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ABSTRACT
ROLE OF LIPID-BASED DELIVERY SYSTEMS IN THE BIOLOGICAL FATE OF
LIPOPHILIC NUTRACEUTICALS AND INORGANIC NANO-PARTICLES IN THE
GASTROINTESTINAL TRACT
September 2015
MINGFEI YAO, B.A,, WUHAN UNIVERSITY, P.R.CHINA
M.A., ZHEJIANG UNIVERSITY, P.R. CHINA
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Hang Xiao

The oral bioavailability of lipophilic bioactive molecules can be greatly increased
by encapsulating them within engineered lipid nanoparticles, such as micelles,
microemulsions and nanoemulsions. After ingestion these engineered lipid
nanoparticles are disassembled in the gastrointestinal tract (GIT), and then
reassembled into biological lipid nanoparticles (mixed micelles) in the small
intestine. These mixed micelles solubilize and transport lipophilic bioactive
components to the epithelium cells. The mixed micelles themselves are then
disassembled and reassembled into yet another form of biological lipid nanoparticle
(chylomicrons, CMs) within the enterocyte cells. The CMs carry the bioactive
components into the systemic (blood) circulation via the lymphatic system, thereby
avoiding metabolism in the small intestine and liver.

Polymethoxyflavones (PMFs) are bioactive flavonoids found in citrus fruits that
have been shown to have potential health promoting properties. However, their

application as nutraceuticals in functional foods and beverages is currently limited
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due to their low water solubility and high melting point. The oral bioavailability of
lipophilic compounds can be enhanced by promoting their intestinal lymphatic
transport through co-administration with digestible lipids. First, we investigated the
effects of chylomicron-mediated intestinal lymphatic transport on the bioavailability
of 5-hydroxy-6, 7, 8, 3', 4'-pentamethoxylflavone (5-DN), one of representative PMFs
in Caco-2 cells. Our results demonstrated that oleic acid and bile acid promoted
secretion of CMs in Caco-2 cells, with mean diameter ranged from 70 to 150 nm. The
intracellular level of 5-DN increased 3-fold by co-incubation with the mixed micelle
solution. Moreover, the basolateral level of 5-DN increased 3-fold due to enhanced
chylomicron-mediated transport.

Based on the above results, we then evaluate the influence of different fatty acid
types on the properties of mixed micelles, cellular lipid droplets and CMs, and on the
uptake of the highly lipophilic nutraceutical 5-DN. There were distinct differences in
the structural properties of CMs formed depending on fatty acid unsaturation. Oleic
acid (C1s:1) was most effective at enhancing transport of 5-DN and led to the
formation of the largest CMs. Linoleic acid (C1s:2) and linolenic acid (Cis:3) also
promoted 5-DN incorporation into CMs, but they were less efficient than oleic acid.
The metabolism of 5-DN within the epithelium cells was greatly reduced when they
were incorporated into CMs, presumably because they were isolated from metabolic
enzymes in the cytoplasm. These results have important implications for the design
of lipid nanoparticle-based delivery systems for lipophilic drugs and nutraceuticals
by targeting them to the lymphatic circulation.

Fatherly, we studied the effects of triglycerides-based nanoemulsion delivery
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systems with different fatty acid chain lengths on the bioavailability 5-DN. 5-DN was
encapsulated in medium chain triglycerides (MCT) or canola oil (long chain
triglycerides, LCT) based nanoemulsion. They were subject to a simulated
gastrointestinal digestion model. Finally, the mixed micelle phase was applied to
Caco-2 monolayer cell model that mimics intestinal absorption. Higher
bioaccessibility of 5-DN was found in MCT nanoemulsion than canola nanoemulsion,
13% vs.7% respectively. However, only 30% 5-DN crossed Caco-2 monolayer while
half of them were metabolized for MCT nanoemulsion, up to 60% 5-DN and only
10% were metabolized in canola nanoemulsion. Results also demonstrated more
lipid droplets and CMs were formed by canola nanoemulsion, which were
responsible for transportation of 5-DN to the lymph. In conclusion, although for
lipophilic components like 5-DN, relatively higher bioaccessibility can be achieved
by MCT-based nanoemulsion, LCT-based emulsion was more potent in enhancing
the bioavailability through increased lymphatic transport.

Lipids especially the ones with polyunsaturated long chain fatty acids (PUFA) are
very susceptible to oxidation. Ingestion of oxidized lipids is associated with all kinds
of health risk: diabetes, tumor development and atherosclerosis. Meanwhile, the
oxidation of lipids may affect the absorption of lipophilic bioactive components in
foods. We compared the effect of oxidized and unoxidized PUFA, linoleic acid (LA) on
the transport of the highly lipophilic compound 5-hydroxy 6,7,8,4’
tetramethoxylflavone (5-DMT) by a Caco-2 cell model. Results turned out that
unoxidized LA improved bioavailability of 5-DMT by stimulating CMs. Oxidized LA

also showed an effect of improving transport of 5-DMT. However, it significantly
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affected the morphology of Caco-2 monolayer especially the tight junction.
Accordingly, the transport pathway could be altered compared to the unoxidized LA,
which will ultimately influence the distribution and metabolism fate of lipophilic
components in the human body.

Recently, the fate of inorganic nanoparticles in foods after ingestion has been
attracted highly attention. Based on the above model and experimental methods, we
also investigate the transport and toxicity of inorganic nanoparticle (AuNPs) on
Caco-2 cell monolayer. AuNPs with different size (15nm, 50nm and 100nm) were
applied. Our results demonstrated that more amount of gold was retained in the
monolayer and higher toxicity was caused for larger size of AuNPs. Besides, mixed
micelles greatly improve the secretion of AuNPs. The influence may be associated
with formation abundant lipid droplets and CMs in the monolayer after fatty acids
were taken in.

Overall, our results demonstrated for the first time that the bioavailability of
PMFs and some inorganic NPs can be enhanced by promoting their incorporation

into CMs.
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CHAPTER 1

INTRODUCTION

Many nutraceuticals are highly lipophilic and their oral bioavailability in
foods or beverages is very low, such as carotenoids, curcumins and flavonoids[1, 2].
Hence the potential benefits to human health of these nutraceuticals cannot be fully
realized. One way to enhance their oral bioavailability is to incorporate them in lipid
and lipid-based formulations in pharmaceutical area [3]. Several factors are
considered to determine the nutraceutical oral bioavailability: bioaccessibility,
absorption and transformation[4]. First, lipid and lipid-based formulations
enhanced gastrointestinal solubilization of lipophilic components and absorption by
formation of bile salt/phospholipid/fatty acid mixed micelle in the gastrointestinal
tract[5, 6]. Then the absorbed nutraceutialcs incorporated into the stimulated lipid
carriers chylomicrons were exported directly to the system circulation through
lymph, thus avoid being metabolized by the enzymes in intestine and liver[3, 6, 7].

In this article, we focus on improving the bioavailability of highly lipophilic
nutraceutical 5-DN and 5-DMT, which are belonging to PMFs, by facilitating their
chylomicron-lymphatic pathway on an in vitro Caco-2 monolayer model. The
differentiated Caco-2 cell monolayers on membranes were able to assemble ad
secrete chylomicrons (CMs)[8]. Besides, lipids types play an important part in the
role of facilitating lymphatic pathway. Hence, oleic acid-taurocholate mixed micelles
were prepared which has been confirmed to stimulation and secretion of abundant

chylomicrons on the Caco-2 cell monolayer model by previous study|[7, 9, 10].



The changing of pathway also altered the metabolism behavior of PMFs in
the Caco-2 monolayer. In order to further understand the mechanism and control
the gastric fate of these nutriceutials, it is also critical to determine the effect of
different free fatty acids (FFAs) or different type of lipids (long chain or short chain)
on their bioavailability. Morphologies of different FFA-based mixed micelles,
formation of lipid droplets and chylomicrons in the monolayer can be clearly
characterized by TEM.

Unsaturated lipids are always associated with oxidation. It is also necessary
to have the knowledge of the influence of lipid oxidation in lipid-based formulations
to the gastrointestinal fate of nutraceuticals, since it is closed related to the function
of the delivery system and food safety.

Based on the above study of lipid formation on the in vitro Caco-2 cell
monolayer model, we also continue to investigate the transport of inorganic
nanoparticles (NPs) on this model and the affect of lipid on their absorption. This

information should be useful in the security of food additives in food industry.



CHAPTER 2
LITERATURE REVIEW: DELIVERY OF LIPOPHILIC BIOACTIVES: ASSEMBLY,

DISASSEMBLY, AND REASSEMBLY OF LIPID NANOPARTICLES

2.1 Introduction

2.1.1 Lipid Nanoparticles Inside and Outside the Body

Numerous lipophilic constituents within foods have been identified as having
health benefits over and above their normal roles as nutrients (Table 2-1), such as
bioactive lipids (e.g., w-3 fatty acids and conjugated linoleic acids), oil-soluble
vitamins (e.g., A, D, E and K), carotenoids, flavonoids, and phytosterols[3, 11, 12].
These bioactive components are often highly hydrophobic molecules that have low
water-solubility and relatively poor oral bioavailability [3, 13]. Consequently, they
are difficult to incorporate into many types of aqueous-based food and beverage
products, and their potential beneficial health effects are not fully realized because
they are poorly absorbed by the human body [14, 15]. The oral bioavailability of
lipophilic bioactive molecules can be greatly enhanced by encapsulating them within
colloidal delivery systems, such as micelles, microemulsions, emulsions, and
suspensions [3, 16-22]. These delivery systems contain engineered lipid
nanoparticles (ELNs) that are normally fabricated using man-made processes
outside of the human body, e.g., various physicochemical and mechanical methods
[14, 23]. Typically, ELNs consist of a hydrophobic core surrounded by a hydrophilic

shell (Figure 2-1). However, their precise composition and structure can be tailored



for specific delivery applications. In particular, they can be designed to enable the
bioactive components to be incorporated into particular food and beverage
matrices, protect them from degradation, and then release them at an appropriate
location within the gastrointestinal tract (GIT) after ingestion.

Table 2-0-1 Examples of poorly water-soluble bioactive components whose

bioavailability may be improved by delivery using engineered lipid nanoparticles

Compound Molar Mass Tm Log P
(g mol-1) (¢C)
Curcumin 368.4 183 3.07
Capsaicin 305.4 64 3.20
Genistein 270.2 300 3.11
Resveratrol 228.2 255 3.02
Beta-carotene 536.9 180 14.76
Lycopene 536.9 175 14.5
Zeaxanthin 568.9 205 10.9
Astaxanthin 596.8 210 8.24
Lutein 568.9 180 11.5
Beta-sitosterol 414.7 138 10.5
Campesterol 400.7 155 9.97
Stigmasterol 412.7 150 10.07
Alpha-tocopherol 430.7 3 10.96
Tocopherol acetate 472.7 -27.5 10.69
Coenzyme-Q 863.3 49 19.12

There have been numerous, fairly recent reviews on the biological fate of
ingested lipids and lipophilic bioactive components in the literature [16, 20, 24-27],
and on the development of nanoparticle-based delivery systems for lipophilic
bioactive components [28-31]. A number of these delivery systems have been found
to increase the bioavailability of lipophilic substances (Table 2- 1). In the current

review, we focus on a novel nanotechnology aspect of the behavior of colloidal



delivery systems within the gastrointestinal tract: the disassembly and reassembly
of lipid nanoparticles. After ingestion, an engineered lipid nanoparticle may be
disassembled and reassembled into various kinds of biological lipid nanoparticles as
it passes through the GIT e.g., mixed micelles and CMs. An improved understanding
of how these various kinds of lipid nanoparticles are assembled and disassembled
could be used to rationally design functional foods with specific health effects. For
example, controlling the initial composition and structure of the ELNs in a delivery
system could be used to impact the type and amounts of mixed micelles and CMs
formed in the gastrointestinal tract. In turn, the nature of the biological lipid
nanoparticles formed can determine the amount of bioactive components absorbed,
and their subsequent biological fate. For example, when lipophilic bioactive
components are incorporated in CMs in the enterocyte cells they are transported
into the systemic circulation via the lymphatic system (rather than the portal vein)
and so first pass metabolism within the liver is avoided [7]. Hence, the bioactivity of
lipophilic components that are susceptible to hepatic metabolism can be improved
by designing delivery systems that stimulate chylomicron secretion and lymphatic
transport. Although the focus of this review article is on lipid nanoparticles, it
should be noted that much of the discussion is also relevant to delivery systems
containing larger particles (d > 200 nm), such as conventional emulsions,

suspensions, and liposomes.



2.1.2 Bioavailability of Lipophilic Bioactive Components

In this review chapter, we focus on bioactive components that are highly
lipophilic, i.e., they have a low water-solubility and a high oil-water partition
coefficient. These types of compound are often classified as Type II (low
solubility /high permeability) or Type III (low solubility/low permeability)
compounds using the biopharmaceutical classification system or BCS [22]. The BCS
system categorizes bioactive components in terms of their solubility in the aqueous
gastrointestinal juices and their permeability across the epithelium cells. Colloidal
delivery systems are often required to increase the overall bioavailability of these

compounds.
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Figure 2-1 A variety of engineered lipid nanoparticles that are suitable for
encapsulating and releasing lipophilic bioactive agents can be fabricated from food
grade ingredient.



The term bioavailability is normally defined as the fraction of an ingested
bioactive component that eventually reaches the systemic (blood) circulation in an
active form [32]. There are a number of factors influencing the overall oral
bioavailability (F) of an ingested lipophilic bioactive component: F = Fu x Fg x Fa.
Here, FM is the fraction of the bioactive component that is not metabolized into an
inactive state as its passes through the GIT. Fg is the fraction of the bioactive
component that is released from the food matrix into the gastrointestinal fluids to
become bioaccessible [33]. FA is the fraction of the bioaccessible bioactive
component that is absorbed by the GIT and ends up in the systemic circulation. The
major physicochemical and physiological processes that influence these parameters

are highlighted below [34-37] (Figure 2-2):
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Figure 2-2 The overall oral bioavailability of a bioactive component in an
engineered lipid nanoparticle depends on a number of processes that occur within
the gastrointestinal tract, such as solubilization, absorption, and metabolism.




Metabolism (Fm): A bioactive component may undergo various types of
biochemical or chemical transformation (metabolism) after it is ingested, which may
alter its subsequent bioaccessibility, absorption, and bioactivity. These
transformations may occur due to chemical reactions (e.g., hydrolysis by acid) or
enzyme activities (e.g., lipolysis by lipases) in various regions of the GIT and other
tissues (such as the mouth, stomach, small intestine, colon, enterocyte cells,
lymphatic system, blood, liver, etc.).

Bioaccessibility (Fg): A highly lipophilic bioactive component needs to be
released from the food matrix and solubilized within mixed micelles present in the
small intestine before it can be absorbed. These mixed micelles consist of bile salts
and phospholipids secreted by the body, as well as any lipid digestion products (i.e.,
monoacylglycerols (MAGs) & free fatty acids(FFAs)).

Absorption (Fa): The mixed micelles transport the solubilized lipophilic
components across the intestinal lumen, through the mucous layer, and to the
surface of the intestinal epithelium cells [38, 39]. The lipophilic components are
then incorporated into the epithelium cells through various passive and/or active
transport mechanisms [40].

The overall bioavailability of ingested lipophilic components can therefore be
controlled by designing ELNs and food matrices that increase the fraction that is
non-metabolized (Fum), bioaccessible (Fg), and absorbed (Fa). In principle, this goal
can be achieved by manipulating the composition and structure of the engineered

lipid nanoparticles. However, improved knowledge of the influence of specific



nanoparticle properties on the bioavailability of specific bioactive components is

still needed.

2.2 Assembly of lipid nanoparticles outside the body: engineered lipid
nanoparticles

ELNs with different compositions, structures, and physicochemical
properties may be present within the colloidal-delivery systems designed to
encapsulate lipophilic bioactives [18, 23, 28, 31, 41] (Figure 2-1). These ELNs can be
fabricated from food-grade ingredients, such as those shown in Table 2-2. A brief
overview of the most important types of ELNs found in food-based colloidal delivery
systems is given below.

Table 2-1 Examples of structural components used to fabricate edible lipid
nanoparticles suitable for delivering lipophilic bioactive components

Structural component Examples of ingredients used

Lipophilic substances Triacylglycerol oils (e.g., canola, corn, fish, medium-chain
triglycerides, palm, peanut, soybean, sunflower oils),
essential oils (e.g., carvacrol, lemon grass, oregano,
thyme, thymol oils), flavor oils (e.g., lemon, lime, orange,
peppermint oils), indigestible oils (e.g., waxes,
hydrocarbon, paraffin, mineral oils)

Surface-active substances | Small-molecule surfactants (e.g., monoglycerides,
diglycerides, Tweens, Spans, sugar esters),
phospholipids (e.g., lecithin and lysolecithin), proteins
(e.g., casein, gelatin, soy, and whey), polysaccharides
(e.g., gum arabic and modified starch), solid particles
(e.g., silica or titanium)

2.2.1 Fabrication of engineered lipid nanoparticles
Micelles. The lipid nanoparticles in micelle solutions are thermodynamically

stable structures that are normally formed from amphiphilic molecules




(“surfactants”) that have a polar head group and a non-polar tail group [42, 43].
These surfactant molecules spontaneously self-assemble into micelles when they are
dispersed in water above a certain concentration - the “critical micelle
concentration” or CMC [44]. Surfactant molecules exist as monomers in aqueous
solutions below the CMC, but they associate with each other and form micelles once
this concentration is exceeded. The main driving force for micelle formation is the
hydrophobic effect, i.e., the tendency for the system to minimize the
thermodynamically unfavorable contact between non-polar groups and water [45].
The types of surfactant that form micelles in aqueous solutions tend to have a high
hydrophilic-to-lipophilic balance (HLB) number [44, 45]. The non-polar tails of the
surfactant molecules form the hydrophobic core of the micelle, whereas the polar
head-groups form the hydrophilic shell that faces towards the water (Figure 2-1).
Combinations of surfactants with different molecular characteristics (rather than a
single surfactant) are often used to improve the formation, stability, or performance
of micelle solutions. Lipophilic bioactive components can be incorporated into the
hydrophobic interiors of micelles, and then the whole system if often referred to as a
“swollen micelle” [46, 47]. Typically, swollen micelles have diameters within the
range of 5 to 20 nm depending on their composition and the prevailing
environmental conditions (such as temperature, pH, and salt concentration).
Micelle solutions containing lipophilic bioactive components are relatively
straightforward to fabricate. Typically, the surfactant and bioactive component are
mixed together and then added to an aqueous solution, which should lead to the

spontaneous formation of swollen micelles. Alternatively, the surfactant and water
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are mixed together first to form a micelle solution, and then the lipophilic bioactive
component is added. Often it is necessary to heat and/or mechanically agitate the
final solutions to ensure that all of the components are successfully incorporated
into the micelles.

Microemulsions. In general, the term “microemulsion” refers to
thermodynamically stable structures that contain surfactant, oil, and water
molecules (such as oil-in-water, water-in-oil, and bicontinuous microemulsions)
[45]. Oil-in-water (0O/W) microemulsions are the most commonly used type for the
delivery of lipophilic bioactive agents [45, 48-50]. These systems have very similar
compositions, structures, and properties as swollen micelles and sometimes the
terms “swollen micelles” and “microemulsions” are used interchangeably to refer to
these systems. The two systems may be considered identical when the lipophilic
bioactive component acts as the only oil phase. However, the oil phase in
microemulsions may also consist of a mixture of a bioactive component and
appropriate carrier oil. 0/W microemulsions spontaneously form when certain
combinations of surfactant, oil phase, and water are mixed together [45].
Sometimes, additional ingredients are also needed to facilitate their formation and
stability, such as cosurfactants and cosolvents [45, 51, 52]. Like swollen micelles,
microemulsions consist of a hydrophobic core comprised of oil molecules and non-
polar surfactant tails, and a hydrophilic shell comprised of polar surfactant head-
groups (Figure 2-1). Lipophilic bioactive components tend to be predominately
present within the hydrophobic core of microemulsions, although any polar groups

may protrude into the hydrophilic shell and water phase. Typically, microemulsions
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have diameters in the range of 10 to 100 nm depending on their composition and
environmental conditions. Microemulsions can be formed in a similar manner to
swollen micelle solutions. Typically, the surfactant, bioactive, and any carrier oil
components are mixed together and then added to the aqueous phase. The resulting
solution may then need to be heated and/or mixed to ensure good dispersion of the
different components [53]. Microemulsions are thermodynamically stable systems
and should therefore form spontaneously, and remain stable provided the
environmental conditions are not altered too much. Phase diagrams are often
developed to determine the range of compositions and temperatures where a
microemulsion will remain thermodynamically stable [48, 51].

Liposomes. Liposomes consist of one or more shells, with each shell
consisting of two layers of surfactant molecules (a “bilayer”) with their non-polar
tail groups facing toward each other (Figure 2-1) [54]. A unilamellar liposome has a
balloon-like structure consisting of a single bilayer shell, whereas a multilamellar
liposome has an onion-like structure consisting of multiple concentric bilayer shells
[55-57]. The building blocks of liposomes are surface active substances with
intermediate HLB numbers and optimum curvatures close to zero, e.g.,
phospholipids [45]. This kind of surface-active substance tends to spontaneously
form bilayer structures when dispersed in aqueous solutions. Liposomes typically
have diameters in the range from about 25 to >1000 nm.

There are a number of different approaches to forming liposomes, including
various solvent evaporation, surfactant depletion, and extrusion methods [55]. For

example, in the solvent evaporation method, the phospholipids (and bioactive
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component) are first dissolved in an organic solvent that is then placed within an
appropriate container. The organic solvent is then removed by evaporation, which
leaves a thin film of phospholipids and bioactive components on the surface of the
container. An aqueous solution is then added to the container, which leads to the
spontaneous formation of liposomes due to “peeling oftf” of the surfactant bilayers
from the containing surface after hydration. In the extrusion method, the
phospholipids, bioactive, and aqueous solution are mixed together in a container,
and then the resulting mixture is passed through a homogenizer (such as a high
pressure valve homogenizer or microfluidizer). It may be necessary to optimize
preparation conditions to produce stable liposomes with relatively small
dimensions, such as temperature, pH, ionic strength, and homogenizer operation
conditions.

Nanoemulsions. The lipid nanoparticles in nanoemulsions have somewhat
similar structures to those found in microemulsions [58, 59], consisting of a
hydrophobic core comprised of oil molecules, and a hydrophilic shell comprised of
surface active molecules (Figure 2-1). However, nanoemulsions are
thermodynamically unstable colloidal dispersions, and will therefore tend to
breakdown over time through a variety of different destabilization mechanisms,
such as flocculation, coalescence, gravitational separation, and Ostwald ripening
[60]. The long-term stability of nanoemulsions can be improved by incorporating
stabilizers such as emulsifiers, weighting agents, ripening inhibitors, and texture
modifiers [58, 59]. Emulsifiers are surface-active substances that adsorb to the

droplet surfaces and form a protective coating that prevents their aggregation.
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Weighting agents are dense hydrophobic substances that are incorporated into the
oil phase to increase its density so that it is closer to that of the aqueous phase.
Ripening inhibitors are hydrophobic substances with a very low water-solubility
that are mixed with the oil phase to prevent Ostwald ripening through an entropy of
mixing effect. Texture modifiers, such as thickening and gelling agents, are added to
the aqueous phase to increase the viscosity or form a gel that can inhibit the
movement of droplets.

Nanoemulsions may be formed using a variety of different methods that can
be classified as either high-energy or low-energy methods [58, 59]. High-energy
methods use mechanical devices (“homogenizers”) capable of generating intense
disruptive forces to breakup and mingle the oil and aqueous phases leading to the
formation of ultrafine oil droplets in water. The most commonly used high-energy
devices for preparing food nanoemulsions are high-pressure valve homogenizers,
microfluidizers, and sonicators [58, 61, 62]. Low-energy methods rely on the
spontaneous formation of ultrafine oil droplets in water when certain types of
surfactant, oil, and water are mixed together under controlled conditions [63]. The
most commonly used low-energy approaches are the phase inversion temperature
(PIT), spontaneous emulsification (SE) and emulsion inversion point (EIP) methods.
The food-grade emulsifiers that can be used to form nanoemulsions include small
molecule surfactants, phospholipids, proteins and polysaccharides, whereas those
that can used to form micelles, microemulsions or liposomes are usually only certain
types of small molecule surfactants and/or phospholipids. The lipid nanoparticles

in food-grade nanoemulsions typically have diameters in the range of 20 to 200 nm
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[58, 61, 62], however, larger lipid particles may be present if conventional emulsions
or used rather than nanoemulsions [64].

Solid Lipid Nanoparticles and Nanostructured Lipid Carriers. Solid lipid
nanoparticles (SLN) and nanostructured lipid carriers (NLCs) are similar in
structure to nanoemulsions (Figure 2-1), but the lipid core is either fully or partially
crystalline [12, 65, 66]. SLNs and NLCs are typically formed from high melting point
lipids using by a two-step process. First, a nanoemulsion is prepared at a
temperature above the melting point of the lipid phase to ensure that it remains
liquid throughout the homogenization process. Second, this nanoemulsion is cooled
in a controlled fashion to a temperature below the melting point to promote
crystallization of the lipid phase. SLNs and NLCs can also be formed using low-
energy methods by spontaneously forming a nanoemulsion at high temperatures,
and then cooling it to induce lipid crystallization. The morphology of the lipid
nanoparticles in SLNs and NLCs may change appreciably after the liquid-to-solid
transition of the lipid phase has occurred due to the physical constraints associated
with packing lipid molecules within crystals [65, 67]. As do nanoemulsions, the
particles in SLN and NLC suspensions typically have diameters in the 20 to 200 nm
range, although larger particles may be present if conventional emulsions are used
as templates rather than nanoemulsions. For convenience, the term SLN is used

below to refer to both fully and partly crystalline ELNs.
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2.2.2 Design of engineered lipid nanoparticle properties

The ELNs found in foods and beverages vary considerably in their
compositions and structures depending on the type of ingredients and fabrication
methods used in their production. The functional performance of colloidal delivery
systems (such as stability, opacity, rheology and biological fate) is ultimately
determined by their particle characteristics [68]. Consequently, colloidal delivery
systems with different functional performances can be designed by carefully
controlling the characteristics of the ELNs they contain, such as composition,
structure, dimensions, interfacial properties, charge, and physical state. Methods of
controlling the properties of various kinds of ELNs have been described

elsewhere[1, 22, 49, 58, 69, 70].

2.3 Disassembly of ELNs within the gastrointestinal tract

After ingestion, ELNs may undergo numerous different disassembly
processes during their passage through the various regions of the GIT; however,
eventually they are usually reassembled into mixed micelles within the small
intestine prior to absorption. The fraction of a lipophilic bioactive component
incorporated into these mixed micelles is usually taken as a measure of its

bioaccessibility (Fg).

2.3.1 Characteristics of the major regions of the gastrointestinal tract
The initial structure and dimensions of an ingested ELN depend on the type

of ingredients and processing operations used to assemble it (Figure 2-1). ELNs
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may be distributed in different matrices within different products: freely suspended
in an aqueous solution (as in beverages and soft drinks); trapped within a
biopolymer matrix (as in some deserts, sauces, and yogurts); trapped within a solid
matrix (as in some dried spices, breads, and other cereal products). The initial
environment of an engineered lipid nanoparticle may have a major effect on its
subsequent biological fate after ingestion. For example, the food matrix may have to
be disrupted or dissolved before the ELNs are released, which may determine the
time and location that they interact with the gastrointestinal fluids [23, 71, 72]. After
ingestion, ELNs experience a complex set of environmental conditions as they pass
through the various regions of the GIT (Figure 2-3), which alters their composition
and structure. The physiochemical and physiological characteristics of these
different regions have been reviewed recently[24, 73, 74]; as such, we provide only

a brief of overview here.
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Figure 2-3 Schematic diagram of the physicochemical and physiological

conditions in different regions of the human gastrointestinal tract and the different
kinds of lipid nanoparticles.
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Mouth. After entering the oral cavity, foods containing ELNs may undergo a
variety of changes: mixture with saliva; dissolution, dispersion, and/or dilution;
alterations in pH, ionic strength and/or temperature; exposure to digestive
enzymes; interactions with oral surfaces; and exposure to complex fluid flow/stress
patterns

Stomach. After being processed within the oral cavity, the ELNs are
swallowed, pass through the esophagus, and enter the stomach. They are then
exposed to relatively extreme conditions that may further alter their properties: low
pH (1 to 3), high ionic strength (e.g., calcium and sodium salts), enzyme activity (e.g.,
proteases, amylases, and lipases), surface-active substances (e.g., phospholipids and
proteins), and complex fluid flow/stress patterns.

Small Intestine. After leaving the stomach, the resulting material (chime)
passes through a small valve (pylorus sphincter) and enters the small intestine,
where it is further processed for absorption[75]. Any ELNs remaining in the chyme
are mixed with small intestinal fluids that contain bile salts, phospholipids, lipases,
proteases, bicarbonate, and other minerals. The presence of the bicarbonate causes
the pH to rise to approximately neutral, which facilitates the action of the pancreatic
enzymes, such as lipases, proteases, and amylases. These enzymes will break down
any digestible components present, such as lipids, proteins, and starches. The
hydrolysis of triacylglycerols (TAGs) leads to the formation of mixed micelles that
can transport digested lipids and lipophilic bioactive components to the epithelial

cells.
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Colon: If all the components used to fabricate an ELN were fully digestible,
then one would expect it to be digested and absorbed largely within the stomach
and small intestine. However, if an ELN is fabricated from indigestible components
(such as indigestible oils or fibers), then it may pass through these regions and enter
the colon. The colon contains a variety of different microorganisms capable of
metabolizing and utilizing dietary components, such as fats, proteins, carbohydrates,

and dietary fiber[76].

2.3.2 Changes in particle properties in the gastrointestinal tract

After ingestion, the ELNs originally present within a food or beverage
product usually change considerably as they pass through the different regions of
the GIT as a result of their exposure to this complex physiological and
physicochemical environment [71, 77-80]. There may be changes in the
composition, structure, dimensions, charge, interfacial properties, and physical state
of the lipid nanoparticles, all of which could greatly alter their biological fate [81].
Figure 2-4 shows an example of changes in the size and charge of ELNs initially
stabilized by different kinds of lipid nanoparticles respond to changes in GIT
conditions. A colloidal delivery system can then be designed to alter the biological
fate of an encapsulated bioactive component in a desired manner, e.g., to increase its
bioaccessibility, reduce its metabolism, or release it within a particular location of
the GIT. This section gives a brief overview of the major physicochemical

mechanisms responsible for the disassembly of ELNs in the GIT.
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Figure 2-4 (a) Changes in the mean particle radius of colloidal dispersions
initially containing lipid nanoparticles as they pass through different stages of the
gastrointestinal tract (GIT): B-lactoglobulin (BLG), casein, Tween 20, lactoferrin (LF).
(b) Changes in the particle charge (¢-potential) of colloidal dispersions initially
containing lipid nanoparticles as they pass through different stages of the GIT: 8-
lactoglobulin (BLG), casein, Tween 20, lactoferrin (LF).

Particle Structure. The structure of ELNs may change appreciably as they
pass through the different regions of the GIT due to alterations in their environment,
such as dilution, pH, ionic strength, temperature, surface active substances,
polymers, biological surfaces, and enzymes. The ELNs originally present in a food or
beverage may have a variety of different initial structures depending on the
ingredients and method used to prepare them: swollen micelles; microemulsions;
Nanoemulsions, SLNs, liposomes (Figure 2-1). The manner by which these
structures are altered in the GIT depends on the initial organization of the
components within the lipid particles. For example, micelles, microemulsions or
liposomes may easily dissociate in the mouth or stomach after ingestion due to

dilution or interaction with specific substances in the GIT (such as phospholipids,

20



bile salts, or minerals) [82]. However, indigestible nanoemulsions or SLNs may pass
through the GIT with their hydrophobic cores largely intact (although their surface
characteristics may change appreciably).

Particle Composition. The composition of engineered lipid particles may also
change appreciably as they pass through the GIT, e.g., due to exchange of molecules
with the surrounding media, or due to chemical or enzymatic degradation reactions.
For example, triacylglycerol molecules within the hydrophobic core of a
nanoemulsion droplet or SLN may be converted to FFAs, MAGs, and DAGs by gastric
and pancreatic lipases in the stomach and small intestine, and then leave the
droplet. Surface active substances in the shell of ELNs (such as proteins,
phospholipids, or surfactants) may be hydrolyzed by digestive enzymes or they may
be displaced by endogenous surface active molecules in the surrounding digestive
fluids.

Particle Dimensions: A variety of different physiochemical mechanisms can
change the dimensions of the particles [74, 83-87]: (i) flocculation - two or more
particles associate with each other but keep their individual integrities; (ii)
coalescence - two or more particles merge with each other and form a larger
particle; (iii) partial coalescence - two or more partly crystalline particles fuse
together to form a clump; (iv) Ostwald ripening - large particles grow and small
ones shrink due to molecular diffusion of oil molecules through the aqueous phase;
(v) digestion - particles shrink due to enzymatic degradation of their components
and the subsequent release of digestion products (such as FFA, MAGs, or amino

acids); (vi) solubilization -particles shrink due to transfer of some of the lipophilic
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bioactive components or lipid molecules into the surrounding aqueous phase

(Figure 2-5).
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Figure 2-5 The dimensions and structure of lipid nanoparticles may change
considerably as they pass through the gastrointestinal tract due to several different
physicochemical processes.

Interfacial properties. The interfacial characteristics of ELNs may also be
altered appreciably as they pass through the GIT due to the following: (i)
competitive adsorption - surface active components within the gastrointestinal
fluids may adsorb to the nanoparticle surfaces and displace some of the original
surface active substances coating them; (ii) co-adsorption - surface active
components within the intestinal fluids may adsorb to the nanoparticle surfaces and
penetrate between the original surface active substances coating them; (iii)

multilayer formation - certain substances within the gastrointestinal fluids may
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adsorb on top of the original interfacial coating (e.g., charged polymers onto
oppositely charged particles); (iv) digestion or degradation - some of the original
surface active substances at the particle surfaces may be fully or partially digested or
degraded due to the highly acidic conditions in the stomach or due to the presence
of specific enzymes [88]. Numerous studies have reported that the interfacial
characteristics of lipid nanoparticles can be appreciably altered as they pass through
the different regions of the GIT [85, 89-94].

Physical state. The physical state of one or more of the components used to
assemble an engineered lipid nanoparticle may change as it passes through the GIT.
For example, the hydrophobic core of ELNs may be solid within a freezer or
refrigerator during storage, but it may melt when it is exposed to elevated body
temperatures. Conversely, the hydrophobic core of ELNs may be liquid within a hot
food, but it may crystallize when it is exposed to cooler body temperatures.
Crystalline lipophilic bioactive components that are fully dissolved within the TAG
core of an engineered lipid nanoparticle, may precipitate when the TAG is digested
and the bioactive component is released into the gastrointestinal juices [95].
Conversely, a lipophilic bioactive component that is initially crystalline within an
ingested food product dissolve when it is exposed to gastrointestinal juices. All of
these changes in physical state of an ingested component may alter their biological
fate. Various studies have demonstrated the potential importance of the physical
state of the lipid phase on the behavior of ELNs under simulated GIT conditions [80,

90,96, 97].
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2.3.3 Controlled disassembly of engineered of lipid nanoparticles

The disassembly of ELNs due to these different breakdown mechanisms can
be controlled by altering their initial composition and structure. For example,
nature of the hydrophobic core has a strong influence on partial coalescence,
Ostwald ripening, digestion, and solubilization processes, whereas the nature of the
hydrophilic shell has a strong impact on droplet digestion, flocculation, and
coalescence. As mentioned earlier, fabricating the hydrophobic core from a
digestible lipid may cause the lipid nanoparticles to be completely dissembled in the
small intestine, whereas fabricating them from an indigestible liquid may leave them

partly intact.

2.4 Assembly of lipid nanoparticles within the GIT: mixed micelles

One of the key events determining the bioavailability of lipophilic bioactive
components within the GIT is the formation of colloidal structures called mixed
micelles [25, 98]. Mixed micelles solubilize lipophilic bioactive components and
transport them to the epithelium cells where they can be absorbed [3, 99]. In the
absence of digestible lipids, simple mixed micelles are formed by the endogenous
bile salts and phospholipids in the intestinal secretions [100]. In the presence of
digestible lipids, complex mixed micelles are formed from lipid digestion products
(MAGs and FFAs), bile salts, and phospholipids [24, 101, 102]. The term “mixed
micelles” actually refers to a complex mixture of colloidal structures whose
properties may change throughout digestion, such as micelles, vesicles, and liquid

crystals [103]. Many of these structures have dimensions within the nanometer

24



range and can therefore be considered to be biological lipid nanoparticles. For
example, micelles typically have diameters in the 3 - 20 nm range, whereas vesicles

have diameters from 20 nm to > 1000 nm [103].
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Figure 2-6 (a) Cryo-TEM image of an aspirate collected from human small-
intestinal fluids after ingestion of a fatty meal. The image shows lipid bilayers
forming at the surface of a fat droplet during digestion, which are believed to mix
with bile salts and phospholipids to form mixed micelles. The images were kindly
supplied by Professor Dimitris Fatouros from his article “Insights into Intermediate
Phases of Human Intestinal Fluids Visualized by Atomic Force Microscopy and Cryo-
Transmission Electron Microscopy ex Vivo” (Mu’ llertz et al. 2012), with permission.
(b) Highly schematic proposed mechanism for the formation of mixed micelles
during lipid digestion. Surface-active substances may consist of a mixture of
phospholipids, bile salts, FFAs, and MAGs and not just a single substance (as shown
here). The structures formed may interact with other molecules to form mixed
micelles. Abbreviations: FFA, free fatty acid; MAG, monoacylglycerol; TEM,
transmission electron microscopy.

An electron microscopy study of the colloidal structures formed in the small
intestine after lipid digestion (Figure 2-6a) suggests an interesting mechanism for
the formation of mixed micelles [103]. The FFAs and MAGs generated at the surface
of the lipid droplets during lipase digestion of TAGs form liquid crystalline bilayers,
that bud off and form vesicles or micelles that move into the aqueous phase (Figure
2-6b). Presumably, lipophilic bioactive components are trapped within the bilayers

that bud off and therefore end up within the mixed micelles phase. In practice, the
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precise nature of the colloidal structures formed is likely to depend on the nature of
the delivery system and food matrix ingested, as well as the physiological conditions
within the person. After they are formed, the mixed micelles transport FFAs, MAGs,
and bioactive lipophilic compounds from the lumen of the small intestine, across the
mucus layer, and to the surface of the enterocyte cells (Figure 2-7). . Once they
reach the apical side of the epithelium cells the FFAs, MAGs, and lipophilic bioactive
components may be absorbed through various passive or active transport

mechanisms [104].
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Figure 2-7 Lipid nanoparticles may penetrate into the mucus layer and become
trapped (mucoadhesion) or transported across it. Nanoparticles that are not digested and
that travel through the mucus layer may be directly adsorbed by the epithelial cells.

In the absence of lipid digestion products, the bile salts and phospholipids

present within the intestinal fluids form simple mixed micelles [98]. Bile salts are
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anionic surface-active substances that have fairly rigid plate-like structures, with
one side being hydrophilic and the other side being hydrophobic [98].

Phospholipids are ionic surface active substances that have a polar head-group and
two non-polar hydrocarbon tails. The structure of these two biological surface active
substances is therefore quite different from that of most conventional food-grade
surfactants that have a hydrophilic head group and a single hydrophobic tail. The
main driving force for the formation of simple mixed micelles is the hydrophobic
effect, but other interactions may also be important, such as hydrogen bonding [98].
It is proposed that simple mixed micelles have a disk-like shape with hydrodynamic
diameters ranging from around 3.6 to 60 nm depending on their composition [105].
At relatively low lecithin-to-bile salt ratios relatively small micelles are formed (& =
3.6 to 7 nm), but at high ratios relatively large micelles are formed (& = 4.0 to 60
nm). Simple mixed micelles would tend to be present in the GIT under conditions
where lipophilic bioactive components are ingested in the absence of fat or in the
presence of indigestible fats. Simple mixed micelles can solubilize certain types of
lipophilic bioactive components in foods, but they tend to be much less efficient than
complex mixed micelles [106-108].

In the presence of lipid digestion products, the bile salts and phospholipids in
the intestinal fluids interact with the FFAs and MAGs to form complex mixed
micelles, which may adopt a variety of different structural organizations depending
on the composition of the system, such as micelles and vesicles [103]. Micelles
found in human intestinal fluids after ingestion of emulsified digestible fats have

been reported to be relatively small (d = 20 nm), whereas vesicles were reported to
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be larger (d = 20 to 150 nm). The main driving force for the formation of these
structures is the hydrophobic effect, i.e., the tendency to reduce the contact area
between non-polar groups and water [45].

In this section, we focus on the major factors that influence the composition,
structure, and properties of this type of biological lipid nanoparticle, with an
emphasis on how these factors can be controlled to improve the oral bioavailability

of ingested lipophilic bioactive components.

2.4.1 Influence of molecular characteristics of ingested lipids on mixed micelle
properties

A major way that the properties of mixed micelles can be manipulated is
through altering the composition of the lipid phase that is ingested. Indeed, the
solubilization capacity of mixed micelles is highly dependent on the type and
amount of digestible lipids consumed with lipophilic bioactive components [109].
The simple mixed micelles formed in the absence of digestible lipids have relatively
low solubilization capacities, whereas the complex mixed micelles formed in their
presence have much higher solubilization capacities [99]. The structure,
dimensions, and solubilization capacities of complex mixed micelles depend on the
total amount of lipids consumed, as well as on the molecular characteristics of the
fatty acid chains, such as chain length and degree of unsaturation [99].

The bioaccessibility of carotenoids has been reported to be higher for lipids
containing long chain fatty acids (LCFA) than those containing medium chain fatty

acids (MCFA), presumably because of differences in the solubilization capacity of the
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mixed micelles formed [2]. The large hydrophobic carotenoid molecules may be
able to fit into the large hydrophobic cores of mixed micelles formed by LCFA, but
not the smaller hydrophobic cores formed by MCFA (Figure 2-8). However, for other
types of lipophilic bioactive molecule (i.e., curcumin) the solubilization capacities of
mixed micelles formed from MCFA and LCFA were found to be fairly similar [110],
which may be because the bioactive molecules were small enough to be

accommodated within both types of micelle.
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Figure 2-8 The bioaccessibility of a lipophilic compound is often influenced by
the nature of the carrier oil. In this study, we examined the bioaccessibility of 3-
carotene encapsulated within nanoemulsions made from long-chain triglycerides

(corn oil), medium-chain triglycerides (MCT), or an indigestible oil (orange oil). Data
from Qian et al. (2012).

2.4.2 Influence of structural properties of engineered lipid nanoparticles on
mixed micelle properties

Recent in vitro studies in our laboratory using corn O/W emulsions showed
that the bioaccessibility of B-carotene increased with decreasing particle size, which
was attributed to the faster and more extensive digestion of the triglycerides in the

smaller droplets due to their greater surface areas(Figure 2-9). Another recent
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study using soybean O/W emulsions also reported that the bioaccessibility of 3-

carotene increased with decreasing droplet size after in vitro digestion [111].
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Figure 2-9 . Influence of the diameter of initial engineered lipid nanoparticles
in corn oil-in-water nanoemulsions on the extent of fatty acid release and
bioaccessibility of b-carotene after 2 hours digestion by lipase under simulated
small intestine conditions. The initial mean droplet diameters were: large (daz = 23
mm); medium (d43 = 0.4 mm); and small (ds3 = 0.2 mm). From Silvia-Trujillo et al

(2013).

Numerous researchers have also found that the rate and amount of fatty acid
production during lipid digestion (and therefore the rate and extent of mixed micelle
formation) increases as the droplet size decreases, which was attributed to an
increase in the surface area of lipids exposed to the digestive enzymes [80, 112-
114]. Nevertheless, other factors may also contribute to the influence of initial

particle size on digestion, such as the concentration of free surfactant remaining in
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the aqueous phase (since this can inhibit lipase absorption) [115] and alterations in
interfacial structure (since this can affect the ability of lipase to reach the lipid
phase) [116]. The kinetics of fatty acid production and mixed micelle formation has
also been shown to depend on the physical state of the lipid phase in engineered

lipid nanoparticles [97].

2.4.3 Influence of molecular characteristics of bioactives on mixed micelle
properties

The ability of mixed micelles to incorporate lipophilic bioactive components
is characterized by their solubilization capacity, which can be expressed as the
bioactive component solubilized per unit mass of mixed micelles. The solubilization
capacity of mixed micelles depends on the type and amount of digestible lipids
consumed, as well as the molecular characteristics of the bioactive component. The
colloidal structures present within mixed micelles have regions capable of
solubilizing lipophilic bioactive molecules, e.g., the hydrophobic cores of micelles or
bilayers of vesicles. If the bioactive molecules have dimensions smaller than these
regions, then they are easily incorporated into the mixed micelle structure (Figure 2-
8). However, if they have dimensions considerably larger than these regions, then
they will not be solubilized easily and will have low Bioaccessibility. Recent studies
have shown that curcumin can be incorporated easily into mixed micelles formed
from MCFAs and LCFAs, which was attributed to its relatively small molecular
dimensions[110]. However, 3-carotene (which has considerably larger molecular
dimensions than curcumin) can only be incorporated into mixed micelles formed

from LCFAs (Figure 2-8)[2] .
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Other recent studies have also reported that the transfer of lipophilic
bioactive components from oil droplets to mixed micelles depends on the bioactives
molecular characteristics [117]. In the absence of lipolysis (no lipase), the fraction
of bioactives transferred into simple mixed micelles were relatively low: =~ 2% for &-
carotene; = 1.5% for Coenzyme Q; = 24% for vitamin D and = 31% for phytosterols.
On the other hand, in the presence of lipolysis (with lipase), the fraction of bioactive
components transferred into complex mixed micelles were much higher: = 80% for
@-carotene; = 90% for Coenzyme Q; = 87% for vitamin D and = 93% for
phytosterols. An in vitro study also showed that the bioaccessibility of carotenoids
dispersed in bulk oils after digestion by lipase was highly dependent on their
molecular structure [118]: = 89% for lutein; = 49% for @-carotene; =~ 37% for

astaxanthin; and, = 3% for lycopene.

2.4.4 Controlled assembly of mixed micelles

These studies clearly highlight the importance of the molecular structure of
the bioactive components and of the mixed micelles in determining bioaccessibility.
This knowledge can be used to tailor the design of ELNs so that they have specific
characteristics (compositions, structures, and dimensions) that will form mixed
micelles that will increase the bioavailability of specific lipophilic bioactive

components.
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2.5 Disassembly of mixed micelles within the GIT and absorption of bioactives
After they have been formed within the GIT there are a number of ways that
mixed micelles may be broken down or their properties altered. In this section, we
give a brief outline of some of the most important physicochemical or physiological
mechanisms responsible for disassembly of mixed micelles within the GIT, and their

ability to transport encapsulated components into the enterocytes.

2.5.1 Interactions with enterocytes

After being solubilized into mixed micelles and transported through the
mucous layer the bioactive components and lipid digestion products are transferred
into the enterocyte cells through various passive and active transport mechanisms
[104, 119-121]. The precise mechanisms are still not fully understood, but it has
recently been proposed that there are two major absorption mechanisms depending
on the total amount of digested lipids present: (i) at low concentrations, FFA uptake
is by a carrier-dependent (active) process; (ii) at high concentrations, FFA uptake is
primarily by a carrier-independent (passive) process [122]. The active process at
low FFAs concentrations may have developed so that animals could adsorb essential
fatty acids required for survival even when the amount of lipids present in the diet is
low [123], or it may play an important signaling/regulatory role that enables the
body to adopt to subsequent processing of ingested lipids [124]. As mentioned
earlier, it is believed that the lipophilic components within a mixed micelle (FFAs,
MAGs, bioactives) are first released into the aqueous phase and then transported to

the epithelium cells by molecular diffusion. Individual lipophilic molecules interact
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with the apical side of the enterocyte cell membrane, then undergo a flip-flop
mechanism within the membrane, and then are transported into the interior of the
cell [120]. However, in principle, an entire micelle or vesicle containing bioactive
components could be absorbed by an epithelium cell, or may fuse with the cell
membrane [119, 125]. At present, the precise fate of mixed micelles at the
epithelium cell surface is unknown [120, 126]. Overall, the fraction of a lipophilic
bioactive component that is absorbed by the enterocytes is usually taken as a
measure of its absorption (Fa).

The molecular characteristics of the initial lipid phase in a delivery system
may play an important role in determining the rate and extent of the transfer of lipid
digestion products and bioactives to enterocyte cells. In particular, using cell culture
models, the chain length and degree of unsaturation of fatty acids have been shown
to have an important influence on their absorption[127-129]. Some medium-chain
fatty acids and acylglycerols have also been shown to improve the cell permeability,
such as capric acid monocaprylin, and dicaprin [130]. A recent study of the
influence of mixed micelle composition on the uptake of carotenoids by Caco-2 cells
found that the absorption of @-carotene depended on the amount of FFAs, MAGs,
phospholipids, and cholesterol present [131]. Another cell culture study using oily
solutions as delivery systems showed that the absorption of carotenoids by Caco-2
cells after digestion in an simulated small intestine model depended on their
molecular structure [118]. The fraction of carotenoids absorbed by the Caco-2 cells
was = 7.3% for lutein; = 10.6% for beta-carotene; = 7.7% for astaxanthin; and, = 0%

for lycopene.
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2.5.2 Interactions with food components

The properties of mixed micelles may be altered due to their interactions
with other components in the partially digested food matrix. Mixed micelles may
interact with surfactants, which change their structures, compositions, and
solubilization capacities [132, 133], and may therefore impact the bioavailability of
any bioactive lipophilic components. Cationic biopolymers (such as chitosan,
polylysine, or proteins) may bind anionic mixed micelles through electrostatic
attraction causing them to precipitate, thereby trapping any encapsulated bioactive
components [134-137]. Cationic mineral ions (such as calcium) present in the
intestine may also bind anionic mixed micelles and cause them to precipitate as
calcium soaps, thereby reducing the absorption of lipids and lipophilic bioactive
agents [138-140]. The precise mechanisms that are important in a given situation
will depend on the nature of the initial ELNsand the food matrix ingested. The
dependence of mixed micelle properties on the presence of specific food
components may prove to be a valuable means of controlling the bioavailability of

lipophilic bioactive components.

2.6 Assembly of lipid nanoparticles within enterocytes: CMs

2.6.1 Chylomicron formation
After absorption, the biological fate of bioactive compounds depends on their
molecular characteristics, as well as the nature of any co-absorbed lipid digestion

products [7, 141-143]. More hydrophilic bioactive molecules travel across the
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enterocytes and are released into the portal vein, which conducts blood containing
the digested nutrients and bioactive agents to the liver for processing. These
hydrophilic molecules may be transported as individual molecules, or they may be
bound to other components (such as carrier proteins). Within the liver, bioactive
components usually undergo substantial metabolism before entering the systemic
circulation, which may cause them to lose some of their bioactivity before reaching
their site of actions [99, 141, 143]. On the other hand, more lipophilic bioactive
molecules are packaged into lipoprotein particles within the enterocyte cells, which
then move into the lymphatic system where they are released directly into the
systemic circulation without experiencing first-pass metabolism by the liver [120,
124, 144, 145]. The bioactivity of labile bioactive components may therefore be
increased by targeting their transport to the lymphatic route rather than to the
portal blood route (Figure 2-10). The transport route taken will therefore have a
major impact on the chemical transformation (metabolism) of many lipophilic

bioactive components (Fu).
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Figure 2-10 Lipophilic components may be transported by different pathways
within the enterocyte depending on their molecular characteristics. After being
transported across the apical membrane of the enterocyte, lipid digestion products
(monoacylglycerides and fatty acids) can either diffuse across the enterocyte and
enter the portal vein blood or be resynthesized into triglycerides. Part of figure
(enterocyte cell) kindly provided by Professor Porter from his article “Lipids and
Lipid-Based Formulations: Optimizing the Oral Delivery of Lipophilic Drugs” (Porter
et al. 2007), with permission. Abbreviations: FA, fatty acid; MG, monoacylglyceride;
RER, rough endoplasmic reticulum; SER, smooth endoplasmic reticulum; TG,
triglyceride.

The nature of the lipoprotein particles formed within the enterocytes
depends on the type and amount of lipid digestion products present [109, 146]. In
the fed state (which are most important for food-based delivery systems), the
predominant lipoprotein particles are CMs (CM) [122]. CMs consist of a lipophilic
core (mainly TAGs, cholesterol and bioactive components) and a hydrophilic shell
(mainly proteins and phospholipids). CMs can be distinguished from other forms of

lipoproteins (such as very low-density lipoprotein (VLDLs), low-density
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lipoprotein(LDLs), and high-density lipoproteins (HDL)) based on their
physicochemical characteristics, such as density, size, and composition [147]. CMs
have been reported to have densities < 960 kg m-3, mean diameters between 72 and
1200 nm, and compositions of 80-95% TAG, 3-6% phospholipid, 2-4% cholesterol
esters, 1-3% cholesterol, and 1-2% protein [147]. In addition, they may contain any
highly lipophilic bioactive molecules that were taken up by the enterocyte cells. CMs
are too large to directly enter into the portal vein; thus, they are transported via the
lymphatic route [99, 148]. Figure 2-11 shows electron microscopy images of
lipoprotein particles (presumably CMs and VLDLs) produced by Caco-2 cells in

response to exposure to lipids (fatty acids and bile salt).

Figure 2-11 TEM images of lipoproteins (CMs and VLDLs) secreted by Caco-2
cell monolayers after incubation with oleic acid (a) and taurocholate acid (b) mixed
micelles (1.6:0.5 mM) for 24 h (from authors’ laboratory). Abbreviations: CM,
chylomicron TEM, transmission electron microscopy; VLDL, very low-density
lipoprotein.

The assembly of CMs within the enterocyte cells is still not fully understood,
but considerable progress has been made in recent years due to the important role

that they play in a number of chronic diseases [109, 120, 122, 124, 144]. A highly
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simplified schematic diagram of the process is shown in Figure 2-10. Absorbed FFAs
and MAGs absorbed are transported from the apical side of the enterocytes to the
endoplasmic reticulum (ER), which may be mediated by the presence of fatty acid
and monoacylglycerol binding proteins [124]. After reaching the ER, the FFAs and
MAGs are reassembled into TAGs by specific classes of enzymes [124]. The TAGs
formed accumulated within the phospholipid membranes of the ER, eventually
causing them to split and release TAG droplets [122]. The subsequent formation of
lipoproteins requires at least two major structural proteins: microsomal triglyceride
transfer protein (MTTP) and apo-lipoprotein B48 (apoB) [124]. MTTP facilitates the
transfer of the TAGs from their initial location within the ER bilayer to the apoB
molecule. ApoB is very hydrophobic protein that is packaged into the TAG droplet to
form lipoprotein particles. After formation these primordial lipoprotein particles
undergo further changes within the enterocyte cells to form CMs, e.g., incorporation

of additional lipids and protein [124].

2.6.2 Influence of molecular characteristics of bioactives on their lymphatic
transport

Researchers in the pharmaceutical industry have identified the key
characteristics of lipophilic molecules that determine their ability to be transported
via the lymphatic system [99, 119, 141, 148, 149]. Two of the most important
physicochemical characteristics of lipophilic molecules are their oil-water partition
coefficient (logP) and oil solubility [150-152].

The log P value provides a measure of the relative affinity of a bioactive

component for oil solubility is the maximum concentration of bioactive with a
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logP>5 and an oil solubility > 50 mg/L are considered to be highly lipophilic
compounds that tend to be transported by the lymphatic rather than the portal
blood route [141]. In reality, these two parameters do not accurately predict the
behavior of many bioactive compounds and therefore more comprehensive systems

have been developed for classifying them [153].

2.6.3 Influence of dietary components on chylomicron formation and
properties

Different kinds of lipoproteins may be assembled within the enterocytes
lining the small intestine depending on the nature of the food consumed. In the fed
state (high fat), CMs are the major lipoproteins formed within the intestinal
enterocytes. CMs have a structure somewhat similar to the oil droplets present in
oil-in-water emulsions. They consist of a non-polar core that consists mainly of TAG
molecules (85~92%) and solubilized bioactive components, and a more polar shell
that consists of phospholipids (PL, 6~12%), cholesterol (1~3%) and proteins
(1~2%, Apo B48, A-1, A-1V,and C’s) [140, 149, 154]. The diameter of CMs typically
ranges from around 75 to 1200 nm depending on the type and amount of lipids
consumed. In the fasted state (low fat), very low density lipoproteins (VLDL) are the
predominant lipoproteins formed in the enterocytes [155]. VLDL particles have
smaller diameters (30 to 80 nm) than CM particles (75 to 1200 nm), and they
contain lower amounts of TAG than CMs. Hence, the ability of VLDL to carry lipids or
bioactive lipophilic compounds is more limited. It has been suggested that the
assembly of intestinal CM and VLDL particles occurs by separate pathways [156,

157]. This assumption is based on differences in the relative amounts of CM and
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VLDL produced in response to the presence of different co-ingested lipids [158]
[156, 157].

The size and composition of CMs has been reported to depend on the type
and amount of digestible lipids present within the digestion medium (Table 2-3).
Consequently, the biological fate of bioactive components (lymph versus portal vein)
may be directed by controlling the initial composition of co-ingested lipids in
delivery systems. Researchers have reported that the mean diameter of CMs
separated from the lymph of animals increased as the total amount of dietary fat
(corn oil and butter) consumed increased [159]. However, the total number of CMs
produced remained relatively constant as the dietary fat consumed increased,
suggesting that individual CMs grew rather than more CMs being produced [160].
The composition of the proteins (apolipoprotein) adsorbed to the CMs surfaces was
also found to be relatively insensitive to CM size [161]. The degree of unsaturation of
the fatty acids in digestible lipids also influences the size of the CMs produced. At
equivalent amounts, monounsaturated fatty acids (MUFAs) and polyunsaturated
fatty acids (PUFAs) produce larger CMs than saturated fatty acids (SFAs) [162, 163].
MUFAs have been shown to increase the number of CMs secreted after a meal [164,
165]. Oleic and linoleic acids caused much greater secretion of CMs than steric and
palmitic acids [166] (Table 2-3). However, some PUFAs have been shown to decrease
postprandial TAG concentrations and the number of CMs produced compared to
SFAs [167, 168].

Table 2-2 Summary of effects of different fatty acids on CM formation
measured using Caco-2 cell models
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Micelle solution Secretion of Lipoproteins in the basolateral |Reference
side

Apo B TAG Lipoprotein

Secretion* Secretion Density
Oleic acid (C18:1)- | Increased or Increased CM/VLDL [10]
TC Decreased <1.006 g/ml,
Palmitic acid Unchanged Unchanged IDL/LDL [164]
(C16:0)-TC 1.009 to 1.068

g/ml.

Linoleic acid Increased Increased CM/VLDL [166,
(18:2)-BSA <1.006 g/ml 169]
Linolenic acid Increased Increased, CM/VLDL [3]
(18:3)-BSA Lower than Lower than | <1.006 g/ml

C18:2 C18:2
Stearic acid Increased, but Unchanged IDL/LDL, [166]
(18:0)-BSA not 1.009 - 1.068

significantly g/ml.
Eicosapentaenoic Unchanged Decreased CM/VLDL [170]
acid (20:5, n-3)-- <1.006 g/ml,

TC

In vitro studies using Caco-2 cells have also shown that the secretion of CMs

after incubation with fatty acids depended on their degree of unsaturation: oleic

acid (C18: 1) > linoleic acid (C18: 2) > linolenic acid (18:3) [166, 171]. Exposure of

Caco-2 cells to eicosapentaenoic (C20: 5) acid has also been shown to reduce CM

secretion [170] (Table 2-2). On the other hand, the lymphatic transport of a model

lipophilic bioactive component (halofantrine) in a cannulated rat model was

reported to decrease in the following order: C18: 2 > C18: 1 > 18:3 [172]. This study

suggests that there is not always a simple correlation between the amount of CMs

produced and the lymphatic transport of bioactive components.
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Other studies suggest that the initial location of the fatty acid chains on the
TAG molecule may also be important [173]. The size and number of CMs produced
after administration of @-3 oils containing LCFA (L) and MCFA (M) in different sn-
positions on the glycerol backbone were compared. This is important because when
TAGs are digested by pancreatic lipase the fatty acids at the sn-1 and sn-3 positions
are released as FFAs, whereas the one at the sn-2 position is released as part of a
MAG. The presence of L-M-L led to more large-sized CMs being secreted than the
presence of M-L-M [173]. Furthermore, when the M-L-M and L-M-L triacylglycerols
were incorporated into lipid-based delivery systems, the lymphatic transport of a
model lipophilic bioactive component (halofantrine) was higher for the L-M-L (=
27%) than the M-L-M (= 18%) [142]. Transportation of halofantrine to the lymph
was also reported to be dramatically increased if co-administered with triglycerides
containing long chain (C>12) fatty acids than with those containing medium chain
(8<C<12) or short chain (C<8) fatty acids [174]. The fatty acids with shorter chain
lengths were directly transported into the portal blood, while those with the longer
chain fatty acids would re-esterified into triglycerides in the enterocyte and then
incorporated into the core of CMs [7, 175]. Studies using Caco-2 cells have shown
that co-administration of carotenoids with lipids that stimulate the formation of CMs
lead to a higher concentration of carotenoids on the basolateral side [176].

The size of the CMs produced after ingestion of dietary lipids may also have
an important effect on human health. Levy et al. suggested that larger CMs were
removed more quickly that smaller ones [177]. In addition, the number of CM

remnants formed is proportional to the number of CMs secreted (rather than their
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total mass). Thus, the risk of atherogenic or cardiovascular diseases may be reduced
by ingesting lipids that increase the size of CMs (loading more TG into every CM)

since then there will be fewer CM remnants formed [81, 178].

2.7 Disassembly of CMs within the body

Ideally, one would like to know the complete biological fate of any ingested
bioactive lipophilic component, e.g., where did it end up, how did it get there, how
was its structure changed during transport, how long did it remain there, and what
biochemical pathways did it alter? Some progress has been made in this area in the
pharmaceutical industry, but knowledge of this area is relatively poor for lipophilic
nutraceuticals. After CMs leave the enterocyte cells, they pass through the lymphatic
system and are then released into the systemic blood circulation via the thoracic
duct (near the neck) [109, 122, 141]. The properties of the CMs are then altered as
they pass through the various regions of the body. Additional proteins (including
apoC-II) adsorb to the surfaces of the CMs, whose role is believed to regulate their
subsequent degradation by lipoprotein lipases in peripheral tissues [144]. TAGs in
CMs undergo lipolysis in the systemic circulation, thereby delivering FFAs, MAGs,
and possibly lipophilic bioactive components to the tissues (such as adipose tissue,
mammary, heart, and skeletal muscle [179]. TAG hydrolysis causes the CMs to
shrink in size, leaving a “chylomicron remnant” that is ultimately taken up by the
liver [180, 181]. A link has been suggested between elevated CM levels in the blood
after consumption of a fatty meal, and chronic diseases such as cardiovascular

disease [182-184]. The nature of the TAGs within CMs may influence their ability to
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promote these diseases, e.g., fatty acid chain length and degree of unsaturation
[185]. Replacement of saturated fats with unsaturated fats has been advocated as a
means of reducing the risk of cardiovascular disease, however, polyunsaturated fats
may promote lipid oxidation thereby contributing to atherosclerosis, although this is
still a matter of debate [186]. It may therefore be important to carefully design
delivery systems so that they increase the bioactivity of encapsulated lipophilic
components, but that they do not adversely affect health by promoting chronic

diseases.

2.8. Potential advantages of controlling lipid nanoparticle assembly and
disassembly

This review article has highlighted the relationship between the bioactivity of
ingested lipophilic components and the fate of engineered and biological lipid
nanoparticles within the human body. There are a number of potential advantages
of specifically designing food-grade delivery systems that control the assembly and
disassembly of lipid nanoparticles outside and inside the body [14, 29, 147]:

ELNs with different compositions and structures can be fabricated using
food-grade ingredients and processing operations.

ELNs can be designed so that they are compatible with a variety of different
food and beverage matrices: from transparent to opaque; from liquid to solid; from
short to long shelf life.

ELNs can be designed so that they behave in a particular way within the GIT

so as to increase the bioavailability of encapsulated beneficial lipophilic bioactive
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agents. In particular, they can be designed to facilitate the incorporation of
beneficial bioactive agents into mixed micelles and CMs.

Incorporation of a bioactive component within the hydrophobic core of CMs
avoids first pass metabolism within the liver, and may also protect them from other
unwanted metabolic reactions within the body, thereby increasing their bioactivity.

CMs are endogenous carriers of lipophilic substances within the human body,
and therefore are not expected to elicit an immune response and should be cleared
from the circulation by the reticulo-endothelial (RES) system normally used to clear
particles from the system.

CMs have specific receptors on their surfaces, which potentially allow them to

be targeted to specific sites within the body.

2.9. Conclusions

Nanotechnology has emerged as one of the most powerful tools for
controlling the behavior of matters. Itis finding increasing utilization within the
food industry to improve food safety, quality, and healthfulness. Recently, there have
been rapid advances in the fabrication and characterization of ELNssuitable for
utilization within the food industry. In particular, lipid nanoparticles have been
identified as powerful building blocks for the creation of delivery systems designed
to encapsulate, protect, and release lipophilic bioactive food components
(nutraceuticals) and drugs (pharmaceuticals). This review article has shown that
ingested ELNs may be disassembled within the human GIT and reassembled into

biological lipid nanoparticles (mixed micelles and vesicles) in the small intestine,
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which are disassembled and reassembled into still other kinds of biological lipid
nanoparticles in the enterocyte cells (CMs). Lipophilic bioactive components that
are incorporated into CMs are transported into the systemic (blood) circulation via
the lymphatic system, and therefore avoid first pass metabolism in the liver. The
chylomicron - lymphatic pathway plays an essential role in improving the oral
bioavailability of many lipophilic drugs, and may also be beneficial for the design of
effective delivery systems for lipophilic nutraceuticals.

The extent of lymphatic transportation can be regulated by controlling the
size, number, and composition of the CMs, which can in turn be regulated by
controlling the properties of the ingested engineered lipid nanoparticles. Improved
knowledge of the influence of the molecular characteristics of bioactive components,
and the composition and structure of ELNs may lead to the rational design of lipid-
based delivery systems for food and beverage applications. These delivery systems
may be used to incorporate bioactive lipids into functional food products designed

to improve human health and wellness.
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CHAPTER 3
LITERATURE REVIEW: IMPROVING ORAL BIOAVAILABILITY OF

NUTRACEUTICALS BY ENGINEERED NANOPARTICLE-BASED DELIVERY

3.1 Introduction

Nutraceuticals are foods and food constituents that provide health benefits
beyond basic nutrition. Accumulating evidence has suggested that dietary
consumption of nutraceuticals is associated with decreased risks of multiple chronic
diseases. However, many nutraceuticals have poor oral bioavailability, which
significantly lowers their efficacy as disease-preventing agents [3, 5, 187, 188]. An
effective way to improve oral bioavailability of nutraceuticals is to utilize
nanotechnology to encapsulate nutraceuticals in engineered nanoparticles (ENs)-

based delivery systems [5, 6, 189].

3.2 Engineered nanoparticle-based delivery systems for nutraceuticals
Nanotechnology has become an important means of producing novel
materials and structures for a wide range of applications within the food industry.
Numerous ENs have been fabricated and tested for their potential use as delivery
systems for nutraceuticals with the purpose of enhancing their health benefits
through encapsulation, protection and/or controlled release of nutraceuticals [5,
187, 188]. Improving oral bioavailability of nutraceuticals has become a promising
strategy to enhancing their efficacy in humans. Recently, considerable advances have

been achieved in designing and manufacturing ENs to increase the oral
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bioavailability of nutraceuticals. Generally, depending on the presence or absence of
lipids as the major components of the delivery systems, ENs can be categorized as
lipid-based or non-lipid-based (Table 3-1). Recent reviews have provided
comprehensive descriptions of the manufacture and characteristics of different type
of ENs suitable for food applications [5, 31, 81, 209-212]. This review elaborates the
impact of ENs on oral bioavailability. It is noteworthy that, different from the ENs
utilized in the pharmaceutical industry, ENs for food application has to be
manufactured with 100% food-grade materials, such as edible lipids, proteins,
carbohydrates, and surfactants, which has considerably increased challenges in
creating effective delivery systems.

Table 3-1 ENs based delivery systems for improving oral bioavailability
nutraceuticals.

Delivery Fur;(c)f)lgnal Ineredients Function | Referenc
systems & sites es
components
Lipophilic
compound
Biopolymric (omega}-S Miscible solvents,
nanogels, fatty acids, biopolvmers F [72]
antisolvent CLA, oil poly ! B
L surfactants
precipitation soluble
vitamins et
Non- al.)
lll)zlsde- | Omega-
Biopolymric -
d poy 3/omega-6 Water, dextrin Fp&Fa [190]
nanoparticles | polyunsaturat
ENs ed fatty acids
_ _ Water, 3-
Biopolymric Curcumin cyclodextrin, Fy [191]
surfactant
Organogel Curcumin | 'VAter organogel, Fp&Fa [192]
based surfactant
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nanoemulsio

n
Water, beta-
Nanocomplex Omegsi-jsfatty lactoglobulin, Fg [193]
protein
Protein- Vitamin D, | water, surfactant [194]
based : Fg & Fa
. (casein),
micelles
Micelles Curcumin Water, surfactant | Fg & Fa [195]
Nano_ Co Q10 Water, surfactant, Fi & Fa [196]
formulation glycerol,
Lipophilic
FE & Fa &
Nanoemulsio co.mpo.und Water, oil, F [197-
(Vitamin E, M
n surfactant 201],
beta-
carotene)
Nanoemulsio Water, oil, Fp&Fa & [202,
n CoQ10 surfactant Fum 203]
Liposome Polyphenols Water, Fg
(curcumin, phospholipids, [204]
resveratrol) cholesterol
Water,
Lipid Nan(’heposom EGCG Phospholipids, Fp [205]
} cholesterol
base - Fg & Fa
p Nanoemulsio Curcumin Water, MCT, [46]
n surfactant
ENs
Lipophilic
compound
e (carotenoids, Fa &Fu
Solid hp.ld omega-3 fatty | Oil, surfactant [12, 206]
nanoparticles .
acids,
phytosterols
)
Microemulsio Curcumin Water, _ Fy [207]
n surfactants, oil
0il, water,
Micelles Lycopene lecithin, Fg & Fa [208]

surfactant




3.3 Oral bioavailability of nutraceuticals

The oral bioavailability of a nutraceutical is defined as the fraction of the
ingested nutraceutical that actually reaches the systemic (blood) circulation in an
active form [213]. Only these nutraceuticals are available to be distributed to the
tissues and organs where they can exert their beneficial health effects. For ingested
nutraceuticals, there are a few barriers preventing them from reaching the systemic
circulation in an active form, e.g. chemical instability during digestion, poor
solubility in GI fluids, slow absorption from the GIT, and first-pass metabolism
(Figure 3- 1). The oral bioavailability (F) of a nutraceutical encapsulated in ENs can
be estimated by the following equation [5, 212]:

F = FgxFaxFum

Here, Fg is the fraction of an ingested nutraceutical that survives passage
through the upper GIT and that is released from the food matrix/ENs into the GI
fluids, thereby becoming bioaccessible for absorption by enterocytes. FA is the
fraction of the bioaccessible nutraceutical that is actually absorbed by the
enterocytes and then transported to the portal blood or lymph (and into the
systemic circulation). Fu is the fraction of absorbed nutraceutical that is in an active
form after first-pass metabolism in the GIT and liver (and any other forms of
metabolism). In the following sections, the effects of food-grade EN-based delivery
systems on bioaccessibility, absorption, and first-pass metabolism of encapsulated

nutraceuticals are discussed.
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Figure 3-1 After digestion of different nanoparticels in the lumen, FFI may
release, nanoparticles may not break down and for lipid based nanoparticles, FFI are
trapped in the mixed micelles (Fa). Four absorption (Fa) routes include: released
compound diffusion into enterocytes, nanoparticle paracellular absorption, M cell
uptake via Peyer’s patches and mixed micelle-chylomicron transportation. FFI and
small size particels (<50nm) are transported into the potal vein. CMs and
nanoparticles uptake by M cell enter into the lymph and avoid metabolism in the
enterocytes (Fm1) and liver (Fumz).

3.4 Engineered nanoparticles enhance bioaccessibility of nutraceuticals

A nutraceutical is exposed to substantial changes in the composition,
structure, and flow behavior of its environment during its passage through the
upper GIT, i.e. mouth, stomach, and small intestine. These conditions may cause
changes in the physical state, location, and chemistry of the nutraceutical, therefore
decreasing its bioaccessibility. ENs has been developed to protect nutraceuticals

from adverse GI conditions. For example, (-)-epigallocatechin gallate (EGCG), a
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green tea polyphenol, is unstable under the pH conditions found in small intestinal
fluids. Encapsulation of EGCG in nanoliposomes fabricated from phospholipids,
cholesterol, and Tween 80 decreased its degradation in simulated intestinal fluids
around 10-fold [205]. Nutraceuticals can also be encapsulated in solid lipid
nanoparticles and biopolymer-based nanoparticles that can be designed to protect
nutraceuticals from premature degradation and improve their stability in the GIT
[190, 214]

To be bioaccessible to enterocyte absorption, a nutraceutical needs to be
solubilized within the GIT. Highly lipophilic nutraceuticals, such as carotenoids and
curcuminoids have low bioaccessibility due to their poor solubility in aqueous GI
fluids. Lipid-based ENs, such as nanoemulsions and solid lipid nanoparticles, have
frequently been used to enhance the bioaccessibility of lipophilic nutraceuticals. The
nature of the carrier oil used to solubilize lipophilic nutraceuticals within lipid-
based ENs has been shown to influence their loading capacity and bioaccessibility
[198, 215]. After ingestion, the compositions, structures and physiochemical
properties of nutraceutical-loaded ENs may be changed appreciably due to their
exposure to different GIT conditions, e.g. their size, charge, physical state, and
aggregation state [5]. The presence of digestible components (protein, lipid and
surfactant) also play an important role in determining the biological fate of lipid-
based ENs in the GIT, which in turn has a great impact on the bioaccessibility of
nutraceuticals[5].

In the GIT, digestible carrier oils (mainly triglycerides) in ENs are hydrolyzed

by lipases to produce free fatty acids and monoacylglycerols. These lipid digestion
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products interact with bile salts and phospholipids in the lumen of the small
intestine to form “mixed micelles” with complex structures (Figure 3-2A) [5].
Nutraceuticals encapsulated within ENs are transferred to the mixed micelles during
the digestion process, which greatly enhances their bioaccessibility [102, 216, 217].
The type of carrier oils used in ENs is critical for the bioaccessibility of lipophilic
nutraceuticals. Nanoemulsions containing mainly long chain triglycerides produced
much higher bioaccessibility of vitamin E, 3-carotene and Co-enzyme Q10 than
those containing mainly medium chain triglycerides [198, 200, 202]. In contrast,
nanoemulsions containing medium chain triglycerides has been shown to produce
higher bioaccessibility of curcumin than those containing long chain triglycerides
[110]. These findings suggest that the effects of different carrier oils on
bioaccessibility are specific to different nutraceuticals; therefore, EN-based delivery
systems should be specifically designed for particular nutraceuticals in order to
effectively improve their bioaccessibility. The particle size of ENs can also influence
nutraceutical bioaccessibility. Nanoemulsions with smaller particles have been
reported to give a higher bioaccessibility of -carotene than those with larger
particles [217]. A potential explanation for this phenomenon is that smaller lipid
particles generate mixed micelles more rapidly than larger particles during lipid
digestion, which can increase the rate of transfer of the nutraceuticals from the
particles to the mixed micelles. The surfactants used in oil-in-water nanoemulsions
may have an impact on the bioaccessibility of encapsulated nutraceuticals. It was
reported that the extent to which carrier triglyceride oil was digested in a simulated

GI tract was positively correlated with the hydrophilic/lipophilic balance of the
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surfactant and inversely correlated to the surfactant aliphatic chain length [218].
The difference in the oil digestion may lead to difference in the solubilization of
nutraceuticals in mixed micelles, resulting in different bioaccessibility. Therefore,
appropriate surfactants can be selected for specific nanoemulsions to offer higher
bioaccessibility. Moreover, biopolymer-based non-lipid delivery systems can be used
to enhance bioaccessibility by increasing solubility of highly lipophilic nutraceuticals
[72]. For example, the solubility of curcumin in simulated intestinal fluids was

significantly increased by encapsulating it in f-cyclodextrin and modified starch

[191].

Figure 3-2 Cory-TEM image of mixed micelles and morphologies of CMs by
TEM. Mixed micelles consist of linoleic acid and bile salts. Single layer, multiple layer
and lipid crystal co-exist in the solution. Fatty acids in mixed micelles stimulate the
formation of CMs.
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3.5 Engineered nanoparticles enhance the absorption of nutraceuticals

The small intestine is the place where most nutraceuticals are absorbed after
their oral ingestion [219]. Figure 1 depicts the major routes of absorption in the
small intestine. Lipid-based ENs such as nanoemulsions have been frequently used
to encapsulate lipophilic nutraceuticals such as -carotene, curcumin, vitamin E, and
Co Q10 to enhance their absorption [2, 110, 198, 200-203, 217, 220]. Mixed micelles
(Figure 3-2A) generated after digestion of nanoemulsioins transport lipophilic
nutraceuticals across the aqueous mucus layer, and make them available for
absorption by enterocytes. Inside the enterocytes, lipophilic nutraceuticals are
packaged into CMs (Figure 2B) due to their high lipophilicity [20, 141]. The CMs are
lipid particles endogenously produced by the enterocytes using lipid components
supplied by mixed micelles, such as free fatty acids, monoacyglycerols, and
cholesterol [221]. Nutraceuticals associated with CMs are then transported to the
lymphatic circulation system via a chylomicron-mediated pathway[5].

It has been shown that the presence of mixed micelles made from free fatty
acids and bile acids greatly enhanced trans-enterocyte transport of lipophilic
nutraceuticals, such as 5-hydroxylnobiletin, a flavonoid found in citrus fruits [221].
This enhancement in absorption was associated with production of chylomicron in
the enterocytes stimulated by the mixed micelles. Moreover, the degree of saturation
of fatty acids in mixed micelles is also an important factor influencing the absorption
of nutraceuticals. For example, mixed micelles formed with oleic acid, linoleic acid,
or linolenic acid were shown to have different effects on trans-enterocyte transport

of 5-hydroxylnobiletin [4]. Mixed micelles formed with oleic acid resulted in much
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higher trans-enterocyte transport of 5-DN than mixed micelles formed with linoleic

acid or linolenic acid (Figure 3-3).
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Figure 3-3 Increased trans-enterocyte transport of 5-hydroxylnobiletin in Caco-
2 cell monolayer by incorporation it in oleic acid, linoleic acid and linolenic acid
mixed micelles compared to Control (considered as “1” fold).

After passage through the upper GIT, it is possible for nutraceuticals to
remain trapped inside non-digested nanoparticles, rather than being released [214].
The nutraceutical-ENs may then be paracellularly transported to the portal blood via
tight junctions, or taken up by M cells via Peyer’s patches and then secreted into the
lymph [214]. Certain substances can modulate the structure and integrity of
intestinal epithelial cells, such as EDTA (opens intracellular tight junction seals),
chitosan (causes separation of tight junction components), surfactants (disturb the
integrity of the plasma membrane), and free fatty acids (enhance plasma membrane
permeability) [222]. These substances can therefore be incorporated into delivery
systems to enhance the absorption of nutraceuticals [196, 223]. For digestible ENs,

encapsulated nutraceuticals can be released and solubilized within the intestinal
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fluids, and then taken up by the enterocytes via passive diffusion or active transport
[28]. Eventually, these nutraceuticals may be transported directly to the portal blood

or through the chylomicron-mediated lymphatic transport.

3.6 Engineered nanoparticles decrease first-pass metabolism of nutraceuticals
First-pass metabolism (also known as first-pass elimination) is a process
during which a nutraceutical is metabolized by a wide array of enzymes present
mainly in the gut and liver (Figure 3-1). The result of first-pass metabolism is that
only a fraction of the ingested nutraceutical reaches the systemic circulation
unchanged, which leads to a decreased oral bioavailability. ENs can be designed to
help nutraceuticals bypass first-pass metabolism and thus increase their
bioavailability. Lipid-based ENs, such as nanoemulsions, have been used to bypass
liver metabolism by promoting intestinal lymphatic transport of lipophilic
nutraceuticals[5]. As mentioned above, nanoemulsions promote chylomicron-
mediated transport of nutraceuticals from enterocytes to the lymphatic circulation.
Subsequently, lymph carries chylomicron-associated nutraceuticals to the systemic
circulation via the subclavian vein without passing through the liver, thus avoiding
first-pass metabolism in the liver (Figure 3-1) [3]. ENs can also protect
nutraceuticals from first-pass metabolism in enterocytes. For example, ENs can
increase paracellular transport of nutraceuticals by altering the integrity of tight
junctions [216, 222, 223]. Paracellularly absorbed nutraceuticals are not subject to
metabolism by intracellular enterocyte enzymes, and may therefore have higher

bioavailability. ENs that promote chylomicron-mediated transport of nutraceuticals,
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such as nanoemulsions, may also decrease first-pass metabolism in the enterocytes.
This is because that nutraceutical associated with the CMs may have less chance to
interact with metabolizing enzymes within the cell in comparison to nutraceuticals
freely present in the cytoplasm of enterocytes [4, 216]. Moreover, the carrier oil type
of nanoemulsions plays an important role in the first-pass metabolism of
nutraceuticals in the enterocytes. For example, olive oil-based nanoemulsion
resulted in a minimal metabolism of pterostilbene (an important phenolic
nutraceutical found in blue berries) in enterocytes, whereas flaxseed oil-based
nanoemulsion led to an extensive metabolism of pterostilbene [216]. In order to
provide guiding principles for rational design of ENs to decrease first-pass
metabolism, more mechanistic investigations are needed to establish the
relationship between the different characteristics of ENs and their effects on first-

pass metabolism of specific nutraceuticals.

3.7 Conclusions

Accumulating research has demonstrated that food-grade engineered
nanoparticles can be utilized to improve the oral bioavailability of nutraceuticals,
which may enhance their potential health benefits in humans. More systematic
mechanistic investigations are needed to elucidate the relationship between the
particle characteristics of ENs and their impact on the biological fate of
nutraceuticals. Improved knowledge in this area would provide a solid scientific
foundation for the rational design of novel EN-based delivery systems to improve

the efficacy of nutraceuticals.
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CHAPTER 4
ENHANCED LYMPHATIC TRANSPORT OF POLYMETHOXYFLAVONE BY MONO-

UNSATURATED LONG- CHAIN FATTY ACIDS

4.1 Introduction

Many bioactive compounds that may promote human health are highly
lipophilic molecules [3], such as oil-soluble vitamins, carotenoids, polyunsaturated
triacylglycerols, and flavonoids [11]. However, the potential health benefits of these
compounds are limited because of their relatively low oral bioavailability after oral
administration, which is mainly attributed to their low aqueous solubility [12].
Research with pharmaceuticals and nutraceuticals has shown that the oral
bioavailability of lipophilic molecules can be greatly enhanced by co-administration
with certain digestible lipids, especially those containing long chain triglycerides [1,
102,167, 171]. For instance, the uptake of Vitamin E was significantly improved if it
was consumed with a certain amount of oil during a meal [224].

Triacylglycerols (TAGs) are the main source of digestible lipids within the
human diet, and act as a solvent for any lipophilic bioactive molecules that are
ingested. After ingestion, TAGs pass through the gastrointestinal tract and are
hydrolyzed by gastric and pancreatic lipase to form monoacylglycerols (MAG) and
free fatty acids (FFA) [24]. These lipid digestion products then combine with

phospholipids and bile salts in the small intestine to form “mixed micelles” that are
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capable of solubilizing and transporting lipophilic bioactive molecules to the
enterocytes where they are absorbed[225].

Usually, consumption of a fat rich meal promotes the assembly and secretion
of lipoproteins (such as CMs) inside the intestinal epithelial cells [10]. CMs are
essential for the transport of dietary fat and lipophilic compounds into the systemic
circulation. Structurally, CMs are biological nano- or micro-particles that consist of a
triglyceride-rich core surrounding by a layer of phospholipids, cholesterol and
proteins [109]. Lipids and bioactive lipophilic compounds that are incorporated into
CMs are transported via the lymphatic circulation rather than the portal vein
circulation, thus avoiding first-pass metabolism in the liver, which can increase the
bioavailability of certain compounds [141, 226]. However, not all bioactive
components follow the lymphatic way. The molecular characteristics of the lipid
digestion products and bioactive components play an important role in determining
the rate and extent of this process. For example, unsaturated TAGs that contain more
oleic acids were found to be more efficiently incorporated into lipoproteins than
saturated TAGs [227]. Moreover, highly lipophilic compounds that have high oil-
water partition coefficients and high TAG solubility are more likely to be
transported by the lymphatic system than less lipophilic compounds [226].

An intestinal cell line derived from human colorectal carcinoma (Caco-2
cells) is widely used as a model for studying the intestinal synthesis and secretion of
lipoproteins [228]. Caco-2 cells can form a monolayer on cell culture membranes
(“transwells”) that mimics the human intestinal tract, which offers considerable

advantages in the rapid screening of the influence of different dietary components

61



on the absorption process [164, 228]. However, it should be noted that the
phosphatidic acid pathway is considered to be the primary way that triglycerides
are resynthesized in Caco-2 cells, whereas the monoglyceride pathway is the
primary way in human intestinal cells [229], which may lead to some differences in
the results obtained by in vivo and in vitro studies.

In our study, we evaluated the effect of fatty acids on the transport of 5-
hydroxy-6, 7, 8, 3', 4'-pentamethoxylflavone (5-ND) across the monolayer of
enterocytes using the Caco-2 cell model. 5-ND is a poorly water-soluble compound
extracted from citrus fruit (Figure 4-1), which has previously been shown to inhibit
the growth of multiple human cancer cells [230, 231]. Our central hypothesis is that
the bioavailability of 5-ND can be increased by stimulating the formation and
secretion of CMs by co-administering with model lipid digestion products (oleic
acid). The results of this study are useful for the rational design of delivery systems

for bioactive lipophilic components, such as nutraceuticals and pharmaceuticals.
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Figure 4-1 Molecular structural of 5-hydroxy-6, 7, 8, 3', 4'-
pentamethoxylflavone (5-ND) - a bioactive flavonoid with a low water solubility
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4.2 Materials and methods

4.2.1 Materials

The following products were purchased from Sigma Chemicals (St. Louis,
MO): 0s04, oleic acid (0A), taurocholic acid (TC), phosphatungstic acid (PTA) and
OptiprepTM density gradient medium. All other chemicals and solvents of analytical

grade were from Fisher Scientific (Pittsburgh, PA).

4.2.2 Cell culture

Caco-2 cells (passage 45~55) were maintained in the complete Dulbecco’s
modified essential medium (DMEM), containing high glucose, 10% fetal bovine
serum (FBS), 1% antibiotic and 1% amino acids. The transepithelial electrical
resistance (TEER) was measured at 37 °C using the Millicell® ERS-2 epithelial
voltammeter (World Precision Instruments, Sarasota, FL). TEER values at 37 2C
were around 260 )/ cmZ2. Cell monolayers with TEER values below 165 Q/ cm2 were
discarded[10]. For absorption experiments, the Caco-2 cells were seeded at a
concentration of 3x105 cells/mL on transwells (Corning Inc., MA, USA) with
permeable polyester filters (3 um pore size and 4.67 cm? surface area). The medium
was changed every other day for 3 weeks to induce differentiation of Caco-2 cells.
Before the start of the fatty acids treatments, the cells were incubated for 4 h with
serum-free complete medium. Cells were then incubated with 2.0 mL of the
complete media containing different treatments on the apical side. The basolateral

side contained 2.0 mL of serum-free complete medium.
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4.2.3 Preparation and characterization of oleic acid- sodium taurocholate
micelles

Fatty acids micelles were prepared according to a method described
previously [10, 164], with some modifications. Oleic acid-sodium taurocholate
mixed micelles (OA: TC = 1.6: 0.5 mM) were formed using the following procedure.
A 10 mM TC solution was formed by dissolving an appropriate amount of TC into 1
mL of PBS. OA was then added to the TC solution drop-by-drop and mixed by
swirling over night at room temperature to ensure complete homogenization. The
solution was then filtered using a 0.22 pm filter (EMD Millipore, USA). The particle
diameter (Z-average) and charge (@-potential) were measured using a combined
dynamic light scattering/particle electrophoresis instrument (NanoZS, Malvern
Instruments, Malvern, UK). Samples were with complete DMEM. The prepared OA-

TC solutions were then stored at -20 2C prior to use.

4.2.4 Basolateral 5-ND levels determination

Caco-2 cell monolayer was incubated with different samples for 1, 2, 4, 8 and
24 h in the apical side. After each incubation period, 100 BL of medium was
collected from the basolateral side, and 100 BEL of fresh complete medium without
FBS was added back to the basolateral side. 5-ND in the samples was extracted
twice with ethyl acetate and the organic solvent was evaporated using rotary
evaporation (SAVANT speedvac, Thermo Fisher Scientific, Pittsburgh, PA). The
resulting residue was dissolved into 100 pL mobile phase for HPLC analysis. The 5-

ND concentration was determined as we described previously using a HPLC system
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(CoulArray®, Chelmsford, MA, USA) equipped with a multi-channel electrical

conductivity detector (Model 6210, CoulArray®, Chelmsford, MA, USA) [232].

4.2.5 Cellular levels of 5-ND

After the cells were incubated with different treatments for 24 hours, the
Caco-2 cell monolayer was washed with PBS twice, and then 1 mL of trypsin-EDTA
solution was added. Until all the cells were suspended, 1 mL of complete media
(containing 10% FBS) was used to neutralize the trypsin. The suspension was
harvested by pipette and cells were collected by centrifugation (240 rcf, 1 min). The
cells were then quickly washed with ice-cold PBS and re-suspended with 1 ml ice-
cold PBS. Cellular 5-ND was extracted by sonicating with 30% methanol. After
centrifugation at 1700 rcf for 15min, the resulting supernatants were collected for
HPLC analysis. Protein levels in each sample were determined using a Bicinchoninic
Acid (BCA) Kit (Sigma Chemicals, St Louis, MO), with serum albumin as the

standards.

4.2.6 Isolation of lipoprotein particles

Lipoproteins including CMs secreted by Caco-2 cell monolayers were isolated
by density gradient ultracentrifugation [164]. After the cells had been incubated
with the samples for 24 h, the medium in the basolateral side was collected and
transferred to a tube containing saline EDTA [233]. The solution was then mixed
with optiprep (60% iodixanol) at the ratio of 4:1(v/v). 9% iodixanol-PBS solution

was prepared and gently transferred to the ultracentrifuge tube (Seton, USA).
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Appropriate amount of 12% iodixanol-medium solution was slowly injected to the
bottom of the ultracentrifuge tube. The lipoproteins were separated by centrifuging
at 28,000 rpm for 3 hours in a SW40 rotor (Beckman Coulter, Indianapolis, IN) at 20
2C. The top 1 mL (d < 1.006 g cm-3) was collected for further analysis, which has
previously been reported to contain CMs (CM) and very low-density lipoproteins

(VLDL) based on the density (d) of this fraction.

4.2.7 Dual staining of lipoproteins for TEM

Samples were mixed 1:1(v/v) with 4% 0s04and fixed for 2 to 5 min before
application to a carbon film. Excess sample was removed from the film. A negative
stain (1% PTA) was then placed on the surface of the carbon film. After 3 to 5 min,
the excess stain was washed by distilled water. The grid was then viewed in a

transmission electron microscope (JEOL 100s, Tokyo, Japan).

4.2.8 Statistical analysis

All experiments were carried out at least three times using freshly prepared
samples and the results are reported as the calculated mean and standard deviation
of these measurements. The difference among samples were analyzed by ANOVA

with significance level of p<0.05.
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4.3 Results

4.3.1 Characterization mixed micelle solutions

In previous studies, bovine serum albumin (BSA) has been widely used to
bind free fatty acids and facilitate their delivery to Caco-2 cells [234, 235]. However,
more recent research suggested that this may not be a realistic model for cell culture
studies, since BSA promotes the assembly of VLDL, whereas bile salts (such as
taurocholic acid or TC) promote the formation of CMs[10]. Bile salts are known to
play an important role in the digestion and absorption of lipids within the
gastrointestinal tract (GIT), and therefore we used TC rather than BSA in this study
to better mimic GIT conditions [10]. Under in vivo intestinal conditions, fatty acid
delivery to enterocytes is via mixed micelles that contain bile salts; hence OA-TC
micelles were prepared. Figure 4-2 shows the OA-TC solution both in PBS buffer and
diluted with DMEM for treatment. The solutions formed are optically transparent or
only slightly turbid, and were found to contain an even distribution of small particles
with diameters ranging from about 5 to 250 nm as determined by both TEM and
Zetasizer (Figure 4- 2). The size of these particles suggests that they were most
vesicles rather than micelles, since micelles tend to have diameters below about 10
nm. The particles in the mixed micelle solution were found to have a negative
charge by particle electrophoresis measurements (@ = -53.45£0.45mV mV), which
can be attributed to the presence of ionized fatty acid and TA molecules, i.e., -COO-

groups.
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Figure 4-2 Characterization of OA-TC micelle solution (OA and TC were mixed
at the ratio of 1.6: 0.5mM):A. OA-TC solution in the PBS (left) and DMEM (right)
separately; B. Transmission electron microscope of OA-TC micelle solution; C. Zeta
potential, Size and PDI of the OA-TC micelle solution; D. Size distribution based on
volume%.

4.3.2 Effect of oleic acid on the integrity of Caco-2 monolayers

Before samples were applied onto Caco-2 cells, the integrity of each well was
checked. The TEER values were initially about 260 * 65 0/cm2 (Figure 4-3A), which
is indicative of good monolayer integrity. Confluent monolayers were then
incubated with 5-ND -OA-TC, 5-ND-TC and 5-ND samples separately for 24 h. The
TEER values were measured after 1, 2, 4, 8 and 24 h to evaluate the influence of the
samples on the integrity of the cell monolayers. The results showed that the
integrity of the Caco-2 cell monolayers did not change appreciably with time during
incubation of each of the samples. Moreover, after cells were treated with TC or OA+
TC, there was no obvious difference compared to the control group. This
demonstrates that at the concentrations used in this study, OA, TC or 5-ND did not

adversely influence the integrity of the Caco-2 cells.
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Figure 4-3 Caco-2 cell monolayers exposed to treatments of 1.6 mM OA+0.5 mM
TC + 5uM 5-ND, 0.5 mM TC + 5 uM 5-ND, as well as 5 uM 5-ND. Data represent mean
+ SD for n=3 experiments: A.TEER was measured at Oh, 1h, 2h, 4h, 8h and 24h. Data
represent mean * SD for n=3 experiments; B. Determination of the concentration of
the 5-ND in the basolateral side at Oh, 1h, 2h, 4h, 8h and 24h; C. Cellular
accumulation of 5-ND after 24h.Different letters indicate statistical difference among
the three groups at the given time point (P<0.05).
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4.3.3 Transportation of 5-ND across Caco-2 monolayers

We then examined the secretion of 5-ND within the basolateral side of the
Caco-2 transwells. Cells were incubated with 5 uM 5-ND, 5-ND-TC and 5-ND-OA-TC
separately. The concentration of 5-ND in each well was then measured after 1, 2, 4, 8
and 24 h of incubation. A relatively rapid increase of the 5-ND concentrations in the
TC group was observed (Figure 4-3B). Previously, bile salts have been reported to
modulate the tight junction and barrier function of Caco-2 monolayers [236]. During
the first 2 hours, we observed that the concentration of 5-ND in each group
increased rapidly and that the OA-TC mixture improved the absorption of 5-ND
without reducing the TEER. At 4 hours, the uptake and secretion of 5-ND in all these
groups reached a peak with the OA-TC group having the highest concentration. The
5-ND concentration decreased during incubation from 8 to 24 h, especially for the
control group and the TC group, while the OA-TC group did not decline much.
Overall, at the 24 h, the accumulated basolateral level of 5-ND was increased about
3-fold in the presence of the OA-TC solution compared to the control, while no

difference between TC and the control groups was observed.

4.3.3 Intracellular levels of 5-ND

After incubation for 24 h with different samples, the Caco-2 cells were
collected for analysis of the remaining intracellular 5-ND. The level of 5-ND in the
OA-TC treated cells was about 3-fold higher than the control (Figure 4-3C). The 5-
ND levels in the TC group were similar to that of the control, which suggests that the

presence of TC facilitated the transport of 5-ND through the junctions in the
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monolayer without improving their uptake by the Caco-2 cells. These results
illustrate that the transport of 5-ND into the cells occurs more rapidly and to a

greater extent when co-administrated with OA-TC solution.

4.3.4 Formation and secretion of CMs

In this section, we examined whether chylomicron formation was stimulated
by the presence of the fatty acids, since CMs are believed to facilitate the transport of
bioactive compounds. Electron microscopy was used to detect the presence of
lipoproteins in the basolateral side of the Caco-2 cells after 24 hours incubation with
OA-TC solutions. Colloidal particles with mean diameters in the range 20 to 150 nm
were observed using this method (Figure 4- 4). Based on previous studies, particles
with diameters > 70 nm can be considered to be CMs, whereas those with diameters
< 70 nm can be considered to be VLDLs [237]. When Caco-2 cells were incubated
with the same concentration of 5-ND in the absence of OA-TC mixed micelles, we did

not observe any CMs.
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Figure 4-4 Transmission electron microscope (TEM) of lipoproteins (CMs)
A, Lipoproteins; B, Small CMs; C, Large CMs; D, Control.

4.3.5 Size distribution of lipoproteins
Image analysis was used to determine the particle size distribution of the
lipoproteins measured by electron microscopy (Figure 4-5). This information was

then used calculate the fraction of particles that were CM (=30%) and VLDL (=70%),
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which corresponds to a VLDL-to-CM ratio of about 7:3. Less than 5% of the particles

had diameters below 30 nm.

4.4 Discussion

The Caco-2 cell line is widely accepted as a reliable model for studying the
intestinal absorption of lipids and lipoprotein production. We used this model to
study the influence of a model fatty acid digestion product (oleic acid) on the
absorption and transport of a highly lipophilic bioactive compound (5-ND). Oleic
acid is a monounsaturated fatty acid that is commonly present in the lipid phase of
foods. Our results showed that the presence of mixed micelles containing oleic acid
and taurocholic acid (OA-TC) increased the cellular absorption and transport of 5-
ND (Figure 4-3B and Figure 4-3C). We also showed that the presence of OA-TC
stimulated the production of lipoproteins, such as CMs and VLDL (Figure 4-4), which
would account for the observed effects.

Bioactive lipophilic molecules that are incorporated into CMs are transported
into the systemic circulation via the lymphatic system, rather than the portal vein,
thereby bypassing first-pass metabolism [7]. Previous researchers have identified
that oleic acid is able to stimulate synthesis of both apo-B lipoproteins and
triglycerides without damaging the monolayer of Caco-2 cells [10, 166]. Since oleic
acid is highly hydrophobic, it was necessary to mix it with bile salts (TC) so as to
form stable colloidal dispersions that could be applied to the Caco-2 cells. We
showed that OA: TC mixed micelle solutions was almost transparent and that they

contained relatively small colloidal particles, which were probably vesicles (Figure
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4-2). Previous studies suggest that TC may also enhance the expression of apo-B by
enterocytes [10]. All experiments in the present study were therefore performed
using a molar ratio of 1.6:0.5 OA-to-TC, since this has previously been shown to
stimulate maximum amounts of apo-B production in CM fractions [228].

The transepithelial electrical resistance (TEER) is widely used as a means to
determine the cell-to-cell integrity of cell culture monolayers. Previous studies
showed that the TEER of Caco-2 cell monolayers significantly decreased after being
exposed to 5 to 30 mM of oleic acid for 180 minutes [238]. However, our results
exhibited little influence of oleic acid on TEER for any of the three treatments
studied. This may be related to the relatively low concentrations of OA and TC used
in the present study. Our results also demonstrated that 5-ND did not change the
integrity of the Caco-2 cell monolayers when used at a concentration of 5 EIM.

The presence of TC improved the transport of 5-ND across the cells compared
to the control (Figure 4-3B), which can be attributed to its ability to enhance the
permeability of the cell monolayer. Nevertheless, the accumulation of 5-ND within
the Caco-2 cells was not higher than the control (Figure 4-3C). In addition, the
amount of 5-ND present in the basolateral side noticeably decreased at longer
incubation times. This may be associated with the metabolism of 5-ND as previously
demonstrated in our laboratory[239]. The presence of oleic acid in the mixed
micelles appeared to have a transport-enhancing effect: there was an increase in
cellular accumulation relative to the control (Figure 4-3C) and an increase in the rate

and extent of basolateral 5-ND (Figure 4-3B). One reason is that OA and TC form
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mixed micelles (vesicles) that can incorporate 5-ND, thus increasing its solubility
and transport within the aqueous phase.

The formation of CMs by the Caco-2 cells was confirmed using electron
microscopy (Figure 4-4). Lipoproteins with particle diameters ranging from about
20 to 150 nm were found in the basolateral side of the Caco-2 cells (Figure 4-5),
with about 30% of them being CMs and 70% VLDL particles. The presence of these
lipoproteins would account for the observed increase in 5-ND transport across the
cells. Previous studies have also illustrated that different types of fatty acids affect
the number and size of the CMs formed, such as the saturation extent and the chain
length [172, 240]. In addition, encapsulation of 5-ND within lipid nanoparticles may
improve its bioavailability by inhibiting its metabolism within and outside the cells.

We intend to carry out further studies in this area in future.

4.5 Conclusions

In summary, this in vitro study showed a 3-fold enhanced transport of
polymethoxyflavones across Caco-2 cells in the presence of model mixed micelles.
We postulate that the OA-TC mixed micelles (vesicles) solubilize 5-ND in the apical
medium, which facilitates the intracellular uptake of 5-ND by the enterocytes. The
presence of oleic acid within the cells stimulates the secretion of CMs that
incorporate the lipophilic 5-ND molecules. Chylomicron formation may increase the
bioavailability of lipophilic compounds such as 5-ND in a number of ways: (i)
increasing the amount that is transported across the cells; (ii) protecting them from

metabolism within the cells; (iii) preventing first-pass metabolism in the liver. This
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research provides a strong base for further studies on the design of colloidal
delivery systems that can increase the bioavailability of lipophilic compounds in

foods.
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CHAPTER 5
CONTROLLING THE GASTROINTESTINAL FATE OF NUTRACEUTICAL-ENRICHED

LIPID NANOPARTICLES: FROM MIXED MICELLES TO CHYLOMICRONS

5.1 Introduction

It is widely recognized that current treatment options for many types of cancer
need to be improved. Intravenous delivery of anti-cancer drugs is often painful,
inconvenient, and burdensome for patients. In addition, it has been associated with
an acute hypersensitivity reaction in patients due to the presence of solubilizers in
the drug delivery systems [241, 242]. Oral administration of drugs is therefore
considered to be a more convenient and desirable delivery route for patients [243].
However, many pharmaceuticals are so highly lipophilic that they have relatively
low oral and variable bioavailability [3, 11]. Hence their potential beneficial health
effects are not fully realized due to their poor absorption by the human body. In
addition, there is increasing interest in preventing cancer through intake of natural
anticancer components present within the diet, i.e., nutraceuticals. Nutraceuticals
must be delivered via the oral route as part of foods and beverages, but they may
also have poor or variable oral bioavailability, which decreases their potentially
beneficial bioactive effects. An effective way to enhance the oral bioavailability of
lipophilic bioactive compounds is to encapsulate them within delivery systems
containing digestible lipids [3, 14, 244].

Triacylglycerols (TGs) are the most common form of digestible lipid used in

lipid-based delivery systems, with over 95% of them being digested in the human
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gastrointestinal tract (GIT) [245]. After ingestion, TGs are hydrolyzed by digestive
enzymes (lipases) in the stomach and small intestine to form free fatty acids (FFA)
and monoacylglycerols (MGs) [245] . These lipid digestion products interact with
biological surfactants secreted by the body (phospholipids, bile salts, and
cholesterol) to form various nanostructured assemblies collectively known as
“mixed micelles” [225, 246]. These mixed micelles have hydrophobic regions
capable of incorporating lipophilic bioactive agents. The mixed micelles can then
travel through the intestinal lumen, across the mucus layer, and to the apical side of
the epithelium cells, where they release their contents for absorption by various
passive and active transport mechanisms [247].

After absorption by the epithelium cells, the biological fate of lipophilic
molecules depends on their molecular characteristics as well as that of any co-
absorbed lipid digestion products [3, 141]. For example, after intracellular
trafficking, medium-chain or short-chain fatty acids (MCFAs or SCFAs) directly enter
into the portal vein, while long-chain fatty acids (LCFAs) are incorporated into CMs
and then transported to the lymph, thus avoiding first metabolism in the liver [101].
A chylomicron (CM) is a biological lipid nanoparticle assembled in the epithelium
cells that consists of a hydrophobic core containing TGs and lipophilic bioactives,
and a hydrophilic shell consisting of phospholipids and proteins [164].

Previous studies have reported that the formation and properties of CMs
depend on the nature of the fatty acids entering the epithelium cells.
Monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs) were

found to produce larger CMs than saturated fatty acids (SFAs)[164]. Oleic (C18:1)
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and linoleic (C18:2) acids were also reported to promote greater secretion of CMs
than steric (C18:0) and palmitic (C16:0) acids [248]. Studies have also shown that
the bioavailability of ingested bioactive components depends on the nature of the
fatty acids they are ingested with [163, 248]. However, there is not always a close
correlation between the bioavailability of lipophilic bioactive agents and the nature
of the CMs formed. For example, oleic acid was found to stimulate the formation of
larger and more numerous CMs than linoleic acid, but the lymphatic transport of a
lipophilic bioactive component (halofantrine) was reported to be higher for linoleic
acid than oleic acid [163, 248]. This means that there is not always a simple
correlation between the production of CMs and the lymphatic transport of bioactive
components.

Our previous research using a Caco-2 cell culture model demonstrated that
mixed micelles, consisting of oleic acid and sodium taurocholate, increased the
lymphatic transport of an encapsulated lipophilic bioactive agent
(polymethoxyflavone) by promoting its incorporation into CMs [249]. The purpose
of the current study was to examine the influence of fatty acid type (C18:1, C18:2,
C18:3) on the formation and structure of mixed micelles , lipid droplets and CMs, as
well as on the incorporation of a bioactive lipophilic agent into the CMs. This study
is particularly important as polyunsaturated fatty acids are finding increasing
utilization in the human diet because they have been associated with various health
benefits, such as protection against coronary heart disease and stroke as well as

anticancer effects[250] [251-254]. The knowledge gained from this study could be
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used to rationally design lipid-based delivery systems with improved efficacy by oral

administration.

5.2 Materials and methods

5.2.1 Materials

The following products were purchased from Sigma Chemicals (St. Louis, MO):
4%0s0g4, oleic acid (C18:1), linoleic acid (C18:2), linolenic acid (C18:3), taurocholic
acid (TC), Sulfatase from Heli pomatia, phosphatungstic acid (PTA) and OptiprepTM
density gradient medium. All other chemicals and solvents were of analytical grade
and were obtained from Fisher Scientific (Pittsburgh, PA). Apolipoprotein B (Apo B)

human Elisa kit was purchased from Abcam (Cambridge, MA).

5.2.1 Cell culture preparation

Caco-2 cells (passage 55~65) were cultured in complete Dulbecco’s modified
essential medium (DMEM) containing high glucose, 10% fetal bovine serum (FBS),
1% antibiotic, and 1% amino acids. For experiments, cells were seeded at 3x105
cells/mL on transwells (Corning Inc., MA, USA) containing polyester filters (3 Bm
pore size and 4.7 cm? surface area) and grown for 21 days. The transepithelial
electrical resistance (TEER) was then measured at 37 °C using a Millicell® ERS-2
epithelial voltammeter (World Precision Instruments, Sarasota, FL). Data are
expressed as (0xcmZ. Before the start of different fatty acid treatments, Caco-2
monolayers were washed and incubated for 4 h with serum-free complete medium

as described previously [249].
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5.2.2 Model mixed micelle preparation

Model mixed micelles containing different types of fatty acids were prepared
using a method described previously [249]. Three types of model mixed micelles
were prepared: oleic acid-sodium taurocholate (C18:1-TC); linoleic acid-sodium
taurocholate (C18:2-TC) and linolenic acid- sodium taurocholate (C18:3-TC), with
the same fatty acid-to-TC molar ratio of 1.6:0.5. A known amount of fatty acids was
added to a TC solution and then mixed with a sonicator at around 4 2C. The
solutions were then swirled overnight under a nitrogen atmosphere before being
stored at -20 2C prior to use. The particle diameter (Z-average) and charge (2-
potential) were measured using a combined dynamic light scattering/particle
electrophoresis instrument (Nano ZS, Malvern Instruments, Malvern, UK). Samples

were diluted with DMEM solution prior to measurement.

5.2.3 Determination of 5-DN and its metabolites

Caco-2 cells were incubated with C18: 1-TC-5-DN, C18: 2-TC-5-DN, C18: 2-TC-5-
DN and 5-DN separately. Aliquots of basolateral solution (100 pL) were collected at
1, 2, 4, 8 and 24 h, and replaced with similar amounts of DMEM solution each time.
The apical solution and the cells were also collect after 24 h. 5-DN and its
metabolites (5, 3'-dihydroxy-6, 7, 8, 4'-tetramethoxylflavone (5,3’-DHTMF) and 5, 4'-
dihydroxy-6, 7, 8, 3'-tetramethoxylflavone (5,4’-DHTMF)) in the samples were
extracted twice with ethyl acetate and the organic solvent was evaporated using
rotary evaporation (SAVANT speedvac, ThermoFisher Scientific, Pittsburgh, PA).

Same samples were also incubated with certain amount of sulfatase solution in
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water bath to release the conjugated metabolites before being extracted by ethyl
acetate. The resulting residue was then dissolved into 100 pL mobile phase for HPLC
analysis. The 5-DN concentrations were determined using a HPLC system
(CoulArray®, Chelmsford, MA, USA) equipped with a multi-channel electrical

conductivity detector (Model 6210, CoulArray®, Chelmsford, MA, USA) [232].

5.2.4 Isolation characterization of lipoprotein by TEM

Lipoproteins secreted in the basolateral side were isolated by density gradient
ultracentrifugation [164]. The basolateral preserved in saline EDTA was mixed with
optiprep (60% iodixanol) at the ratio of 4:1(v/v). Then 9% idoixanol-PBS was
layered on top. The lipoproteins were separated by centrifuging at 28,000 rpm for 3
hours in an ultracentrifuge (SW40 rotor, Beckman Coulter, Indianapolis, IN) at 20 2C.
The top 1 mL (d < 1.006 g cm-3) was collected for further analysis. Dual staining of
lipoproteins was used for transmission electron microscope (TEM, Philip, tecnai 12)

with 4% 0s04 and then 1% PTA. The grid was then viewed in the TEM.

5.2.5 Apolipoprotein B analysis.

The medium in the basolateral side was collected and centrifuged at 2000 g for
10 minutes to remove debris. Supernatants were collected and concentrated in
Vivaspin tubes and then stored at -20 °C for use. Cells in the tranwells after 24 h
treatment were rinsed and scraped into a tube with 5 ml cold PBS containing 0.5M
EDTA. The suspension was then centrifuged at 1000 rpm for 10 min at 4 °C and the

supernatant was collected. The cells were then lysed to release the proteins and the
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supernatant was collected after centrifugation at 13000 rpm for 30 min at 4 °C. Apo

B was detected using a specific ELISA kit (ab108807, UK).

5.2.6 Transmission Electron microscopy.

Transmission electron microscopy (TEM) was used to visualize intracellular
changes in lipid structure and distribution within Caco-2 monolayers. Cells were
exposed to different treatments for 24 h before being fixed and prepared for
electron microscopy according to Leonard et al[255]. Sections were then examined

in the transmission electron microscope.

5.2.7 Statistical analysis.
All values are expressed as mean+standard deviation (SD) unless stated
otherwise. The difference among samples were analyzed by ANOVA with

significance level of p<0.05.

5.3 Results

5.3.1. Morphologies of mixed micelles.

The mean diameter mixed micelles was around 60 nm and their electrical
charge (zeta-potential) was around -50 mV for each type of mixed micelle. As shown
in Figure 5-1, simple micelles, uni-lamellar vesicles, bi-lamellar vesicles, and multi-
lamellar vesicles coexisted in all the mixed micelle systems formed. These structures

have previously been shown to increase the solubility of lipophilic compound in
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intestinal fluids[256, 257]. Interestingly, the degree of unsaturation of the initial

fatty acids did not have a major impact on the nature of the mixed micelles formed.
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Figure 5-1 Morpholgies of C18: 1-TC-5-DN (A), C18: 2-TC-5-DN (B) and C18: 3-
TC-5-DN (C) mixed micelle by cryo-TEM.

5.3.2. Transport of 5-DN

Caco-2 cell monolayers were incubated with model mixed micelles containing
different types of unsaturated fatty acids. A fixed volume of media in the basolateral
side was collected after 1, 2, 4, 8 and 24 h’ incubation, and replaced with a similar
volume of FBS-free complete DMEM. 5-DN and its metabolites in the DMEM were
then extracted and analyzed by a method we used previously [239]. The basolateral
concentration of 5-DN was around 7-fold higher than the control for the mixed
micelles containing C18: 1, and around 4-fold and 3-fold higher for the mixed
micelles containing C18: 2 or C18: 3 (Figure 5-2A). During the first hour, the level of
5-DN in all the fatty acid treated groups significantly increased compared to the
control, with the largest increase being for the C18: 1 samples (Figure 5-2A). From 2
to 8 h, a steep increase in the amount of 5-DN absorbed occurred in all groups
including the control group. After 24 h, the 5-DN concentrations decreased
appreciably for the control group, but remained relatively constant for the samples
containing unsaturated fatty acids. We hypothesized that this decrease in 5-DN
occurred due to metabolism within the Caco- 2 cells, and therefore we measured the
concentration of the metabolites formed (Figures 5-2B & 2C). A significant increase
in the levels of 5,3’-DHTMF and 5,4’-DHTMF were detected in the control group
indicating that some metabolism of 5-DN had indeed occurred. On the other hand,

far less metabolites were found in the samples containing the unsaturated fatty
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acids. Moreover, we found nearly half of the metabolites are conjugates (Figures 5-

2B & 20).
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Figure 5-2 Determination of the concentration of the 5-DN and its metabolites
(5,3’-DHTMF and 5,4’-DHTMF) in the basolateral side at 1h, 2h, 4h, 8h and 24h:
A.Levels of 5-DN; B. Levels of (5,3’-DHTMF) (conjugates & non-conjugates); C. Levels
of 5,4’-DHTMF (conjugates & non-conjugated). D. Percentage of metabolites. Data
represent mean * SD for n=3 experiments. Different letters indicate statistical
difference (P<0.05).
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5.3.3 Apical and intracellular levels of 5-DN

The apical levels of 5-DN were also detected after 24 h incubation to provide a
measure of how much was not transported into the cells. The remaining
concentration of 5-DN in the apical cell decreased in the following order: control >
C18:3 > (C18:2 > C18:1 (Figure 5-3A). These results show that mixed micelles
increased the uptake of the lipophilic bioactive agent into the cells, and that the
extent of the increase grew as the degree of unsaturation decreased. The level of the
metabolites 5,3’-DHTMF and 5,4’-DHTMF and their conjugated form in the apical
solution were also measured after incubation (Figure 5-3B). No significant
differences were found between the mixed micelle groups and the control group,
which suggests that metabolism mainly occurs within the cells rather than in the

apical solution.
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Figure 5-3 Levels of 5-DN (A) and its metabolites (B) remaining in the apical
side of the transwells after 24h’s incubation of C18: 1-TC-5-DN, C18: 2-TC-5-DN,
C18: 3-TC-5-DN and Control (5-DN). Data represent mean * SD for n=3
experiments. . Different letters indicate statistical difference (P<0.05). “NS”
represents no significant difference between groups.

The intracellular levels of 5-DN after incubation with different formulations are
shown in Figure 5-4. Significant differences were found between the mixed micelle
group and the control (Figure 5-4A). Moreover, the metabolism of the 5-DN also
decreased when it was incorporated into the mixed micelles (Figure 5-4B). Among
the experimental groups, the mixed micelles containing oleic acid (C18:1) exhibited

the most effective enhancement of 5-DN absorption.
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Figure 5-4 Cellular levels of 5-DN (A) and its metabolites (B) after 24h’s

incubation of C18: 1-TC-5-DN, C18: 2-TC-5-DN, C18: 3-TC-5-DN and Control (5-DN).
Data represent mean * SD for n=3 experiments. Different letters indicate statistical

difference (P<0.05).

5.3.4 Biological nanoparticles formation

We examined whether the degree of unsaturation of the fatty acids affected the

formation and secretion of lipoprotein particles, such as CMs. Previous studies have

demonstrated that unsaturated fatty acids are more potent at stimulating the

formation and secretion of large lipoprotein particles than saturated fatty acids

[166]. Studies have also shown that monounsaturated fatty acids (C18:1) are more
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effective at promoting chylomicron or very low density lipoprotein formation than
polyunsaturated fatty acids (C18:2 and C18:3) [171]. TEM was used to observe the
morphology of the lipoproteins secreted by Caco-2 cell model after different
treatments, as well as to observe changes in the morphology of the Caco-2 cells
(Figure 5-5). Viable enterocytes were observed in all the groups with mature
microvilli as well as the presence of cytosolic lipid droplets in the mixed micelle
groups. Cytosolic lipid droplets, with diameters around 1 to 4 um, have been
considered to be important contributors to the control of postprandial
triglyceridemia as their lipid content will be ultimately transported from the
epithelium cells as CMs[258]. After 24 h, the cells incubated with mixed micelles
containing C18: 1 and C18: 2 formed more numerous and larger sized lipid droplets
than those incubated with mixed micelles containing C18: 3.

For the control sample, there was little evidence of the formation of large
numbers of lipid droplets within the Caco-2 cells, or secretion of lipoproteins
(Figure 5-5). All mixed micelles promoted the formation of lipid droplets and
lipoproteins, but the samples containing C18: 1 stimulated the formation of larger
ones than those containing C18: 2 or C18: 3. Image analysis was used to determine
the particle size distribution of the lipoproteins measured by electron microscopy
(Figure 5-5). Based on previous studies, particles with diameters from 75 to 1200
nm can be considered to be CMs, whereas those with diameters from 30 to 80 nm
can be considered to be VLDLs [141]. The volume of large lipoproteins was more

than 80% of the total particles after C18: 1 treatment versus 60% for either C18:2 or
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C18:3. This result suggests that more CMs were formed for the monounsaturated

mixed micelles than for the polyunsaturated ones.
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and secreted CMs after incubation of different unsaturated fatty acids base mixed
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micelles for 24h by TEM. Size distribution of lipoproteins secretion by the Caco-2
monolayer is analyzed.

5.3.5 Apolipoprotein B determination.

Apo B secretion in both the cellular and basolateral side was determined after
the cells were exposed to the control or to mixed micelles containing different
unsaturated fatty acids. Notably, all the mixed micelle groups increased Apo B
secretion compared to the control in the basolateral side. However, the cells treated
with C18: 3 showed a lower secretion of Apo B than the cells exposed to C18:1 or
C18:2 (Figure 5-6A). Moreover, we also observed that all three fatty acids increased
the cellular Apo B level, with the C18: 1 sample being the most effective (Figure 5-

6B).
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n=3 experiments. Different letters indicate statistical difference (P<0.05)
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5.4 Discussion

In this study, we have examined the influence of unsaturated fatty acid type on
the formation of mixed micelles as well as the absorption, metabolism, and
lipoprotein incorporation of 5-DN using a Caco-2 monolayer model. In addition, we
have examined the influence of fatty acid type on the morphologies and levels of
lipid droplets and lipoproteins formed by Caco-2 cells.

Our previous research found that co-administration of C18: 1 with 5-DN
increased the bioavailability of this lipophilic nutraceutical. Our current study
showed that both C18: 2 and C18: 3 can also enhance the absorption of 5-DN and its
incorporation into CMs (Figure 5-2). In addition, these fatty acids did not have an
appreciable impact on monolayer integrity (Figure 5-1), which suggests that there
was little damage to the cell monolayer and the tight junctions [259]. Having said
this, we did observe a slight decrease in the TEER value after 24h incubation with
mixed micelles containing C18: 3. Previous studies have reported that n-3 fatty acids
can enhance tight junction permeability [260], which may account for the slight
decrease observed in our study. Hence, a slightly higher fraction of 5-DN may have
been able to pass through the tight junctions for this sample, thereby avoiding
exposure to enterocyte enzymes, which are responsible for the metabolism of 5-DN.

All three unsaturated fatty acids increased the transport of 5-DN into and
across the Caco-2 cells compared to the control, with the C18: 1 sample being the
most effective (Figures 5-2A & 2B). This effect was attributed to the fact that the
fatty acids formed mixed micelles that enhanced the solubility of the lipophilic

bioactive component in the aqueous apical solution, and because they promoted the
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formation of biological lipid nanoparticles (CMs and VLDL) that can transport the
bioactive compounds across the cells. In addition, the extent of metabolism of 5-DN
was reduced when it was incorporated into CMs when compared to the control. This
result suggests that 5-DN trapped within the hydrophobic interior of lipid droplets
or CMs is partially protected from the metabolic enzymes in the cytosol of the cells.
These results demonstrated that unsaturated fatty acids improved the absorption
and transport of 5-DN, as well as inhibiting its metabolism by formation of lipid
droplets or lipoproteins (Figure 5-5).

The mixed micelles formed by different fatty acids contained colloidal particles
with single layer or laminar structures. These particles have hydrophobic regions
that can solubilize 5-DN, thereby increasing its solubility within gastrointestinal
fluids and enhancing its absorption from the small intestine. Electron microscopy
indicated that all of the enterocytes had mature microvilli, and that cytosolic lipid
droplets were formed within them when they were incubated with mixed micelles
containing unsaturated fatty acids (Figure 5-5). These lipid droplets have previously
been reported to be the result of fusion of oil droplets formed during triacylglycerol
biosynthesis [261, 262]. The dimensions and amount of lipid droplets formed
depended on the unsaturation of the fatty acids in the mixed micelles: C18:1
promoted the formation of a relatively high amount of lipid droplets, which had
diameters around 1 to 4 pm; C18:2 promoted the formation of a similar amount of
lipid droplets but they had smaller dimensions; C18:3 led to the formation of fewer
lipid droplets but with some relatively large ones (Figure 5-5). We also found that

the morphologies of the lipoproteins secreted by the model epithelium cells
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depended on fatty acid type. The dimensions of the lipoproteins produced in the
presence of C18: 1 and C18 2 were significantly larger than those produced in the
presence of C18:3 (Figure 5-5). Previous studies have also highlighted the efficacy of
C18: 1 for stimulating the formation and secretion of CMs [263]. While C18: 3
resulted in lower chylomicron production and faster clearance in the blood based on
the in vivo experiments [264]. The formation of CMs is also associated with the
enterocyte-based metabolism of 5-DN, since the incorporation of 5-DN in
lipoproteins will avoid it being exposed to metabolic enzymes on the smooth
endoplasmic reticulum (SER) [7, 265].

The detection of Apo B within the cells and on the basolateral side indicated
that lipoproteins were assembled in the cells and transported out of them (Figure 6).
The amount of Apo B produced decreased as the degree of unsaturation of the fatty
acids increased, which is indicative of decreasing amounts of CMs being formed as
the number of double bonds in the fatty acids increases. Previous studies have also
reported that unsaturated fatty acids are capable of elevating Apo B secretion by
Caco-2 cells [166], with polyunsaturated fatty acids being less effective [170]. As a
result, the metabolic fate and distribution of these compounds within the human
body may be changed. After the CMs are excreted into the lymph, they will directly
enter the systemic circulation instead of undergoing first pass metabolism in the
liver. Usually, it takes a few hours of circulation in the blood before chylomicron
clearance [264]. This may allow these biological nanoparticles to interact with
tumors through the “enhanced permeability and retention” (EPR) effect, since nano-

sized particles have been shown to be more efficacious in animal models of cancer
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[266]. The possibility of using lipoproteins, such as LDL and HDL, as a strategy for
combating cancer has recently been highlighted [243]. CMs as natural nanoparticles
that move through the systemic circulation may also be potential carriers of
anticancer agents also. Based on our research, we can control the behavior of CMs

by regulating the fatty acids composition in the oral delivery system or food matrix.

5.5 Conclusion

In conclusion, our study has shown that a long chain monounsaturated fatty
acid (C18: 1) was most effective at improving the bioavailability of a lipophilic
nutraceutical (5-DN). This increase in bioavailability was attributed to two effects:
(i) an increase in the amount of 5-DN transported across the cells; (ii) a reduction in
the amount of 5-DN that underwent metabolism. Polyunsaturated fatty acids (C18:2
and C18:3) also increased the bioavailability of this nutraceutical, but were slightly
less effective than the unsaturated one (C18:1). This study provides important
information for the creation of lipid-based delivery systems designed to increase the
oral bioavailability of lipophilic compounds in foods and drugs. Since these are
“natural” nanoparticles in the body, it may also provide a new route for cancer

therapy or diagnosis.
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CHAPTER 6
DESIGN OF NANOEMULSION-BASED DELIVERY SYSTEMS TO ENHANCE
INTESTINAL LYMPHATIC TRANSPORT OF LIPOPHILIC BIOACTIVES: INFLUENCE

OF OIL PHASE TYPE

6.1. Introduction

Many nutraceuticals found in foods are highly hydrophobic substances with low
oral bioavailability, such as carotenoids, curcuminoids, and flavonoids [1, 267]. For
this reason, the potential health benefits of these nutraceuticals may not be fully
realized. In the pharmaceutical area, it is well established that ingestion of
hydrophobic drugs as part of lipid-based delivery systems or in conjunction with
lipid-rich foods enhances their oral bioavailability [3], especially those drugs that
have high permeability in the small intestine [268]. Several physicochemical and
physiological factors have been identified as important in determining the overall
oral bioavailability of hydrophobic substances: bioaccessibility; absorption; and
transformation [4]. Lipids enhance the solubilization of hydrophobic bioactives in
the gastrointestinal fluids by forming mixed micelles consisting of bile salts,
phospholipids, fatty acids, and monoacylglycerols [5, 6]. They may also enhance the
subsequent absorption of hydrophobic bioactives by altering cell membrane
permeability. Finally, the presence of co-ingested lipids may alter the absorption
route of nutraceuticals by stimulating the formation of chylomicrons within the

epithelium cells [3, 6, 7]. These chylomicrons can incorporate highly lipophilic
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molecules and transport them into the systemic circulation via the lymphatic
pathway, thereby avoiding first pass metabolism in the liver.

Recently, nanoemulsion-based delivery systems have been developed to
encapsulate lipophilic bioactive components and to improve their oral
bioaccessibility [23, 269, 270]. For example, in vitro studies using a simulated
gastrointestinal tract have shown that the bioaccessibility of curcumin, B-carotene,
and vitamin E can be greatly increased by delivering them in well-designed
nanoemulsions [110, 198, 200]. The functional properties of nanoemulsion-based
delivery systems can be tuned by changing their structures and compositions.
Typically, the oral bioavailability of lipophilic bioactive components is highest when
they are encapsulated in lipid droplets with smaller dimensions [212, 271]. The
nature of the lipid carrier oil has also been shown to play a fundamental role in
determining bioavailability. Indigestible lipids (such as orange oil) reduce the
bioaccessibility of hydrophobic bioactives in the GI tract because they may not
release them, and because they do not contribute to the formation of mixed micelles.
Delivery systems containing short or medium chain triglycerides (SCTs or MCTs)
may be readily digested, but they may still give low bioaccessibility because they do
not form mixed micelles with a high solubilization capacity [71]. On the other hand,
delivery systems containing long chain triglycerides (LCT) may be digested and form
mixed micelles that can solubilize lipophilic bioactives, thereby leading to a high
bioaccessibility. In addition, LCTs are more effective than SCTs or MCTs at

stimulating the formation of chylomicrons within the epithelium cells, which
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facilitates absorption via the lymphatic route (rather than the portal vein) and
reduces first pass metabolism.

Most previous research on utilizing lipid-based delivery systems in the food
science area has focused on improving the stability of bioactive components within
foods, or on increasing their bioaccessibility in the GI tract. Studies on designing
nanoemulsions to enhance bioactive absorption and reduce bioactive
transformation are still rather limited. In this article, we therefore investigated the
effect of lipid phase properties (MCT versus LCT) on digestion, bioaccessibility, and
absorption of 5-DN using an in vitro digestion model combined with a Caco-2 cell
monolayer model. We used sodium caseinate as an emulsifier since it is widely used
to stabilize emulsions in the food industry [14]. The results of this study will
facilitate the rational design of nanoemulsion-based delivery systems for

incorporating lipophilic nutraceuticals into functional foods and beverages.

6. 2. Materials and Methods

6.2.1. Materials

Osmium tetroxide (4% 0s04), phosphatungstic acid (PTA), Nile red, fast green,
pepsin from porcine gastric mucosa, lipase from porcine pancreas pancreatin, casein
(sodium salt), and Optiprep™ density gradient medium were obtained from Sigma
Chemicals (St. Louis, MO). Apolipoprotein B (Apo B) human Elisa kit was purchased
from Abcam (Cambridge, MA). 5-DN was extracted from citrus fruit in our
laboratory. Medium chain triglycerides (MCT) were purchased from Coletica

(Northport, NY). Canola oil, purchased from a local supermarket, was used as an
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example of long chain triglycerides (LCTs). All other chemicals and solvents were of
analytical grade and were obtained from Fisher Scientific (Pittsburgh, PA). Double

distilled water was used for the preparation of all solutions and emulsions.

6.2.2. Determination of oil phase fatty acid composition

LCT and MCT were analyzed using a gas chromatograph equipped with flame
ionization detector (GC-17A; Shimadzu corporation, Kyoto, Japan) using DB-23
column (30 m x 0.25mm i.d., 0.25 um, Agilent technologies, ].W. Scientific, Santa

Clara, CA, USA). Heptadecanoic acid (C17:0) was used as an internal standard.

6.2.3. Emulsion preparation

An oil phase was prepared by dissolving 5-DN in an appropriate carrier oil
(MCT or LCT). An aqueous phase was prepared by dispersing emulsifier (1% sodium
caseinate) in aqueous buffer solution (10 mM sodium phosphate, pH 7.0). Oil-in-
water emulsions were prepared by blending the oil and water phases together using
a high shear mixer and then passing them through a high pressure homogenizer

(Microfluidizer, Microfluidics, Newton, MA, USA) for 3 passes at 15,000 psi.

6.2.4. Simulated gastrointestinal tract model

Each emulsion sample was then passed through a three-step simulated
gastrointestinal tract model, which includes a mouth, gastric, and small intestine
stage. Simulated saliva fluid (SSF), gastric fluid (SGF), and intestinal fluid (SIF) were
prepared as described previously [267]. The particle size, charge (A-potential), and

morphology were detected at each stage by dynamic light scattering and
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electrophoretic mobility (Nano-ZS, Malvern Instruments, Malvern, UK) and confocal
laser scanning microscopy (CLSM). For CLSM, 1 mL samples were stained with 1%
Nile Red and Fast Green (fluorescent dye) for detection according to the method
reported by Li et al [272]. The digested samples were finally centrifuged at a speed
of 5000 g for 10 min to obtain the mixed micelle layer. The bioaccessibility of 5-DN

was estimated using the following equation as described previously [200]

Cicele
Bioaccessibility = —"<" x100%
Total

6.2.5. Cell culture model

Caco-2 cells, passage 40 to 50, were maintained in complete Dulbecco’s
modified essential medium (DMEM), containing high glucose, 10% fetal bovine
serum (FBS), 1% antibiotic, and 1% amino acids. For experiments, cells were seeded
at 4.5x105 cells/well on transwells. The medium was changed every other day for 3
weeks to induce differentiation of Caco-2 cells. The transepithelial electrical
resistance (TEER) was measured at 37°C using a Millicell® ERS-2 epithelial
voltammeter.

After cells were treated with different samples for 1, 2, 4, 8 and 24 h, 100 pL of
media from the basolateral side was collected, and each time 100 pL of complete
medium was immediately added back to the basolateral compartment. The 5-DN in
the collected samples was extracted twice using ethyl acetate to achieve high
recovery and the organic solvent was evaporated (SAVANT speedvac system). The

resulting residue was dissolved in 100 pL mobile phase for HPLC analysis. For
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determination of the intracellular levels of 5-DN after 24 h, the Caco-2 cell
monolayer was washed with ice-cold PBS twice to stop the treatment, and the cells
were collected. The intracellular DMN was isolated by sonication and then

centrifugation. The levels of DMN in the supernatant were analyzed by HPLC.

6.2.6. Transmission electron microscopy

The morphology of the Caco-2 cell monolayer was determined by TEM (Philips,
Tecnai 12) Cells were exposed to different treatments for 24 h before being fixed
and prepared for electron microscopy according to Leonard et al [273].
Chylomicrons were collected and detected using the same method described

previously [274].

6.2.7. Detection of Apo B expression

The medium in the basolateral side was collected and centrifuged at 2000g for
10 minutes to remove debris. Supernatants were then collected and concentrated in
Vivaspin tubes and then stored at -20 °C for use. Apo B was detected using a specific

ELISA assay (ab108807, UK).

6.3. Results and discussion

6.3.1. Fatty acids composition
Previous studies have shown that digestible lipids play an important role in
promoting the intestinal absorption of lipophilic nutraceuticals [5]. For example, the

bioavailability of carotenoids from salads is much higher when they are ingested
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with full-fat rather than reduced-fat salad dressings [275]. The presence of LCT
(corn oil) in foods was shown to greatly enhance the oral bioavailability of coenzyme
Q10 [271]. However, the impact of digestible lipids on bioaccessibility depends on
their composition. The bioaccessibility of B-carotene and Vitamin E were shown to
be higher when they were co-ingested with LCT rather than MCT [267, 276],
whereas the bioaccessibility of curcumin was reported to be higher for MCT than
LCT [110].

To evaluate the effect of fatty acid type on the in vitro digestion and absorption
of 5-DN, we selected canola oil as a representative LCT. Canola oil is commonly
consumed food oil that is rich in oleic acid [277]. A gas chromatographic analysis of
the oil phases utilized in this study showed that the canola oil contained around
60% oleic acid (c1s:1,n-9), with almost 95% total unsaturated long chain fatty acids
and only 5% saturated ones (Figure 6-1). Conversely, the MCT used consisted
primarily of medium chain saturated fatty acids: 60% octanoic acid (cs:0) and 40%

capric acid (c10:0) (Figure 6- 1).
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Figure 6-1 Fatty acids composition of LCT and MCT by GC.The ratio of fatty acids
with different length and saturation were characterized.
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6.3.2. Properties of initial emulsions

Nanoemulsion-based delivery systems were prepared using either LCT or MCT
as the carrier oil phase, and sodium caseinate as an emulsifier (Table 6-1). This
amphiphilic protein was selected as an emulsifier because it is widely used in the
food industry to stabilize emulsions [87]. In addition, studies have shown that
sodium caseinate has little impact on the integrity or absorption characteristics of
Caco-2 cell monolayers, in contrast to other widely used food-grade surfactants,
such as Tween 20 or 80 [278-280].

Initially, the nanoemulsions contained droplets with relatively small mean
particle diameters (170 to 180 nm) and high negative charges (-39 to -43 mV) with
their properties not being strongly dependent on oil type (Table 6-1). The relatively
small size and anionic nature of the droplets can be attributed to the adsorption of
caseinate molecules to their surfaces during homogenization. The caseinate
molecules provide a negative charge because the protein is above its isoelectric
point (pl = 4.6) under neutral pH conditions. The droplets in the original
nanoemulsions are prevented from aggregating with each other because of a
relatively strong electrostatic and steric repulsion associated with the adsorbed
caseinate layer.

Table 6-1. Composition, particle size and Z-potential of MCT emulsion and LCT
emulsion

Emulsion Composition Particle Size (nm) Z-potential (mV)

Canola oil 4%wt, salt caseinate 1%, | 178.2+1.2 -43.3+0.8

PBS 95%, 5-DN 1mM
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MCT oil 4%wt, salt caseinate 1%,

PBS 95%, 5-DN 1mM

172.8+0.6

-39.4£0.5

6.3.3 Impact of carrier oil on gastrointestinal fate of emulsified lipids

After the emulsions were made, they were passed through oral phase, gastric

phases and small intestine phase of the gastrointestinal model. After exposure to

each phase, the particle size (Figure 6-2 A), charge (Figure 6-2B) and structural

organization (Figure 6-2 C) were measured. Finally, bioaccessibility of 5-DN in the

mixed micelle phases formed by digestion of the delivery systems was determined

(Figure 6-2 D).
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Figure 6-2 Particle size, z-potential and morphology changes during simulated
GI digestion are shown in (A), (B), and (C) in three in vitro digestion stages: mouth,
stomach and small intestine. The release of free fatty acids (FFA) shows in (D) and
(F) displays the bioaccessibility of 5-DN in canola oil based emulsion and MCT based
emulsion separately. Samples stained with Nile Red (for oil) and Fast Green (for
protein). “Yellow” stands for the merged color.
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Oral stage: The freshly prepared nanoemulsions were mixed simulated saliva
fluids and then agitated for 10 minutes at 37°C. A few floccules were observed in
the microscopy images of both emulsion-saliva mixtures after this stage, and there
was an appreciable increase in the mean particle diameter determined by light
scattering, which indicated that appreciable droplet aggregation had occurred.
Previous studies suggest that flocculation may occur within the mouth due to
bridging or depletion flocculation promoted by mucin [281]. There was also an
appreciable change in the electrical characteristics of the droplets after exposure to
the oral conditions, which may have been due to adsorption of anionic mucin
molecules to their surfaces.

Gastric Stage: After exposure to the mouth stage, the resulting “bolus” was
mixed with simulated gastric fluids and incubated for 2 hours. There was evidence
of extensive droplet aggregation after exposure to the gastric stage, as demonstrated
by the large increase in mean particle diameter in the light scattering measurements
and heterogeneous structures observed in the microscopy images. There are a
number of reasons for the aggregation of the protein-coated oil droplets under
gastric conditions. First, there is a substantial change in the pH and ionic strength of
the aqueous solution surrounding the lipid droplets, which may reduce the
electrostatic repulsion between them. Second, the proteins adsorbed to the oil
droplet surfaces may be hydrolyzed by pepsin, which will reduce their effectiveness
at stabilizing the droplets by altering interfacial thickness, charge, or hydrophobicity
[87]. Third, the mucin from the simulate saliva may have promoted depletion or

bridging flocculation. Previous studies have also reported that caseinate-coated oil
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droplets are highly prone to droplet aggregation under simulated gastric conditions
[272]. The electrical charge on the emulsions was relatively low after exposure to
the gastric environment, which can be attributed to the high ionic strength (which
causes electrostatic screening) and the low pH (which should cause the proteins to
become cationic). The fact that the droplets did not have a high positive charge
under the acidic conditions in the stomach suggests that anionic species adsorbed to
their surfaces, such as mucin.

Small Intestinal Stage: The digesta resulting from exposure of the
nanoemulsion-based delivery systems to the small intestinal stage contained
relatively large negatively charged particles (Figure 6- 2). The nature of these
anionic particles cannot be ascertained from the light scattering, B-potential or
microscopy measurements, but they may have been undigested oil droplets,
micelles, vesicles, protein aggregates, or insoluble calcium soaps. Triacylglycerols
(TAGs) are converted into free fatty acids (FFAs) and monoacylglycerols (MAGs) in
the presence of pancreatic lipase, bile salts, and calcium. The rate and extent of this
process can be monitored by automatic titration of the free fatty acids produced
using the pH-stat method (Figure 6-2D). There was an initial rapid increase in FFAs
during the first 5 minutes, followed by a more gradual increase after that until a
relatively constant final value was reached. The samples containing MCT appeared
to be digested slightly faster and more extensively than those containing LCT. This
may have been due to the fact that medium chain FFAs are more readily dispersible
in aqueous solutions than long chain FFAs, and are therefore rapidly removed from

the droplet surfaces. On the other hand, long chain FFAs may accumulate at the
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droplet surfaces, thereby inhibiting the ability of lipase to further digest the
remaining TAGs [282].

The bioaccessibility of 5-DN was calculated from measurements of its
concentration in the mixed micelle phase and digesta (Figure 6-2F). The
bioaccessibility of 5-DN was significantly higher for MCT than for LCT. This may
have been because there was slightly more digestion for the MCT nanoemulsion that
for the LCT one, and therefore more 5-DN may have been released from the droplets
and more mixed micelles may have been formed to solubilize it [5]. Previous studies
have shown that the bioaccessibility of carotenoids is much higher in the mixed
micelles formed by LCT than those formed by MCT. This difference may have been
due to the fact that carotenoids are much larger and more hydrophobic molecules
than 5-DN. As a result, carotenoids cannot easily be accommodated within mixed

micelles formed from medium chain FFAs, but 5-DN molecules can.

6.3.4. Impact of carrier oil on 5-DN transport in Caco-2 cell monolayer

The mixed micelle phases were then applied to Caco-2 cell monolayers to
determine the absorption and transport properties of 5-DN. In vivo animal studies
have shown that 5-DN may be transformed into its metabolites (5,3’-
didemethylnobiletin and 5,4’-didemethyl-nobiletin ) by phase I and phase Il
enzymes in the cytoplasm of the gut epithelium cells [283, 284]. Hence, the
concentration of 5-DN and its metabolites in the basolateral side of the Caco-2 cells
were periodically measured over a 24h period, and the apical and intracellular

levels were also determined after 24 h incubation.
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Figure 6-3A shows the results of transport 5-DN in mixed micelles from the
apical side to the basolateral side of the Caco-2 cells. For the first 2h, there was a
dramatic increase of 5-DN for both groups. The ratio of 5-DN transport to the
basolateral in the LCT group was about 2-fold of that in the MCT group after 24 h,
i.e, 52% and 25%, respectively. Only around 20% of the transported 5-DN was
metabolized for the LCT group, while almost 60% was metabolized for the MCT
group. We hypothesize that the cause of this difference may be related to the
formation of cytosolic oil droplets and chylomicrons in the Caco-2 cells. After
absorption by enterocytes, 90% of long-chain FFAs are believed to be assembled
into triglycerides, stored in oil droplets or packaged into chylomicrons, and then
transported out of the cell into the lymphatic system [108, 285]. However, only a
relatively small fraction of medium-chain FFAs (8 to 13%) are packaged into
chylomicrons [285]. Hence, long-chain FFAs are more efficient at forming
chylomicrons than medium-chain ones. For highly lipophilic components like 5-DN,
the chylomicron-lymph route is an important absorption pathway [108]. Normally,
5-DN may be converted into its metabolites in the cytoplasm of the enterocytes.
However, when 5-DN is located within cytosolic oil droplets or chylomicrons it will
avoid exposure to the enzymes in the aqueous phase that normally promote its
metabolism. The reason that the 5-DN was more stable to metabolism in the LCT
group may therefore be because it is better protected in this group (see next section).

More 5-DN remained in the apical of the Caco-2 cells for the LCT group than for
the MCT group after 24 h incubation (Figure 6-3B). For both groups, less than 10%

percent of the 5-DN was converted to metabolites in the apical side, and there were
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no significant differences between the groups. On the other hand, intracellular
metabolites were much higher for the MCT group than the LCT group, with the
metabolite level being about twice that of the remaining 5-DN level for the MCT
group (Figure 6-3C). As mentioned earlier, we hypothesize that 5-DN was
incorporated into cytosolic lipid droplets and chylomicrons in the Caco-2 cells
thereby avoiding exposure to the metabolic enzymes in the cytoplasm[286]. In order
to confirm this hypothesis, the change in cell morphology and chylomicron secretion

was measured for the different lipid phases.
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Figure 6-3 Transport of 5-DN in mixed micelles (Canola oil based & MCT
based) from apical side to basolateral side in Caco-2 cell monolayer. Figure (A)
shows the process of 5-DN and its motabolites being transported to the basolateral
side. Figure (B) and (C) show apical /intracellular remaining 5-DN and its
metabolites after 24h incubation.

6.3.5.Impact of oil type Caco-2 morphaology and chylomicron secretion

After 24 hours incubation, basolateral media were collected and centrifuged to
isolate the chylomicrons, and the level of Apo B in the solutions was measured. The
solution was then dual stained according to a previously described method to obtain
TEM images [274]. The morphologies of the treated Caco-2 cell monolayers were
also characterized by TEM (Figure 6-4).

The morphology of cells incubated with mixed micelles collected after digestion
of LCT nanoemulsions (Figure 6-4A) and MCT nanoemulsions (Figure 6-4B) was
compared. Previous studies have shown that some dietary fats may affect the lipid
composition of the microvillus membrane of enterocytes[287]. However, no
significant difference in cellular morphology was observed in the current study, with

the microvilli in both groups appearing numerous and mature after 24 h incubation.
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Numerous large cytosolic lipid droplets and lipoproteins were observed in the
enterocytes incubated with LCT nanoemulsions (Figures 6-4B&C), whereas fewer
lipid droplets and lipoproteins were observed after incubation with the MCT ones
(Figure 6-4E&F). Measurement of the basolateral ApoB levels also indicated that
more lipoproteins were produced in the LCT group (Figure 6-4G). Cytosolic lipid
droplets have been observed in jejunal enterocytes following lipid absorption in
mammals[258]. These lipid droplets play an important role in transient lipid storage
and they are closely associated with lipoprotein production. Cytosolic lipid droplets
are formed soon after the intestinal enterocytes absorb the lipid digestion products
resulting from a typical fatty meal, and part of the absorbed lipids are then exported
from the cell by means of chylomicrons [288]. For LCTs, almost all of the FFAs
produced by lipid digestion are absorbed by the human body through the
chylomicron-lymph pathway, while for MCTs they are primarily transported to the
liver without re-esterification via the portal venous system[289]. Hence, it is likely
that the highly lipophilic bioactive used in this study (5-DN) was incorporated into
the lipid droplets and chylomicrons for the LCT group, and thus avoided being
metabolized by the relevant enzymes in the cytoplasm. On the other hand, the 5-DN
was more exposed to the metabolic enzymes in the cell when it was co-ingested with
MCT nanoemulsions.

The results of this study have important implications for the design of
nanoemulsion-based delivery systems for improving the bioavailability of lipophilic

bioactives. They show that one must consider the impact of nanoemulsion
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composition on the bioaccessibility, absorption, and transformation of any

encapsulated bioactive agents.
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Figure 6-4 Morphologies of Caco-2 cell monolayer incubated with canola based
mixed micelle (A&B) and MCT (D&E) based mixed micelle. Secretion and formation
of CMs after Caco-2 cell incubated with mixed micelle layer produced by canola
0il(C) and MCT (F) emulsion separately for 24h. The secreted Apo B was also
determined in (G).
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CHAPTER 7
POTENTIAL ADVERSE EFFECTS OF POLYUNSATURATED FATTY ACIDS
INFLUENCE OF LIPID OXIDATION ON LYMPHATIC TRANSPORT OF LIPOPHILIC

BIOACTIVE COMPONENTS AND CELL MORPHOLOGY

7.1. Introduction

Long chain free fatty acids (FFAs) are one of the major hydrolysis products of
ingested dietary lipids (triacylglycerols) in the lumen of the small intestine [290].
After their release, they are incorporated into mixed micelles along with
monoacylglycerols, bile salts, phospholipids, cholesterol, and any other lipophilic
constituents. The mixed micelle phase typically consists of a compositionally and
structurally complex colloidal dispersion consisting of micelles, liposomes, and
liquid crystals. FFAs are transported across the mucus layer, and are absorbed by
enterocytes where they are re-esterified into triacylglycerols and incorporated into
chylomicrons (CMs), which are ultimately transported into the blood circulation via
the lymphatic pathway[291]. Polyunsaturated FFAs are important for numerous
physiological processes, including stimulation of skin and hair growth, regulation of
metabolism, regulation of the immune system, maintenance of bone health, and
maintenance of the reproductive system[292-296]. Long chains FFAs also facilitate
the absorption of lipophilic vitamins (e.g., A, D, E, and K) and bioactive compounds
(e.g. carotenoids and flavonoids) by the lymphatic pathway[297, 298]. In a previous
study, we have also shown that long chain FFAs increase the bioavailability of the

highly lipophilic polymethoxyflavones (PMFs) found in citrus fruits by promoting
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their intestinal lymphatic transport[249], thereby overcoming problems normally
associated with their low water solubility[296]. For these reasons, the oral
administration of highly lipophilic compounds with dietary fats is considered to be
an efficient means of improving their bioavailability[3].

A potential problem associated with utilizing unsaturated lipids to increase the
bioavailability of lipophilic bioactives is their high susceptibility to oxidation, which
can lead to undesirable off-flavors and to potentially toxic reaction products[299]
[300-303]. Some of the undesirable health effects associated with dietary peroxides
have been attributed to their incorporation into CMs[304]. Linoleic acid (LA) is an
18-carbon polyunsaturated fatty acid (PUFA) that is commonly found in the human
diet, and that is highly susceptible to lipid oxidation when incorporated into
foods[305]. The largest source of LA in the human diet is safflower oil (78%
linoleic acid, C9C12-linoleate)[306]. Other commonly used edible oils, such as
soybean and sesame seed oil, also contain relatively high levels of LA. The
conjugated form of linoleic acid (CLA) has been reported to reduce the risk of cancer
and cardiovascular diseases in humans[299].

The objective of the current study was to evaluate the effect of LA oxidation on
the potential biological fate of a model lipophilic bioactive agent: 5-hydroxy-
6,7,8,4'tetramethoxylflavone (5-DMT). Consequently, we measured 5-DMT
absorption, chylomicron formation, and mucosa layer morphology in the presence
of either fresh or oxidized LA using a cell culture model. Caco-2 cells, which are
derived from a human colonic adenocarcinoma, form monolayers that have many

features similar to those of human enterocyte cells, and are therefore particularly
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suitable for studying the absorption and processing of bioactive components in the
GIT[10, 164, 166, 228, 307-309]. In particular, this model enables one to study
changes in the microvilli and tight junctions of the cell monolayer, as well as
monitoring lipoprotein synthesis[303]. The information obtained from this study
will facilitate an understanding of how lipid oxidation influences the absorption and

processing of lipophilic bioactive agents.

7.2. Materials and methods

7.2.1. Materials

Linoleic acid (LA), taurocholic acid (TC), phosphatungstic acid (PTA), 4% 0sOs,
and Optiprep™ density gradient medium were purchased from Sigma Chemicals (St.
Louis, MO). All other chemicals and solvents of analytical grade were from Fisher
Scientific (Pittsburgh, PA). Apo B human ELISA kit was purchased from Abcam

(ab108807).

7.2.2. Cell culture

Caco-2 cells (passage 75 - 85) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum (FBS), 1% non-essential amino
acid and, 1% penicillin-streptomycin, and incubated at 37°C with 5% COx>. Cells were
sub-cultured when reached 90% confluences. For the evaluation of cytotoxicity and
cellular reactive oxygen species (ROS) determination, cells were seeded in 96-well
plate (Corning CellBIND Surface, Corning Incorporated, NY, USA) at the

concentration around 1.5 x 104 cells/well and incubated overnight before use. For
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the determination of 5-DMT transport, cells were seeded in transwell plate (Corning
Incorporated, NY, USA) and were grown for more than 21 days to obtain a
differentiated cell monolayer. Transepithelial electrical resistance (TEER) was

measured using the Millicell ERS-2 meter (Millipore Corporation, Bedford, MA, USA).

7.2.3. Promotion and detection the oxidation of LA

A sample of LA was exposed to the air and stored at 55 2C to promote lipid
oxidation at elevated oxygen levels and high temperatures. The change in lipid
peroxide value (PV) and 2-thiobarbituric acid reactive substances (TBARS) of the LA
sample were measured over time. A rapid, sensitive, iron-based spectrophotometric
method was used as described by Shantha and Decker[310], with some
modifications. Samples were mixed with 2.8 mL methanol/1-butanol (2:1, v/v), 15
uL of 3.94 M ammonium thiocyanate and 15 pL of ferrous iron solution. After 20 min
incubation at room temperature, the absorbance of the solutions was measured at a
wavelength of 510 nm using UV-vis spectrophotometer (Genesys 20; Thermo Fisher
Scientific Incorporated, MA, USA). TBARS were measured using a method described
previously[311] ,with some modifications. The TBARS reagent used consisted of
15% (w/v) trichloroacetic acid, 0.35% (w/v) thiobarbituric acid, 0.25 M
hydrochloric acid, and 0.02% (w/v) of butylated hydroxytoluene. Lipid samples
were mixed with this reagent and the absorbance of the upper butanol layer was
measured at a wavelength of 532 nm using a UV-visible spectrophotometer

(Genesys 20; Thermo Fisher Scientific Incorporated, MA, USA).
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7.2.4. Measurement of unoxidized lipid fraction

The fraction of the LA that remained in a unoxidized form after subjection of the
lipid to air and elevated temperature was measured by gas chromatography (GC).
Initially, the lipid sample was esterified using boron trifluoride-methanol. The
resulting fatty acid methyl esters (FAMEs) were then analyzed using a gas
chromatograph equipped with flame ionization detector (GC-17A; Shimadzu
Corporation, Kyoto, Japan) using a DB-23 column (30 m x 0.25 mm; i.d., 0.25 pm,
Agilent technologies, ].W. Scientific, Santa Clara, CA, USA). Heptadecanoic acid (c17:0)

was used as an internal standard.

7.2.5. Determination of cytotoxicity and cellular reactive oxygen species (ROS)
Cytotoxicity of oxidized and unoxidized LA were assessed using the 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay. Caco-2 cells
were seeded in 96-well plates (1.5 x 104 cells/well) and incubated for 24 h. The
culture medium was then removed from the cells, a new medium containing the
sample was added, and the system was incubated for 24 h. The culture medium was
then removed and replaced with 100 pL of 0.5 mg/mL MTT and further incubated
for 1 to 2 h according to the level of purple formazan crystal formation. The culture
medium was then discarded and the purple formazan crystals were solubilized by
addition of DMSO to each well. The absorbance was monitored at 570 nm using a
microplate reader (EIx800 absorbance microplate reader; BioTek Instruments,
Incorporated, VT, USA). The results are expressed as the percentage of viable cells

compared to the control (untreated) cells.
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The production of cellular ROS was assessed in 96-well plates using a 2’, 7’-
dichlorodihydrofluorescein (DCFH) assay. The DCFH-DA probe readily diffuses
through the cell membrane and is hydrolyzed by intracellular esterase to a non-
fluorescent compound (DCFH), which is rapidly oxidized in the presence of ROS to
DCF and emits fluorescence. Caco-2 cells were seeded in black-sided clear-bottomed
polystyrene 96-well plates and treated the same as described for the MTT assay.
Then culture medium was removed and the cells were washed with PBS (pH 7.4).
Subsequently, 100 pL of 10 uM DCFH-DA in PBS (pH 7.4) were added and incubated
in the dark for 30 min to promote the formation of stable fluorescent compounds.
The loading step was terminated and the excess DCFH was removed by washing the
cells twice with PBS (pH 7.4) and then adding 100 pL PBS (pH 7.4). Plates were
immediately monitored using a fluorescence microplate reader (Synergy 2 multi-
mode microplate reader; Bio Tek Instruments, Incorporated, VT, USA) at the
excitation wavelength of 485 nm and an emission wavelength of 530 nm. The
increase in fluorescence for each treatment was calculated by the relative
fluorescence of each treatment compared to control (untreated) cells, normalized by
the number of cells as determined by the MTT assay. All treatments were prepared
as a FA-BSA complex. Certain amounts of unoxidized or oxidized LA were mixed

with bovine serum albumin (BSA) solution dissolved in DMEM.

7.2.6. Determination of 5-DMT transport
Caco-2 cells were seeded in transwell plates (4.5 x 10° cells/well) and cultured for 3

to 4 weeks to be differentiated. Both the apical and basolateral media were replaced with
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serum-free complete medium and incubated for 4h before treatment. Cells were then
incubated with 2 mL of 5-DMT, 5-DMT+TC, 5-DMT+LA+TC, and 5-DMT+oxidized
LA (96 h oxidation)+TC separately. TEER was measured at 1,2, 4, 8 and 24 h to assess
changes in cell monolayer integrity. Periodically, samples of basolateral media (100 uL)
were collected and replaced with the same amount of none FBS complete medium. 5-
DMT in the collected samples was extracted twice by ethyl acetate with the recovery
more than 90%. The 5-DMT concentration was determined as described previously using
a HPLC equipped with a multi-channel electrical conductivity detector (Model 6210

CoulArray detector; ESA, Incorporated, MA, USA)[232].

7.2.7 Electron microscopy

Caco-2 cells were grown on transwells for 3 weeks. CMs were collected the
same way as we did before[249]. Cells were exposed to different treatments for 24h
before fixing and prepared for electron microscopy according to Maurice Leonard et

al[255]. Sections were then examined in the transmission electron microscope.

7.2.8. Statistical analysis

All experiments were carried out at least three times using freshly prepared
samples and the results are reported as the calculated mean and standard deviation
of these measurements. The difference among samples were analyzed by ANOVA

with significance level of p<0.05.
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7.3. Results and discussion

7.3.1. Promotion and detection lipid oxidation

Measurement of the loss of lipid substrate (LA remaining), the formation of
primary reaction products (peroxide value), and the formation of secondary
reaction products (TBARS) during storage at elevated temperature and oxygen
levels clearly indicated that LA oxidation occurred (Figure 7-1). The fraction of LA
remaining in the sample decreased appreciably during storage, with less than 40%
remaining after 72 days. Initially, the peroxide value increased during storage
indicating the formation of primary reaction products, but then it reached a peak
around 48 h and decreased due to conversion of primary into secondary reaction
products. The TBARs level increased throughout storage indicated that secondary
reaction products were rapidly formed. These results indicate that LA samples
containing relatively high levels of lipid reaction products could be formed by

incubating them at elevated temperatures for prolonged times.
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Figure 7-1 PV, TBARS and remaining unoxidized LA were detected every 24h
during the stimulated oxidation process. Data represent mean # SD for n=3
experiments

7.3.2. Cytotoxicity and cellular reactive oxygen species (ROS) determination
Studies have shown that reactive oxygen species (ROS), such as the peroxides
formed by LA oxidation, may promote peroxidation of lipids in cell membranes, and
may even stimulate programmed cell death[312]. For this reason, we measured the
influence of unoxidized and oxidized LA on ROS formation and cytotoxicity of Caco-2

cells after 24 h incubation (Figure 7-2). Oxidized LA was found to increase the
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production of ROS in the Caco-2 cells more than unoxidized LA, with higher amounts
of ROS being produced for the lipid with the greater extent of oxidation. High
concentrations of LA (either unoxidized or oxidized) appeared to exhibit
cytotoxicity, as evidenced by the observed decrease in cell viability with increasing
LA concentration. In this case, the unoxidized LA appeared to have a bigger impact

than the oxidized LA over most of the concentration range studied.
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Figure 7-2. MTT assay and ROS assay by Caco-2 cells. Caco-2 cells were
incubated by different fatty acids for 24h: unoxidized LA, 24h oxidized LA and 96h
oxidized LA. Data represent mean * SD for n=3 experiments. Different letters

indicate statistical difference among the three groups at the given time point
(P<0.05).

7.3.3. Effect of lipid oxidation on the integrity of Caco-2 monolayer

Changes in the Trans-Epithelial Electric Resistance (TEER) was measured to
evaluate the integrity of the Caco-2 monolayer after incubation with the different
samples for 24 h. In this series of experiments, the LA samples were compared to a

control and a bile salt solution (TC), since high levels of bile salts may impact cell
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integrity. The control, TC, and unoxidized LA samples did not decrease the integrity
of the cell monolayers, but an appreciable decrease in cell integrity was observed for
the oxidized LA (Figure 7-3). Indeed, the TEER value was only 60% of the initial

value for the oxidized LA sample after 24 h incubation.
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Figure 7-3. TEER of the Caco-2 monolayer. Monolayers were incubated with 0.5
mM TC, 1.6mM unoxidized LA and 1.6mM oxidized LA (96h) were measured at
0,1,2,4,8 and 24h. . Data represent mean # SD for n=3 experiments.

7.3.4 Lipoproteins formation and structure

In this series of experiments, transmission electron microscopy was used to
provide information about the formation and structure of lipoproteins in the Caco-2
cells after incubation with either unoxidized or oxidized LA for 24 h (Figure 7-4).

The TEM images clearly show that spherical particles with characteristics indicative
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of lipoproteins were formed in both samples containing LA. Previous studies have
indicated that relatively large lipoproteins are chylomicrons (CMs), whereas
relatively small ones are very low-density lipoproteins (VLDLs)[313]. Our study,
indicates that the lipoproteins formed by unoxidized LA were fewer, larger, and
more spherically shaped than those formed by oxidized LA (Figure7-4). This result
suggests that lipid oxidation may have a pronounced influence on the nature of the
lipoproteins formed.

To confirm that the particles observed in the TEM images were lipoproteins,
we measured the Apo B content of the various samples[164]. Apo B is synthesized
within the enterocytes and then incorporated into the chylomicrons with
phospholipids and triglycerides.[7, 9] Consequently, measurement of Apo B levels
can be used as a marker to determine whether lipoproteins are present. The size of
the lipoproteins formed depends on the amount of lipid added to the triglyceride
core, which therefore determines whether a chylomicron or VLDL particle is
formed[9]. A significantly higher level of Apo B was observed for oxidized LA than

for either the controls or the unoxidized LA (Figure 7-5), which is in agreement with
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the larger number of lipoproteins observed in the oxidized LA by TEM (Figure 7- 4).

Unoxidized LA Oxidized LA
Figure 7-4 Morphology of lipoproteins secreted by Caco-2 cell monolayer after

incubated unoxidized LA-TC(1.6:0.5mM, left) and oxidized LA-TC (96h; 1.6:0.5mM,
right) by TEM. Lipoproteins are pointed with arrows.

7.3.5 Effect of lipid oxidation on 5-DMT transport

The transport of 5-DMT by Caco-2 monolayer was also examined. Our previous
research already confirmed that oleic acid will facilitate lymphatic transport of 5-
hydroxy-6, 7, 8, 3', 4'-pentamethoxylflavone (5-ND) by stimulation and formation of
CMs, which is also a high lipophilic nutraceutical derived from citrus fruits[249]. LA
has been also demonstrated its potential to assemble into lipoproteins before
secretion into the mesenteric lymph|[7, 301]. However, the oxidation of LA exhibits
no reduced effect on the transport of 5-DMT, the level of 5-DMT in the basolateral
side is even higher than that in unoxidized LA after 24h incubation, according to the

results of Figure 7- 6. Our hypothesis is that the formation of much more
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lipoproteins which were good carriers of 5-DMT, although among them mostly are
VLDLs. The other cause is probably because the oxidized LA changed the transport
pathway of 5-DMT, since the TEER of monolayer decreased significantly during 24h’
incubation (Figure 7-3). As a result, we further studied the morphology of the Caco-

2 monolayer by TEM.
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Figure 7-5. Detection of Lipoprotein secretion in the basolateral side of the Caco-
2 monolayer after incubation with different treatments for 24h. . Data represent
mean * SD for n=3 experiments.

7.3.6 Change in Caco-2 monolayer morphology

Transmission electron microscopy images revealed that Caco-2 monolayers
ncubated with unoxidized LA for 24 h remained in a healthy state: they had
numerous thick and uniform microvilli with clearly visible filaments and well-
formed tight junctions. Conversely, the images of the monolayers incubated with

oxidized LA showed that they were in an unhealthy state: they had few and
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irregularly shaped microvilli, loose tight junctions, and damaged membranes[164].
This change in Caco-2 monolayer morphology could result in greater transport of

bioactive compounds across the cells, e.g., through the tight junctions.

7.4 Discussion

Consumption of PUFAs is considered to be beneficial to human health, and
therefore consumers are often encouraged to increase their intake of these “good”
lipids [314, 315]. However, PUFAs are highly susceptible to lipid oxidation and so
there may be appreciable levels of oxidized FFAs present within products that
contain them, such as foods and supplements. Previous studies have shown that
oxidized linoleic acid can be taken up by Caco-2 cells and incorporated into
lipoproteins[301]. In this study, we have shown that oxidation of an important PUFA
(linoleic acid) can affect the lymphatic transport of lipophilic bioactive compounds
(5-DMT) and promote adverse changes in cell morphology.

In this study, we produced oxidized LA by heating it in the presence of oxygen
for prolonged periods. Auto-oxidation of LA is known to result in the formation of a
variety of primary and secondary peroxidation products[316]. In particular,
oxidation at elevated temperatures induces radical polymerization reactions that
generate dimers, trimers, and larger molecular weight products, as well as scission
reactions that generate various smaller molecules [317]. Our lipid oxidation
experiments clearly showed that the majority of linoleic acid molecules were
converted into primary (peroxides) and secondary (TBARS) reaction products

(Figure 7- 1).
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The potential cytotoxicity of oxidized lipids has been demonstrated in
numerous studies. Lipid peroxides are a major source of dietary oxidants, that have
been shown to have mutagenic or carcinogenic potentials[318]. Lipid peroxides
have also been shown to be capable of initiating degenerative processes and
promoting digestive system disorders[319]. Secondary reaction products formed
during lipid oxidation, such as 4-hydroxy-2-nonenal (HNE), 2,4-decadienal (DDE),
malondialdehyde (MDA), and crotonaldehyde, have been shown to form exocyclic
DNA adducts in human cells and may contribute to cancer development[302, 320,
321]. Oxidized methyl linoleate has been reported to exhibit cytotoxicity in Caco-2
cells, which was attributed to induced apoptotic cell death[322]. Our results
indicated that higher levels of ROS were produced in Caco-2 cells after 24 h
incubation with highly oxidized LA than with unoxidized LA (Fig. 2). In addition, the
integrity of the cell monolayer (TEER) value was reduced in the presence of oxidized
LA (Fig. 3), which may have been due to production of ROS or due to changes in cell
morphology.

Previous studies have shown that there is not a major difference between the
uptake of oxidized and unoxidized fatty acids by Caco-2 cells[148, 301]. Our results
confirmed that both unoxidized and oxidized LA could be successfully taken up by
enterocytes and packaged into lipoproteins (Figure 7- 4 & 5). However, the number
and morphology of the lipoprotein particles formed depended on the oxidation state
of the lipid: the lipoproteins formed in the presence of oxidized LA were smaller,
more numerous, and more irregularly shaped than those formed in the presence of

unoxidized LA. It has been suggested that the size and nature of the lipoproteins
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formed within epithelium cells (VLDLs versus CMs) depends on a “core expansion”
mechanism involving fusion of “ primordial lipoproteins” with “luminal triglyceride-
rich lipid droplets”[9]. This process depends on the type of fatty acids taken up by
the epithelium cells. For example, LA has been shown to mainly lead to production
of CMs, whereas palmitic acid leads to the production of both VLDLs and CMs[323].
Similarly, it is possible that the unoxidized and oxidized forms of LA had different
effects on the “fusion” mechanism mentioned above thereby resulting in different
sizes and types of lipoproteins being formed.

The transportation of 5-DMT across the Caco-2 cells was enhanced by
incubation with both unoxidized and oxidized LA, when compared to controls
containing no fatty acids (Figure 7-6). It is likely that 5-DMT was absorbed by the
cells as part of mixed micelles, then packaged into lipoproteins, and then
transported through the cells to the basolateral side. These results suggest that
oxidized LA would not have a major impact on the bioavailability of co-ingested
lipophilic bioactive agents, but that it may alter their subsequent fate in the body
(due to the different nature of the lipoproteins formed).

Finally, we examined the influence of the oxidation state of the lipid on the
morphology of the Caco-2 cells after a 24 h incubation period (Figure 7-7).
Interestingly, the oxidized form of LA appeared to have an adverse impact on the
integrity of the cells. In particular, the microvilli and tight junctions of the Caco-2
cells appeared to be damaged after exposure to the oxidized LA. This change in cell
morphology may account for the observed decrease in the integrity (TEER) of the

Caco-2 monolayer for the oxidized form of LA (Figure 7- 3). It is therefore possible
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that some of the bioactive component (5-DMT) was able to travel across the cells via
the tight junctions, rather than by being incorporated into lipoproteins, which would
affect its subsequent biological fate. Nevertheless, more research is required to
establish the relative importance of this mechanism, and its likely consequences on

the processing of 5-DMT in the body.
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Figure 7-6. Effect of TC (0.5mM), LA (1.6mM), and 96h oxidized LA (96h;
1.6mM) on the transport of (5-DMT) in Caco-2 cell monolayer. Data represent mean
+ SD for n=3 experiments.
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Figure 7-7. Morphology of Caco-2 monolayer after incubation with unoxidized
LA and oxidized LA(96h) for 24h

7.5. Conclusion
In summary, ingestion of dietary oxidized lipids will not only cause post health
problems, but altered the transport pathway of lipophilic components like PMFs

according to our present research, which will definitely change their distribution,

metabolism fate in the body.
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CHAPTER 8
UPTAKE OF GOLD NANOPARTICLES BY INTESINTAL EPITHELIAL CELLS: IMPACT

OF PARTICLE SIZE ON THEIR ABSORPTION, ACCUMULATION, AND TOXICITY

8.1. Introduction

Developments in the nanotechnology field during the past decade or so have led
to numerous applications of nanomaterial, such as in computer science, chemistry,
cosmetics, agrochemicals, and pharmaceuticals [324, 325]. Nanotechnology has also
been utilized within the food industry to improve the microbiological safety, sensory
attributes, nutrition value, and shelf life of foods, as well as to develop innovative
sensors to monitor food quality and safety [326-328]. Consequently, various types
of nanomaterial such as inorganic nanoparticles have been found in a wide range of
food products, including the nanoparticles based on silver, titanium dioxide, silica,
zinc oxide, etc. [329]. These nanoparticles may be intentionally added to food
products as additives because of their specific functional attributes (such as
antimicrobial, whitening, or anticaking agents), or they may be unintentionally
added to foods (e.g., as a contaminant in an additive that is supposed to contain
larger particles). The increasing prevalence of inorganic nanoparticles within food
products means that humans come into contact with them more frequently [330].
Hence, it is particularly important to establish whether there are any adverse effects
of ingesting inorganic nanoparticles in foods on human health, especially since
nanoparticles may have completely different absorption and toxicity patterns in

comparison to the larger particles.
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A number of studies suggest that ingestion of inorganic nanoparticles may have
toxic effects. It has been reported that ingestion of nanomaterials may promote
inflammatory bowel disease, DNA fragmentation, liver damage and pregnancy
complications, as well as result in abnormal intestinal barrier function and
increased intestinal permeability. [331-334]. In particular, prolonged exposure to
inorganic nanoparticles may have a detrimental impact on the function of the
intestinal membrane [335]. However, detailed information about the
gastrointestinal uptake and cytotoxicity of ingested inorganic nanoparticles is
currently unavailable, and more studies are needed in this important area.

Gold nanoparticles (AuNPs) have been widely used in the studies of the
biological fate and toxicity of inorganic nanoparticles because of their ease of
synthesis, high chemical stability, and unique optical properties [336, 337].
Commercially, the main applications of AuNPs are in the medical field, such as for
drug delivery and photodynamic therapy. However, AuNPs have also been used in
cosmetics, beverages, food packaging materials, and toothpastes, which leads to oral
exposure of AuNPs in humans [337-339]. However, a review on the previous studies
highlighted the current poor understanding of the gastrointestinal uptake and
potential cytotoxicity of AuNPs [340]. Therefore, the objective of this study was to
determine the effect of nanoparticle size and concentration on the intestinal
absorption and cellular accumulation of AuNPs in the model intestinal epithelial
cells, and to assess the potential toxicity caused by the exposure to AuNPs.

Differentiated human intestinal cells (Caco-2 cells) can be grown on a

permeable support to form a model intestinal epithelial monolayer. This model
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system can be used to carry out systematic studies of the impact of nanoparticle
characteristics (such as size, surface chemistry, and concentration) on cellular
responses such as absorption and toxicity [259, 335]. Previous studies have shown
that different nanoparticles can be absorbed by or transported across this type of
epithelial monolayer [338]. In this study, we utilized this model to determine the
influence of AuNPs dimensions (15 nm, 50, or 100 nm) on their absorption,
accumulation, and toxicity. The results of this study are important for understanding
the gastrointestinal fate of inorganic nanoparticles that may be ingested as part of

foods.

8.2. Materials and methods

8.2.1 Materials

The following products were purchased from SigmaAldrich Chemicals (St. Louis,
MO, USA): 4% osmium tetroxide (0sO4), phosphatungstic acid (PTA), nitric acid, and
hydrochloric acid. AuNPs with different diameters (15, 50, and 100 nm) were
purchased from Nanopartz™ (Loveland, CO). A mitochondrial membrane potential
probe (JC-1 dye) was purchased from Life Technologies (Thermo Fisher Scientific,
Agawam, MA, USA). Hank’s balanced salt solution, glutaraldehyde , cacodylate,
formvar/carbon Cu grids 200 mesh, epoxy resin were purchased from EM Sciences

(Hatfield, PA, USA).
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8.2.2. Cell Culture

Caco-2 cells (passage 55~65) were cultured in complete Dulbecco’s modified
essential medium (DMEM) containing high glucose, 10% fetal bovine serum (FBS),
1% antibiotic, and 1% amino acids as we described previously [221]. Cells were
seeded at 3x105 cells/mL on transwells (Corning Inc., MA, USA) containing polyester
filters (3 wm pore size and 4.7 cm? surface area) and grown for 21 days. The
transepithelial electrical resistance (TEER) was monitored using a Millicell® ERS-2
epithelial voltammeter (World Precision Instruments, Sarasota, FL). The TEER data

is presented as resistance per unit surface area xcm?.

8.2.3. Transmission electron microscopy analysis

To visualize the AuNPs, a drop of liquid sample was allowed to air-dry onto a
carbon-coated 200 mesh copper grid, and then the sample was stained with 2% PTA.
Samples were visualized with a transmission electron microscope (Tecani™ 12 TEM,
FEI Company, Hillsboro, OR, USA). To visualize the uptake of AuNPs in intestinal
epithelial cells, suspensions of AuNPs (15, 50, or 100 nm) were applied on Caco-2
cell monolayers. After treatment for 0.5 h, 1 h, 2 h, 4 h, 8 h and 24 h, the media in
both the apical and basolateral sides were removed and the monolayers were rinsed
with Hank’s balanced salt solution (HBSS) that had been warmed to 37 2C. The
monolayers were immediately fixed in 2.5% glutaraldehyde and 2%
paraformaldehyde (0.1 M sodium cacodylate buffer, pH 7.4) for 2 h at 37 °C. They
were then post-fixed in 1% aqueous osmium tetroxide solution and then embedded

in Epoxy resin. Thin sections were obtained using an ultramicrotome with a
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diamond knife (DDK, Wilmington, DE). The sections were stained with uranyl
acetate followed by lead citrate. The image samples were then viewed with the

transmission electron microscope (Tecani™ 12, FEI Company, Hillsboro, OR, USA).

8.2.4. ICP-MS analysis

After treatment with AuNPs, the cell monolayers and medium samples were
collected at the specific time period from the apical and basolateral sides of the
transwell as described above. A bicinchoninic acid (BCA) kit was used to quantify
the protein concentration of the monolayers in each well. Each sample was mixed
with 0.5 mL of aqua regia and then the sample was diluted to 10 mL with de-ionized
water. A series of standard solutions of Au were prepared under the same
conditions. Inductively-coupled plasma (ICP) mass spectrometry (MS)
measurements were performed on a mass spectrometer (NexION 300X ICP,

PerkinElmer, Cambridge, MA).

8.2.5. Calculation of number of gold nanoparticles
The number of gold nanoparticles in a given sample was calculated from the Au
concentration measured by ICP-MS. The number of gold atoms per gold nanoparticle
(n) can be estimated from the following expression [341]:
D3

Tl=d—3
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Where, D is the diameter of a gold nanoparticle and d is the diameter of a single gold
atom, which is approximately 0.28 nm [342]. Hence, the number of AuNPs can be
calculated from the measured Au concentration as follows:

"~ Nyxn

Cn

Where C, = the number of AuNPs per unit volume, Cr, = the measured mass of Au per

unit volume, and N, is Avogadro’s constant.

8.2.6.Determination of mitochondrial membrane potential

Aqueous suspensions of AuNPs (D =15, 50, or 100 nm) were applied on to well-
differentiated Caco-2 monolayer (TEER > 200 ). Four hours after the treatment, the
apical and basolateral media were removed and the monolayers were rinsed three
times with warmed HBSS. A medium containing 10 ug/mL of JC-1 (mitochondrial
membrane potential probe) in warmed DMEM solution was added to the Caco-2 cell
monolayers. After the incubation for 15 minutes (37 ¢C, 5% carbon dioxide, and
100% humidity), the monolayers were washed twice with HBSS, placed onto a
microscope slide. After adding a fluorescent dye (DAPI) to the samples, the slides
were rapidly sealed and stored overnight at 4 2C. The microstructure of the samples
was observed using a confocal fluorescent microscope (Olympus FV-1000, Waltham,
MA). The JC-1 treated coverslips were excited at 488 nm, and the emission was
recorded simultaneously at 527 and 590 nm by independent detectors [343]. Two-

photon excitation of JC-1 labeled Caco-2 cell monolayers allowed for the real-time
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analysis of mitochondria membrane potential. The data were analyzed using the

following expression as described previously [344]:

Ratio =5 x Ired/lgreen

Here Ireqd and Igreen are the intensities of the signals in the red and green regions of
the spectra. The factor “5” is used to transform the ratiometric results into an 8-bit

scale of 256 levels.

8.2.7. Statistical Analysis
All values are expressed as means + standard deviations (SD) unless stated
otherwise. The difference among samples were analyzed by ANOVA with

significance level of p < 0.05.

8.3. Results and discussion

8.3.1. Properties of gold nanoparticles

The AuNPs used in this study have been reported to be monodispersed spheres
in an aqueous sodium citrate buffer that acted as a stabilizer to prevent particle
aggregation [345]. The manufacturer reported that the droplet diameters of the
three AuNPs samples used were 15, 50, and 100 nm, respectively, and that all of the
particles had a negative charge (around -40 mV). The initial gold concentration was
given as 50 ppm for all the AuNPs suspensions when they were adjusted to an
optical density of 1 cm-1. The morphology of the AuNPs was confirmed using

transmission electron microscopy (Figure 8.1). All of the samples contained fairly
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uniform spheres with dimensions that conformed to those stated by the
manufacturer. Nevertheless, the TEM images suggested that some of the particles
clustered together and formed aggregates. These aggregates may have been present
within the initial samples, or they may have been introduced as a result of the
method used to prepare the samples for TEM analysis. Previous studies have shown
that inorganic nanoparticles (1 to 100 nm) might affect normal cellular functions,
including inducing cell death, in a manner that depended on their particle size [346,
347]. We therefore hypothesized that the initial size of the AuNPs used in this study
can influence their absorption, accumulation and cytotoxicity in the intestinal

epithelial cells.

Figure 8-1 Morphology of the initial gold nanoparticle suspensions (nominal
diameters of 15, 50 and 100 nm) used in this study. All images were taken under
transmission electron microscopy as described in the Method.

8.3.2. Migration of gold nanoparticles within intestinal epithelium
It is well known that particle characteristics (such as size, shape, and surface
chemistry) play an important role in determining the interactions of inorganic

nanoparticles with biological membranes [348]. In this study we focused on the role
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of particle size on cellular uptake by using AuNPs with the same shape (spherical)

and surface chemistry (bare gold), but different diameters (15, 50, and 100 nm).

Caco-2 cells were cultured in the transwells to form well-differentiated and
polarized monolayers. The monolayers were used to mimic absorptive functions of
intestinal epithelium. Aqueous suspensions of AuNPs (15, 50, or 100 nm) were then
placed on the apical side of the polarized monolayers for different incubation
periods. The migration of AuNPs across the model intestinal cells was visualized by
transmission electron microscope. The results were shown in Figure 3 (the most
apparent AuNPs were highlighted by circles, and arrows indicate the direction from
apical to basolateral side across microvilli). It is clear that the migration of AuNPs
across the intestinal epithelial cells showed a distinct size-dependent pattern: the
smaller the particle size, the faster the migration (Figure 8.2.). At 0.5 hour, 15 nm
AuNPs have already been observed within the microvilli (Figure 8.2A), whereas no
50 or 100 nm AuNPs were found anywhere in the cells (Fig.8. 2E and 2I). After 1
hour of incubation, an appreciable number of 15 and 50 nm AuNPs could be
observed in the cytoplasm (Fig.ure 8.2B and 2F). In contrast, only a few 100 nm
AuNPs had entered the microvilli after 2 hours of incubation (Figure 8.2]). At 1-2
hour, the 15 and 50 nm AuNPs have migrated into various cellular organelles, such

as the mitochondria and lysosome (Figure 8. 2B, 2C and 2G). In contrast, not until

4h’s incubation, 100 nm AuNPs were found in the mitochondria and lysosome
(Figure 8.2K). Some of AuNPs appeared as aggregates in lysosomes (Figure 8. 2G

and 2K), After 24 hour of incubation, all AuNPs (15, 50, and 100 nm) were found
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throughout the entire cell monolayer (Figure 8. 2D, 2H, and 2L). It is noteworthy that
some of the nanoparticles were observed in the cell nuclei (Figure 8.2 H and 2L),
which suggested that AuNPs may have the potential to induce genotoxicity. In
general, the smallest gold nanoparticles (15 nm) were internalized at a faster rate

than the large ones (50 or 100 nm).

50 nm

100 nm

Figure 8-2 The absorption of AuNPs by intestinal epithelial cells. Caco-2 cell
monolayers were incubated with AuNPs (15 nm, 50 nm, or 100 nm) for various
time periods (up to 24 hour). After thorough wash, Caco-2 cell monolayers were
processed for TEM (transmission electron microscope) analysis to visualize
AuNPs absorbed by the cells. AuNPs are highlighted by the circles. Arrows indicate
the direction from apical to basolateral side across microvilli. Different
magnifications were used in different images. Scale bar represent 500 nm.
Representative images were selected from replicates of at least 3.
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8.3.3. Transport of gold nanoparticles across the intestinal epithelium
Microscopic analysis is useful for obtaining direct visualization of the migration
and location of AuNPs in epithelial cells, but it is less useful for providing
quantitative information about the amount of AuNPs that has been transported
across the intestinal epithelial monolayer and that has been accumulated in side of
the epithelial cells For this reason, quantitative analysis of the gold concentration
was carried out using a highly sensitive ICP-MS method [336]. This method utilized
acid digestion to dissolve the gold nanoparticles, and then the gold concentration is

determined by mass spectrometry.

We established the influence of initial particle size of AuNPs on the transport of
the AuNPs across the epithelial monolayers into the basolateral compartment of the
transwells. After incubating the Caco-2 monolayers with AuNPs in the apical
compartment of the transwells, a fixed volume of medium was collected from the
basolateral compartment of the transwells at different times and then the amount of
gold was quantified by ICP-MS (Figure 8. 3). The concentrations of gold in the
basolateral compartment increased with increasing incubation time for all three
types of AuNPs studied. For 15 and 50 nm nanoparticles (Figure 8. 3A and 3B), the
higher the initial level of AuNPs in the apical compartment, the higher the
basolateral concentration of gold that was detected at the same time point,
particularly at 8 and 24 hour of incubation. This effect can be attributed to the fact
that there were more gold nanoparticles per unit surface area in contact with the

apical cell membrane (microvilli) at the higher concentration of AuNPs, and so
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endocytosis occurred more frequently. Interestingly, a much higher concentration of
intermediate sized nanoparticles (50 nm) were transported across the epithelial cell
monolayer into the basolateral compartment than small (15 nm) or large (100 nm)
ones (Figure 8.3B). A possible explanation of this phenomenon is the size-dependent
nature of the receptor-mediated endocytosis [349, 350]. The endocytosis of
nanoparticles depends on two competitive processes that require two different
energies: (i) the binding energy between ligands and receptors; and (ii) the free
energy for particle envelopment. When nanoparticles have diameters below about
40 nm, they do not produce a sufficiently large free energy change to become
completely enveloped by the surface of the membrane. Conversely, when the
nanoparticles have diameters greater than about 80 nm, the lack of free receptors
limits the ligand-receptor binding energy. This much higher transport rate of 50 nm
AuNPs across the intestinal epithelium may lead to higher levels of AuNPs in the
systemic circulation, which may have a profound impact on the tissue/organ

distribution and potential toxicity of these AuNPs in human body.

In contrast to 15 and 50 nm AuNPs, the transport of 100 nm AuNPs across the
epithelial monolayer into the basolateral compartment of the transwells was found
to be concentration independent (Figure 8.3C). At 2.5 and 5 pg/mL, the basolateral
concentration of AuNPs remained relatively low after 24 hours of incubation, but at
10 pg/mL there was a steep increase (Figure 3C). Correspondingly, the TEER of the
monolayers decreased drastically to values below 100 Q.cm?, which suggests the

monolayers had become leaky, hence the drastically increase in transport of AuNPs
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across the epithelium. Standard TEER values of healthy cells are around 260 * 65
Q.cm?[259]. The 10 pg/mL of AuNPs suspension caused the same problem after 24
hours of incubation (Figure 8. 3B). These results suggested that AuNPs (50 and 100

nm) at the concentration of 10 pg/mL damaged the integrity of the epithelial

monolayers.
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Figure 8-3 Transport of AuNPs across intestinal epithelium. Change in the
concentration of gold measured in the basolateral compartment after incubating
Caco-2 cell monolayers with AuNPs in the apical compartment of the transwells.
Suspensions containing different concentrations of gold nanoparticles were used
(shown in figure): 2.5, 5 and 10 pg/mL in the apical medium.

8.3.4. Accumulation of gold nanoparticles within the intestinal epithelium
Based on the above results, we used the nanoparticle suspensions with
intermediate gold concentration (5 pg/mL that is not detrimental to the integrity of
the epithelial monolayer) to further quantify the cellular accumulation of AuNPs
within the Caco-2 cell monolayers. The data on the gold concentration were
analyzed in two different but complementary ways (Figure 8.4). First, the mass of
gold was normalized by the amount of cellular protein in each sample, so the results

are presented as mass of gold per unit mass of protein (Figure 8. 4A). Since the
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diameter of the AuNPs was known, it was also possible to calculate the number of
nanoparticles per unit mass of protein (Figure 8. 4B). The incubation of Caco-2
monolayers with AuNPs was stopped after different incubation times and the
amount of gold that had accumulated in the monolayer was quantified by ICP-MS as
described in the Methods. The cellular accumulation of AuNPs clearly showed a size-
dependent pattern, which depend on the way that the particle concentration was
represented. In terms of total particle mass, the smaller the particle size, the lower
the total amount of gold accumulated in the epithelial cells: 15 nm < 50 nm < 100
nm. Conversely, in terms of total particle number, the smaller the particle size, the
greater the total accumulation of gold within the epithelial cells: 100 nm < 50 nm <
15 nm. This latter trend is similar to that reported previously for in vivo permeation

of AuNPs through rat intestine [351].

The results suggest that smaller gold nanoparticles can more easily penetrate
into cells, which leads to a greater number of small particles inside the cells.
However, the total mass of gold that accumulates in the cells is greater for the larger
AuNPs (even though they penetrate into the cells more slowly) because the number
of gold atoms per particle is proportional to the cube of the particle size. These
results also indicated that larger AuNPs had a slower excretion rate from inside of
epithelial cells to the basolateral compartment. This highly size-dependent pattern

of cellular accumulation of AuNPs may have a profound impact on the potential
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toxicity of these AuNPs in the epithelial cells.
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Figure 8-4 Accumulation of AuNPs within the intestinal epithelium. Change in the
amount of gold measured in the Caco-2 monolayers after incubating Caco-2 cell
monolayers with 5 pg/mL of AuNPs in the apical compartment of the transwells.
Amount of gold was expressed as either particle mass (A) or particle number (B) in
the Caco-2 cell monolayer.

8.3.5. Effect of gold nanoparticles on mitochondria potential

The ICP-MS results provided valuable quantitative information about
endocytosis, accumulation, and excretion of the AuNPs by the Caco-2 intestinal
epithelial cell monolayers. The TEM images indicated that the gold nanoparticles
progressively spread throughout the model epithelium cells after absorption, and
were eventually accumulated within different cellular organelles such as endosomes,
lysosomes, Golgi apparatus, mitochondria, and nucleus (Figure 8.2.). The
accumulation of AuNPs within these cellular substructures may promote
cytotoxicity, since previous studies have shown that AuNPs can depolarize the
membranes of the mitochondria in mammalian cells [340]. A decrease in

mitochondrial membrane potential is an early indicator of cell death [335]. In
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addition, impaired mitochondrial function has been shown to result in elevated
levels of DNA damages [352]. Hence, we determined the mitochondria potential
using a mitochondrion-specific dye (JC-1) after the Caco-2 cell monolayers had been
incubated with AuNPs (5 pg/mL in apical medium) for 4 h. At this incubation time,
the TEM images showed that the nanoparticles had accumulated within the
mitochondria (Figure 2). Cells with high mitochondria membrane potential
(healthy) promote the formation of dye aggregates that fluoresce red, whereas cells
with low mitochondria membrane potential (damaged) remain monomeric JC-1 that
fluoresce green [353]. As a result, the decrease of the red/green intensity ratio

provides an indication of the damage of the mitochondria membrane function.

Our results showed a distinct size-dependent trend in the mitochondria toxicity
caused by the gold nanoparticles: the larger the nanoparticles, the higher the
toxicity, as evidenced by a decrease in the intensity of red florescence when the
particle diameter increased (Figure 8.5A). Quantification of the ratio of red/green
florescence further confirmed that the larger the AuNPs the lower the relative red
florescence (Figure 8.5B) This finding is consistent with our results by ICP-MS that
showed the cellular accumulation of total mass of gold follows the trend 100 nm >

50 nm > 15 nm (Figure 8.4A).
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Figure 8-5 The effects of AuNPs on the mitochondrial membrane potentials of
intestinal epithelial cells. Caco-2 cell monolayers were incubated with AuNPs (15
nm, 50 nm or 100 nm) for 4h separately. Mitochondria toxicity of AuNPs was
visualized by confocal microscope using a red fluorescent dye JC-1 (A). Cells with
high mitochondria membrane potential (healthy) promote the formation of dye
aggregates that fluoresce red, whereas cells with low mitochondria membrane
potential (damaged) remain monomeric JC-1 that fluoresce green. The red/green
ratio was quantified using image ] (B). Representative images were selected from
replicates of 3. Different letters indicate statistical difference among the three
groups at the given time point (P<0.05).

8.4. Conclusion

In summary, the absorption, accumulation, and transfer of AuNPs in the
intestinal epithelial cells were highly dependent on their particle diameter (15, 50 or
100 nm). AuNPs with intermediate sizes (50 nm) were the most efficiently
transported across the intestinal epithelium: uptaken from the apical side and
excreted into the basolateral side. The smaller AuNPs (15 nm) were more rapidly
absorbed by the intestinal epithelial cells and more quickly spread throughout the
interior of the cells. Conversely, the larger AuNPs (100 nm) tended to accumulate
within the intestinal epithelial cells since their rate of excretion into the basolateral
side was slow. The increasing accumulation of the total mass of gold caused by
AuNPs resulted in increasing mitochondria toxicity to the intestinal epithelial cells.

Overall, this study provided detailed information on the impact of particle size on

the absorption, accumulation and cytotoxicity of AuNPs in the intestinal epithelium.
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CHAPTER 9
ADDITIONAL INFORMATION: IMPACT OF MIXED MICELLE ON THE FTE OF

GOLD NANOPARTICLES IN THE INTESTINAL EPITHELIUM

9.1 Transport of gold nanoparticles across the intestinal epithelium

In this study, we determined the effect of mixed micelles (oleic acid-
taurocholate ) on the transport of gold nanoparticles (AuNPs) across the intestinal
epithelium. Caco-2 cell monolayer was used as the intestinal epithelium model.
AuNPs sized 15 nm, 50 nm and 100 nm (final concentration 2.5 ppm) were added on
the Caco-2 cell monolayer model with or without mixed micelle in them. The final
concentration of mixed micelles is constant (1.6: 0.5 mM) which is sufficient to
produce abundant lipid droplets and chylomicrons as indicated in our previous
research[4]. We first detected the amount of AuNPs changing in the basolateral side.
Basolateral samples were collected at 4 h, 8 h and 24 h separately.

Significant difference was found when mixed micelle was incubated together
with AuNPs: the amount of AuNPs dramatically increased after 24 h’s incubation
compared to the control group, especially AuNPs sized 50 nm and 100 nm, the total
transported particles is tripled (mass/number)(Figure 9. 1). Hence, mixed micelles
could improve the transport of AuNPs across the intestinal epithelium and AuNPs
with larger size seems more efficient. We have the assumption that the
improvement of the transport is related with the intestinal lipid absorption. The
chylomicron-lymphatic pathway may interfere the fate of AuNPs through intestinal

epithelium.
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Figure 9-1 Transport of AuNPs sized 15 nm, 50 nm and 50 with or without
mixed micelles (oleic acid- taurocholate) across Caco-2 cell monolayer. The amount
of AuNPs was detected by ICP-MS. Results was shown both particle (A) and mass

version (B).
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9.2 Accumulation of gold nanoparticles in the intestinal epithelium

Cellular accumulation of AuNPs was also monitored. Interestingly, the amount
of AuNPs retention in the monolayer was remarkably lower compared to the control
group after 24 h incubation, especially for the AuNPs sized 100 nm, which was
regarded as the most difficult to be expelled once taken into the cells according to

our previous research (Figure 9.2) . Less AuNPs were found trapped in the

monolayer compared to the control group, but the difference was not as significant
as 15 nm and 100 nm particles. Mixed micelles were also shown to slightly affect the
absorption of AuNPs at the first 4 h except the AuNPs sized 50 nm. Although the
excretion rate of AuNPs greatly improved by the mixed micelles, the accumulation of
AuNPs didn't decrease because AuNPs sized around 50 nm was confirmed to be the
most efficient for uptake into mammal cells, according to the mechanism of size-

dependent nature of the receptor-mediated endocytosis[340, 349, 350].
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CHAPTER 10

CONCLUSIONS

The overall goal of this work is to determine the role of lipid-based systems in
the biological fate of lipophilic nutraceuticals and inorganic nanoparticles in the
gastrointestinal tract. Two in vitro models were applied in this research, an in vitro
digestion model and a Caco-2 cell monolayer model.

Our study based on the Caco-2 cell model showed that the transport of the
highly lipophilic component 5-DN significantly enhanced in the present of mixed
micelles (C1s:1-TC). The present of mixed micelles improved the solubilization 5-DN.
Besides, they also stimulated the formation and secretion of chylomicrons. We
assumed that chylomicrons might incorporate the lipophilic 5-DN molecules and
protect them from metabolism by the enzymes in the cells. Thus the oral
bioavailability of 5-DN increased. We further compared three different long chain
fatty acid based mixed micelles (C1s:1-TC, C18:2-TC and C1g:3-TC). Among them, oleic
acid was found to be the most effective at improving the bioavailability of 5-DN. The
efficiency of transport across the Caco-2 cell monolayer decreased in the following
order: Cig:1 > C18:3 > C18:3. Same trend was found in the amount and size of the
formed lipid droplets and chylomicrons. Hence, the bioavailability of 5-DN can be
controlled through regulating the type of the ingested lipids.

It is also interesting to investigate the effect of lipid phase properties (MCT
versus LCT) on digestion, bioaccessibility, and absorption of 5-DN using an in vitro

digestion model combined with a Caco-2 cell monolayer model. Higher
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bioaccessibility of 5-DN was found in MCT nanoemulsion than canola nanoemulsion,
13% vs.7% respectively. However, only 30% 5-DN crossed Caco-2 monolayer while
half of them were metabolized for MCT nanoemulsion, up to 60% 5-DN and only
10% were metabolized in canola nanoemulsion. Results also demonstrated more
lipid droplets and CMs were formed by LCT, which were responsible for
transportation of 5-DN to the lymph. LCT-based emulsion was more potent in
enhancing the bioavailability through increased lymphatic transport.

Ingestion of oxidized lipids was confirmed to affect the chylomicron-based
lymphatic transport in this study. We compared the effect of oxidized and
unoxidized linoleic acid (LA) on the transport of a highly lipophilic bioactive
compound (5-DMT) using Caco-2 cell model. Our results suggest that oxidized LA
affected the morphology of the Caco-2 monolayer, and especially the tight junctions,
which may influence their subsequent distribution and metabolism in the human
body.

Inorganic nanomaterials have been increasingly utilized in many consumer
products, which has led to concerns about their potential toxicity. In this study, we
determined the influence of particle size and concentration of gold nanoparticles
(AuNPs) on their absorption, accumulation and cytotoxicity in model intestinal
epithelial cells. As the mean particle diameter of the AuNPs decreased (from 100 to
50 to 15 nm) their rate of absorption by the intestinal epithelium cells increased, but
their cellular accumulation in the epithelial cells decreased. Moreover, accumulation
of AuNPs caused cytotoxicity in the intestinal epithelial cells, which was evidenced

by depolarization of mitochondria membranes.
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The impact of mixed micelles on the absorption and accumulation of inorganic
nanoparticles in the gastrointestinal tract were also evaluated. Mixed micelles (C1s:1-
TC) significantly improve the transport of AuNPs across the Cao-2 cell monolayer
and meanwhile decreased the accumulation of AuNPs in the monolayer.

In summary, this study provides important information for the creation of lipid-
based delivery systems designed to increase the oral bioavailability of lipophilic
compounds in foods and drugs. Meanwhile, we also noticed that lipid based delivery

system might also affect the fate of nanoparticle based food additive in the GI tract.
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