology of nanoparticles

3.5.3.1 Cryo-Scanning electron microscopy (Cryo-SEM)

Cryo-SEM (JEOL Ltd, Tokyo, Japan) was employed to characterize the fabricated NPs. The
selected sample was lyophilized using a freeze-drier (Alpha 1-2 LD plus, Christ) prior to SEM
analyses. A small amount of sample was re-dispersed in Milli-Q water and placed on a copper
grid. The sample was frozen in a nitrogen slush (-190°C) followed by fracturing. Then, it was

sublimated for 30min and sputter coated with platinum prior to photograph recording.

3.5.3.2 Transmission electron microscopy (TEM)

The sample was diluted 1000 times with double distilled water and 2ul was blotted on a
formvar-coated copper single slot grid (Agar Scientific). The copper grid was left to be dried
under a fume hood at ambient temperature covered by a glass dish. The sample was visualized
using a JEOI JEM 1010 (Jeol, Ltd, Tokyo, Japan) transmission electron microscope. Images

were made with a Veleta side mounted CCD camera (EMSIS GmbH, Muenster, Germany).

3.5.4 Fourier transform infrared spectroscopy (FTIR)

Chemical structure changes of the freeze-dried quercetin loaded into shellac particles and pure
quercetin were evaluated using Fourier transform infrared spectroscopy (Shimadzu IR
Affinity-1, Kyoto, Japan). The FTIR spectra were recorded in a range of 4500-400 cm
wavenumbers and a 4 cm™ resolution with 20 scans. The spectra were analyzed using
LabSolutions IR software (V2.15, 2016).

3.6 Functionality and in-vitro properties of nanoparticles
3.6.1 Redispersability

The redispersability of the NPs was studied by dispersion of 10mg freeze-dried samples in

10ml Milli-Q water. The mixture was vortexed for two minutes and then left to be stirred at 30
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rpm for one hour at ambient temperature (20°C). The particle diameter as well as PDI and

visual appearance of the samples before and after freeze-drying were evaluated.

3.6.2 Antioxidant activity

The antioxidant activity of the released content of the NPs was carried out using the ferric
reducing antioxidant power assay (FRAP). Firstly, the solutions of a) 20mM FeCl3.6H.0 in
water, b) 10mM 2,4,6-tripyridyl-s-triazine in 40mM HCI, and c) 300mM acetate buffer with
pH 3.6 were prepared. Secondly, a mixture of 2.5ml a and b with 25ml of C was incubated at
37°C for 5min prior to analysis. The sample with or without quercetin was first maintained at
a pH of 1.2 and incubated at 37°C for 2h and then the pH was adjusted to 7.4 with 1N NaOH
and incubated at 37°C for the next 2h. Finally, 30ul of the sample was mixed with 900ul of
FRAP reagent, the mixture was kept for 4 minutes in an eppendorf and thereafter was
centrifuged at 7000rpm for 3 min and supernatant transferred to a 1ml cuvette and the
absorbance (at 593nm) was determined using a UV spectrophotometer (UV-vis, VWR,
Belgium). A sample was analyzed at the beginning and then after every 30 minutes. Ascorbic
acid solutions at different concentrations (67.5-500uM) were treated with the same method.
The antioxidant activity value of the samples was calculated according to the method of Patel,
etal. (2011)

3.6.3 Cellular quantification of quercetin levels using Caco-2 cells

3.6.3.1 Cytotoxicity tests
3.6.3.1.1 MTT assay

Caco-2 cells (ATCC) were grown under standard culture conditions (37°C, 10% CO) in high-
glucose DMEM + glutamax (Fisher Scientific, Merelbeke, Belgium), supplemented with 1%
non-essential amino acids (Fisher Scientific), 1% penicillin-streptomycin (Fisher Scientific)
and 10% fetal bovine serum (FBS, VWR). For the toxicity test, cells were trypsinized, counted
using Burker counting chamber and Trypan blue staining (Sigma-Aldrich), and seeded in clear
96-well plates (Greiner) at a density of 20000 cells/well. After 24 hours of cell growth, the cells
were incubated with either free quercetin, quercetin containing nanoparticles or quercetin-free
nanoparticles, added to serum-free cell culture medium in different dilutions. After an
overnight incubation, the cytotoxicity assays were started. For the MTT assay 100uL of cell
culture medium was removed and 20uL of MTT (5 mg/mL stock in PBS, Sigma) was added.

The mixture was then incubated in the dark at 37° C and at 10% CO: for two hours. Thereafter,
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the liquid was removed carefully and then 200uL DMSO was added and suspended. The
absorbance was determined at 570nm using a Spectramax M2 Multimode Plate Reader

(Molecular Devices, Berkshire, United Kingdom).

3.6.3.1.2 SRB assay

For the SRB assay, overnight treated cells were first fixed by addition of 50uL of 50% TCA
(trichloroacetate in milli-Q water) and kept at 4° C for one hour. The plates were rinsed with
tap water and air-dried. Next, the cells were stained with 200 ml SRB solution (0.4% in 1%
glacial acetic acid) for 30 minutes. The plates were then rinsed with 1% glacial acetic acid in
milli-Q water, air-dried and the stain was resuspended in 200ulL of 10mM Tris buffer.
Thereafter, the absorbance was determined at 490nm using a Spectramax M2 Multimode Plate

Reader.

3.6.3.2 Absorption of quercetin

The plate-reader method was initially proposed by Lee et al. (2014) and further optimized for
the Caco-2 cell line by Vissenaekens (manuscript in preparation), and the fixation and staining
methods were based on the papers from Grootaert et al. (2016) and Gonzales et al. (2016).
Briefly, for the spectrofluorometric-based analysis, cells were trypsinized, counted using a
Burker counting chamber and Trypan blue staining (Sigma-Aldrich), and seeded in black 96-
well plates (Greiner Bio One) at a density of 20000 cells/well. After the appropriate culture
time, cells were exposed to the treatments in serum-free medium in a humidified incubator
(37°C, 10% CO.). After 24h of exposure, cells were gently washed with pre-warmed PBS
(Sigma-Aldrich) and fixed with paraformaldehyde (4% in PBS) (Sigma-Aldrich) at 4 °C
overnight. After this fixation step, cells were washed with ethanolamine (10mM in PBS)
(Janssen Chimica, Beerse, Belgium) and PBS. Subsequently, cells were permeabilized with
Triton-X100 buffer (0.5% in PBS) (Sigma-Aldrich) and washed with PBS. Then, cells were
stained with diphenylboric acid 2-amino ethyl ester (DPBA) (0.2% w/v in 3% DMSO in water)
(Sigma-Aldrich) for 2h at 37°C. For each condition, one replicate was loaded with 3% DMSO
in water, without DPBA, to correct for background auto-fluorescence of the flavonoid. After
2h of staining, the cells were washed with PBS and finally 200 uL PBS was added to all
samples to measure the DPBA fluorescence (Aex/em=485/520 nm) using a Spectramax M2

Multimode Plate Reader. All data shown were corrected for background fluorescence.
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3.7 Statistical analysis

The results are reported as mean + standard deviation. A one-way analysis of variance was
used to determine the differences in the results at 95% confidence interval. This was done after
testing for homogeneity of variances with Levens test. Analyses were carried out by the R
statistics package. MATLAB 2015 was used to estimate areas under the curves.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Effect of preparation parameters on particle size and acid resistance
4.1.1 Effect of stirring speed and dosing rate on particle size

Results showed an inverse relationship between stirring speed and particle size with 500rpm
having the highest particle size and 1000rpm having the lowest particle diameter (Figure 5).
On the other hand, there was no significant influence of stirring speed on PDI (data not shown).
The reduction of particle size with increase in stirring speed is because rapid mixing ensures
uniform and quicker distribution of the solvent leading to rapid supersaturation which induces
quicker nucleation leading to smaller particles (Thorat & Dalvi, 2012). However, analysis
showed no significant difference between 750rpm and 1000rpm, therefore, the mixing speed
of 750rpm was selected as the most optimal since it consumes less energy and yet it can achieve

the required particle size.
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Figure 5: Effect of stirring speed on particle size — dosing rate (6 ml/min), 0.5%w/v AG
and 0%w/vT80

The particle size was also observed to be affected by the dosing rate whereby an increase in

dosing rate led to the formation of larger particles (Figure 6). For instance, the dosing rate of

9ml/min resulted into the largest particle size (395nm). Interestingly, there was no crucial

impact of addition rate on polydispersity index. Our results were, however, in contradiction

with Langer et al. (2003) who found an effect of dosing rate on polydispersity index but no
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influence on particle size. The increase in particle size with dosing rate could be attributed to
the effect of solvent to antisolvent ratio on particle size whereby the lower the ratio, the smaller
the particle size and the higher the ratio, the larger the particle size (Bakldyga et al., 1995;
Kakran, Sahoo, Tan, et al., 2012; Zhao et al., 2007). This implies that, at a lower dosing rate
at any given point during dosing, the solvent to antisolvent ratio is lower. Hence, rapid
nucleation occurred leading to smaller particles. However, when the dosing rate is increased,
the solvent to antisolvent ratio is also increased leading to larger particles. In terms of particle
size, 0.1ml/min gives the lowest particle size. However, in this study 0.5ml/min was selected
for the subsequent experiments since 0.1ml/min is time consuming: it takes 40 minutes to add
4ml. This may make it difficult for application especially during upscaling on an industrial

scale.
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Figure 6: Effect of dosing rate of solvent to antisolvent on particle size — stirring speed
(750rpm), 0.5%w/v AG and 0%w/vT80

4.1.2 Effect of almond gum and T80 (stabilizers) concentration on particle size

Generally, the results suggested a positive relationship between almond gum concentration and
particle size (Figure 7) meaning that at higher AG concentration, larger particles were created.
This can be explained by the increase in the viscosity which slows down the diffusion rate of
solvent into the antisolvent delaying the nucleation rate, leading to fewer and larger particles
(Meer et al., 2011). Thorat & Dalvi (2012) reported that an increase in polymer concentration

enhanced flocculation leading to an increase in particle size.
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Figure 7: Effect of AG concentration on particle size at constant stirring speed
(750rpm), dosing rate (6ml/min) and T80 concentration (0.1%)
From the results shown in Figure 8, it was evident that increase in surfactant (T80)
concentration led to a decrease in particle size and polydispersity index. These results are in
agreement with Sukmawati et al. (2018). However from 0.1 to 0.2% of T80, there was no
significant further reduction in particle size and PDI (Figure 8 and Figure 9). The decrease in
particle size by increasing the T80 concentration could be due to the fact that T80 lowers the
interfacial tension leading to rapid nucleation and hence formation of smaller particles (Joye &
McClements, 2013). The lack of significant difference between 0.1% and 0.2%T80 is attributed
to the fact that these two concentrations result in a similar effect on surface tension. The surface
tension rapidly decreases with an increase in T80 concentration up to a given concentration,
depending on the medium, and then it levels off (Pogorzelski et al., 2012). This implies that
since there is no significant decrease in surface tension, there will therefore not be a significant

effect on particle size and PDI.
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Figure 8: Effect of T80 concentration on particle size at constant stirring speed
(750rpm), dosing rate (6ml/min) and AG concentration (0.5%)
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Figure 9: Effect of T80 concentration on PDI at constant stirring speed (750rpm),
dosing rate (6ml/min) and AG concentration (0.5%)

4.1.3 Acid resistance study

The solubility of shellac in water is pH dependent, it is soluble at pH above 7 while below pH
7, it tends to be less soluble. Moreover, at very low pH such as a stomach pH (1.2), shellac
precipitates (Patel et al, 2011). This precipitation of shellac is not desirable because it leads to
large particles with significantly lower surface area to volume ratio. This leads to reduced
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absorption and bioavailability of the bioactive compound. Therefore, the purpose of this study
was to come up with the most optimal formulation that could ensure stability of shellac at
stomach pH. From Figure 10, it was observed that shellac alone greatly aggregated while a
combination of shellac and AG or shellac and T80 showed an improvement as can be seen
from the turbidity of the samples. However, this was not sufficient to fully prevent
precipitation. However, a combination of shellac with AG and T80 was found to be very
resistant to aggregation which could be due to the protection that AG and T80 offer by coating
the shellac nanoparticles and hence prevent them from precipitating. AG coats shellac
nanoparticles, while T80 being a nonionic surfactant provides further coating and renders
stability of the nanoparticles by steric repulsion (Asasutjarit et al., 2013). Patel et al. (2011),

reported aggregation of simple shellac colloidal particles while when shellac was combined
with xanthan gum, the resulting particles were stable at pH 1.2.
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Figure 10: Stability of nanoparticles (not loaded with quercetin) under stomach
conditions (pH 1.2)

4.2 Characterization of nanoparticles

4.2.1 Size measurement

Particle size is a very vital parameter in characterization of nanoparticles. It helps to determine

the quality of the fabricated nanoparticles. Smaller particles are desirable because they have a
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larger surface area to volume ratio which is very relevant in improving the absorption and
bioavailability of the bioactive compound (Bhatia, 2016; Wu et al., 2008) and are considered
to have more physicochemical stability (Joye & McClements, 2013). The fabricated
nanoparticles had an average particle size of 135+8nm with a PDI of 0.252+0.01 and with a
monomodal distribution (data not shown). Our results were in agreement with the work

performed by Sedaghat Doost et al. (2018), but with a different preparation method.

4.2.2 Encapsulation efficiency

Encapsulation efficiency is an important parameter for measuring the amount of the bioactive
compound entrapped within the nanoparticles. It is desirable for the encapsulation efficiency
to be as close to 100% as possible. High encapsulation efficiency has been associated with
better targeted delivery (Vashisth et al., 2015). In this study, the nanoparticles had an
encapsulation efficiency of 97.7+1.2%. This result was comparable to the results obtained by

Sedaghat Doost et al. (2018) who prepared the nanoparticles containing quercetin.

4.2.3 Morphology of nanoparticles

The Cryo-SEM photographs presented in Figure 11, confirm the morphology and size of the
nanoparticles. As it can be seen, the particles are mostly spherical with rough surfaces. The
roughness of the surfaces is due to the AG and T80 coating of the core material (SH and Q).
The particle diameter was also close to 100nm consistent with the particle size obtained from
the DLS technique.

Figure 11: Cryo-SEM photographs of quercetin-loaded nanoparticles
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To clearly understand the morphology and the adsorption of coating materials of the fabricated
nanoparticles beyond Cryo-SEM photographs, TEM was carried out (Figure 12). The analyses
of the TEM images confirmed that the particle size was less than 200nm. The photos showed
that the core material (SH) was surrounded by stabilizers which were almond gum and T80.
The results also showed no evidence of aggregation of the nanoparticles presenting the high

stability of the particles.

Magnification: 50000 x

Figure 12: TEM photographs of quercetin-loaded nanoparticles
424 FTIR

FTIR is a very practical technigue in studying the interactions between components. In this
study, it was used to establish the interaction between quercetin and shellac in the
nanoparticles. Figure 13 shows the spectra for pure quercetin and shellac with quercetin
particles without coating materials. In the spectrum for pure quercetin, there are three peaks
marked in red with wavenumber of 815 cm™ (C-H bend of aromatic hydrocarbon), 1516 cm™
(C=0 aromatic stretch) and 1612 cm™ (C-C aromatic ring stretch) (Sambandam et al., 2016).
However, these peaks were not observed in the spectrum for shellac and quercetin. This implies
that at these points there is an interaction between shellac and quercetin. Li et al., (2014)
reported that a reduction of the FTIR spectrum intensity in the similar points represents the

interaction of quercetin with the studied compound.
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Figure 13: FTIR spectra of pure quercetin (green) and quercetin-shellac nanoparticles
(blue)

4.4 Functionality and in-vitro properties
4.3.1 Redispersability

The nanoparticles may be applied to food products in dried form. Redispersibility therefore,
helps to measure the ability of nanoparticles to properly be suspended in the digestive tract
after being consumed. This ability can be measured by comparing the particle size before and
after redispersion. The fabricated nanoparticles showed a good redispersability with no visible
aggregation after redispersion. The average particle size before freeze-drying was 153.8+7.1nm
and after redispersion, the size increased significantly to 172.9+1.4nm. However, the particle
size was still small enough and within the acceptable range. This good redispersibility is
attributed to the ability of AG to create a wall around the nanoparticles during dehydration and
its ability to bind a lot of water during rehydration (Jooyandeh et al., 2017). There was also a
significant increase in PDI from 0.254+0.032 before freeze-drying to 0.392+0.040 after
redispersion. This further supports the fact that there was aggregation. However, a
polydispersity index of 0.392 is still very acceptable implying that the aggregation was mild.
Figure 14 shows the particle size distribution variation before drying and after redispersion. It
is obvious that the particle size distribution after redispersion is wider, but all the particles were
in the nanometer range confirming that the fabricated nanoparticles had a good redispersability.
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Figure 14: Particle size distribution for freshly prepared quercetin-loaded nanoparticles
before freeze-drying (blue) and after redispersion of the freeze-dried nanoparticles (red)

4.3.2 Antioxidant activity

Figure 15 shows the antioxidant activity of quercetin in different GIT conditions. From time 0
to 120 min, it was in stomach conditions (pH 1.2) and from time 120 to 240 min, it was in
intestinal conditions (pH 7.4). From the results, plain nanoparticles (without quercetin) showed
almost no antioxidant activity in both conditions as it was expected. This means that all the
antioxidant effect exhibited by the quercetin-loaded nanoparticles was due to the added
quercetin. Therefore, SH, AG and T80 had no antioxidant activity. At pH 1.2, the antioxidant
activity of free quercetin was around 200uM ascorbic acid equivalent throughout and was
lower than the antioxidant activity of quercetin-loaded nanoparticles under the same
conditions. Theoretically, the antioxidant activity of free quercetin is expected to be lower than
that of quercetin-loaded nanoparticles at pH 1.2. This is because for quercetin-loaded
nanoparticles at this pH, most of the quercetin is still entrapped in the nanoparticles and
therefore not accessible. The higher antioxidant activity of quercetin-loaded nanoparticles is
attributed to the high solubility of quercetin in the nanoparticles which is in amorphous form
which easily diffuses out of the nanoparticles. Also, after two hours at pH 1.2, free quercetin
was observed to aggregate (Figure 16), this might have also lowered its antioxidant activity.
This implies that the antioxidant activity of quercetin was hampered by the low solubility at
this pH. The antioxidant activity of quercetin-loaded nanoparticles was observed to increase
very slightly with time at pH 1.2, this increase was not statistically significant, nonetheless.

This slight increase may be due to the small release of amorphous quercetin from the core
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material. This explanation may be taken into consideration for

activity of the nanoparticles at pH 1.2.
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Figure 15: Antioxidant activity of quercetin-loaded nanoparticles, pure quercetin and
plain nanoparticles (without Q) at pH 1.2 (stomach PH) and at pH 7.4 (intestinal pH).
The vertical red line separates pH 1.2 from pH 7.4

Figure 16: Aggregation of free quercetin at pH 1.2

At pH 7.4 (Figure 17), there was an immediate reduction in the antioxidant activity of free

quercetin, which kept on reducing until the end of the experiment. The reduction in antioxidant

activity was related to the degradation of quercetin at pH > 7. The degradation of quercetin at
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alkaline pH has been extensively investigated (Buchner et al, 2006; Young Moon et al, 2008).
However, for quercetin-loaded nanoparticles, an increase in antioxidant activity was observed
which peaked after one hour from the time the pH was increased to 7.4. This enhanced and
sustained antioxidant activity was due to the continuous release of quercetin from the
nanoparticles due to the dissolution of shellac at alkaline pH (Patel et al., 2011). Indeed, the
quercetin encapsulated within the nanoparticles core material could be protected from the
alkaline conditions against degradation. Beyond the first hour, a rapid decrease in antioxidant
activity was observed which is similar in trend to that of free quercetin. This was because most
probably the major fraction of shellac has been dissolved and therefore all the quercetin is
released which accelerates its degradation. It should, however, be noted that at the end of two
hours in alkaline medium, the antioxidant activity of quercetin-loaded nanoparticles was still
significantly higher than that of free quercetin. This was confirmed in Figure 17 showing the
full absorbance spectrum of free quercetin and nanoparticles fortified by quercetin after 4h at
pH 7.4. It was clear that free quercetin at pH 7.4 after 4h had a substantially lower absorbance
peak around 380 nm as compared to the encapsulated quercetin in the similar medium, which
is an indication of faster degradation of free quercetin. Therefore, it can be concluded that
quercetin fortified nanoparticles offer a higher antioxidant activity than free quercetin. Wu et
al. (2008), also reported quercetin-loaded nanoparticles to have a higher antioxidant activity

than pure quercetin.
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Figure 17: UV-Vis. spectra of quercetin in DMSO (purple), quercetin in nanoparticles
(blue) and quercetin in DMSO at pH 7.4 (red) after 4 hours at 37°C
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4.3.3 Cellular quantification of quercetin levels using Caco-2 cells

4.3.3.1 MTT and SRB

MTT assay is used to assess the cell metabolic activity while the SRB assay is used for the
determination of the cell density through determination of cellular protein. Together, these two
assays are used to assess the cytotoxicity of substances. The study of toxicity is very relevant
in understanding the dynamics in the absorption of a bioactive compound. If the cells are
damaged due to the presence of a toxic substance in the nanoparticles, it will lead to the
impairment in the absorption of the bioactive compound. From Figure 18, the untreated sample
IS used as the reference. Results show that there was cell proliferation for only the sample
treated with quercetin in DMSO while cells treated with DMSO without quercetin exhibited
reactivity but without toxicity. In all the samples treated with nanoparticles, there was toxicity
observed. The toxicity decreased with an increase in dilution and presence of quercetin. No
significant toxicity was exhibited by cells treated with quercetin-loaded nanoparticles with a
dilution factor of 100. Cells treated with quercetin-loaded nanoparticles exhibited less toxicity
than those treated with nanoparticles with the same concentration but without quercetin. This
implies that quercetin renders protection to cells against the toxic nanoparticles. This therefore
confirms the protective function of quercetin. This cytoprotective effect of quercetin has also
been well described by Gonzales et al. (2016). In their study, quercetin was shown to mitigate
valinomycin-induced cellular stress. The decrease in toxicity with increase in dilution suggests
that component(s) of the nanoparticles is responsible for this toxicity. According to the existing
literature, T80 is expected to be the main contributor to this toxicity (Arechabala et al., 1999;
Castro et al., 1995; Tsujino et al., 1999). These findings are in agreement with Manssens
(2015), who studied the bioavailability of vitamin A in emulsions by in-vitro models. She
clearly reports a decrease in toxicity of T80 stabilized emulsions with increase in dilution.
Arechabala et al., (1999), reported the LCso for T80 to be 210 ug/ml. However, according to
our nanoparticles, a dilution factor of 50 led to a T80 concentration of 20 ug/ml while a dilution
factor of 100 resulted into a concentration of 10pg/ml. These concentrations are lower than the
reported LCsp, but they are still significant enough to have toxic effects on the cells. This may
also be due to the differentiation status of the cells, as undifferentiated, growing Caco-2 cells
— such as used in this study - are more sensitive to toxicity in general compared to fully
differentiated, enterocyte-like Caco-2 cells. This was for instance demonstrated by Rajkovic et
al. (2014), who showed that exposure to the emetic toxin cereulide led to a 30-fold higher
toxicity in undifferentiated cells compared to differentiated cells.
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Figure 18: Results of the MTT (blue) and SRB (red) assays. The results are presented
as a percentage of the optical density compared to the untreated cells

4.3.3.2 Absorption of quercetin

From Figure 19, cells treated with quercetin in DMSO significantly showed the highest
absorption of quercetin followed by cells treated with quercetin-loaded nanoparticles with a
dilution factor of 100. Cells treated with quercetin-loaded nanoparticles with a dilution factor
of 50 had the lowest uptake of quercetin of the three different treatments containing quercetin.
This trend in uptake of quercetin can be explained by the toxicity results presented above. Cells
treated with quercetin in DMSO showed proliferation and therefore, their cell membranes were
still very intact implying a normal uptake of quercetin. Cells treated with quercetin-loaded
nanoparticles with a dilution factor of 100 showed a higher uptake of quercetin than those with
a dilution factor of 50. This difference in uptake is because at lower dilution, the toxicity is
high due high the concentration of T80 and therefore the integrity of the cell membrane is
destroyed leading to impaired uptake of quercetin. At higher dilution, the toxicity is greatly
reduced and the damage to the cell membrane is minimal. Even if quercetin concentration is
also lower, the high integrity of the cell membrane allows for efficient absorption of quercetin.
The average pH in the wall was 6.5-6.8. This was due to the acidification from the
metabolically active cells. A pH below 7 has been shown to hinder the release of quercetin
since shellac cannot fully solubilize (Leick et al., 2011). This therefore, might have led to less

quercetin available for uptake by cells than what would have been available if the pH was 7.4.

35



Also at pH below 7, the degradation of quercetin is slowed down (Buchner et al., 2006; Young
Moon et al., 2008). This implies that the amount of free quercetin that was available for uptake
was higher than the amount that would have been available if the pH was 7.4. To correct for
this pH difference and come up with actual luminal release, we calculated the area under the
graphs of Figure 15 at pH 7.4. From this calculation, it was found out that the amount of
quercetin available for uptake from quercetin in DMSO was 47% of quercetin loaded in
nanoparticles (100%). From this, we found out that the bioavailability of quercetin loaded in
nanoparticles would have been much higher than free quercetin if the pH was maintained at

7.4. All the other treatments without quercetin showed no significant uptake of quercetin as

expected.
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Figure 19: Results for uptake of quercetin by Caco-2 cells
4.4 Nutrition and development perspective

Worldwide, non-communicable diseases (NCDs) are responsible for 60% of the deaths of
which 80% of these deaths are in developing countries. In Africa, the deaths from these diseases
are rising faster than anywhere else in the world (WHO, 2010). Some of these diseases, such
as some cancers, CVDs, and hypertension can be prevented by consuming diets that are rich in
quercetin (Cossarizza et al., 2011; Dajas, 2012; Damianaki et al., 2000; Kuo, 1996; Park et al.,
2005; Vijayababu et al., 2005; Wang et al., 2016). Therefore, incorporation of quercetin-loaded

nanoparticles in food products can help to reduce this burden. There is a big connection
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between reducing the disease burden and development: a healthy population can more easily
escape from poverty compared to an unhealthy population (WHO, 2010). Production of food
products containing quercetin-loaded nanoparticles especially in developing countries implies
creating new jobs to the local communities in various sectors such as production, transportation

and marketing. This will therefore help to improve the well-being of the people.
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS

The antisolvent precipitation method was successfully capable to create coated nanoparticles
with a relatively small particle size and high stability against acidic pH. It was discovered that
a concentration of 0.1%w/v of T80 and 0.5%w/v of AG resulted into nanoparticles that were
resistant against aggregation at pH 1.2. Quercetin-loaded nanoparticles with an average size of
135+8nm and a PDI of 0.252+0.01 were successfully produced. The encapsulation efficiency
was 97.7£1.2%. These particles were found to be stable even at pH 1.2. Free quercetin is
rapidly degraded at pH 7.4. However, when the quercetin was loaded in the nanoparticles, this
degradation substantially decreased. The antioxidant activity of quercetin-loaded nanoparticles
at pH 7.4 was found to be significantly higher that of free quercetin. The quercetin-loaded
nanoparticles exhibited toxicity towards Caco-2 cells, which may be attributed to the presence
of T80. T80 may have damaged the cell membrane of the cells, which hindered the uptake of
quercetin by the Caco-2 cells. There is also evidence that quercetin may reduce the toxicity of
the nanoparticles. Quercetin loaded in nanoparticles was found to be two times more available
for absorption than free quercetin.

Further research is needed to develop quercetin-loaded nanoparticles without T80 to eliminate
its toxic effects. More studies are also needed to eliminate completely T80 in food products

due to its toxicity.
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