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Abstract
Lutein, a fat-soluble xanthophyll, contributes partially to the health benefits from
consuming plant foods. Like all dietary carotenoids, lutein has a low bioavailability. In
addition to increasing the intake of lutein-rich foods to enhance lutein status, delivery of
lutein in polymeric nanoparticles (NP) presents a novel approach to enhancing lutein
bioavailability. The overall research objective of this project was to investigate, in rats,
the impact of nanoencapsulation using poly(lactic-co-glycolic acid) (PLGA) on the
pharmacokinetics of lutein. We also used an in vitro cell culture approach utilizing human
epithelial colorectal adenocarcinoma (Caco-2) cells grown in both conventional (CONV)
and permeable support (PS) systems to investigate the impact of PLGA-NP on the
absorption of lutein in intestinal cells.
In chapter one, we compared the efficacy of lutein absorption in vitro using Caco2 cells grown in both CONV and PS systems. We further examined the role of the
micelle, the physiological vehicle for lutein within the small intestine, on its intestinal
absorption in vitro compared to an organic solvent, ethanol, which is safe and consumed
by humans. The finding from this study demonstrated that the CONV system displayed a
larger efficacy of lutein uptake by Caco-2 cells. Further, in the PS system, micelle
components appeared to facilitate more effective intestinal secretion of
lutein. These findings suggest that lutein uptake by Caco-2 cells is subject to the
influence of culturing system (CONV vs. PS) and delivery vehicle (ethanol vs. micelle).
Chapter two examined the impact of PLGA-NP in rats on lutein pharmacokinetics
in plasma and distribution in selected tissues as compared to free lutein. We also
investigated the effect of nanoencapsulation on the absorption of lutein in intestinal cells
compared to a more physiological vehicle, the micelle, using the PS method. In addition,
we explored the need of additional micelles for the ultimate absorption of lutein loaded in
a water soluble NP. The findings of the rat study indicated that, compared to free lutein,
PLGA-NP improved the pharmacokinetics (Cmax and AUC) of lutein in the plasma of rats
and in general promoted lutein accumulation in mesenteric adipose tissue and spleen
but not liver. Yet, compared to micellized lutein, although NP improved the maximal
concentration of lutein in the plasma of rats as well as in selected tissues it decreased
the cell uptake and secretion of lutein in Caco-2 cells. The negative effect of the NP on
cell uptake and secretion was partially remedied by the addition of micelle components.
These findings suggest that the delivery of lutein within polymeric NP appears to be a
promising approach to improving the bioavailability of lutein in rats. The inconsistent
results between the rat and cell culture models warrant further investigations to
determine which approach better predicts responses in humans. Further, bile salts and
phospholipids, which are necessary to stimulate synthesis and secretion of
chylomicrons, appear to facilitate more effective intestinal secretion of PLGA-NP lutein.
In summary, with Caco-2 cells cultured in the PS system reliably grown to display
phenotypes and functions of enterocytes in the small intestine, this in vitro platform
enables the generation of information that is closer to the physiology of the absorptive
enterocytes. However, although the CONV system has the physiological attributes of
colonic tissue, it appeared to display a greater efficacy of lutein uptake by Caco-2
cells which can provide a rapid preliminary tool for methodology development for nutrient
absorption studies. Further, the delivery of lutein in polymeric NP appears to be a
promising approach to improve the bioavailability of lutein in vivo but raises issues with
regard to the comparability and the predictive value of in vitro models to in
vivo responses.
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I.

Thesis Objectives

Introduction
A growing body of evidence shows an inverse association between the intake of certain
phytochemicals and a reduced risk of chronic diseases such as cancer and
cardiovascular disease. However, achieving potential health benefits via foods and
beverages is limited by their general low intakes and bioavailability. Since educational
strategies to encourage greater intake of colorful plant foods have not been successful
for attaining the maximal health benefits, novel strategies are required to help enhance
their bioavailability and reach target tissues. Nanotechnology, a technology involving the
formation of bioactive carriers with diameters ranging from 1-1000 nm has shown
potential for improving the efficiency of the delivery and controlled release of various
drugs and has recently offered opportunities for food applications.
To better understand the application of nanotechnology and to address issues of
bioavailability and delivery of a bioactive compound, confirmation that encapsulation in
nanocarriers enhances absorption and deposition in target tissues compared to the
corresponding unmodified form is necessary. This current study addressed this
knowledge gap by investigating the central hypothesis that nanoencapsulation using a
polymer matrix will improve the bioavailability of a bioactive compared to its unmodified
form.
Phytochemicals are generally classified as carotenoids, polyphenols, alkaloids,
nitrogen-containing compounds, and organosulfur compounds. The most studied of the
phytochemicals are the polyphenols and carotenoids. We selected EGCG (a water
soluble flavanol found in green tea) and lutein (a fat soluble xanthophyll found in green
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leafy vegetables) to test the hypothesis that nanoencapsulation will improve the
bioavailability of a hydrophilic and hydrophobic phytochemical. A series of pilot studies
were performed by our collaborator, Dr. Cristina Sabliov at the Louisiana State
University to establish the feasibility of entrapping the bioactives in polymeric
nanoparticles (NP). Given the low entrapment efficiency for EGCG of 0.4%, we
estimated that the lowest dose of poly(lactic-co-glycolic acid) (PLGA)-NP EGCG that
could be reliably detected in plasma would likely be unfeasible. Thus, we focused our
investigation on lutein which has an NP entrapment efficiency of ~75%. It should be
noted that Dr. Sabliov has conducted in vitro gastrointestinal stability and toxicity studies
in rats on the PLGA-NP lutein (results not shown).

Project Objective
The overall research objective of this project was to investigate the impact of
nanoencapsulation using PLGA on the pharmacokinetics of lutein in rats. We also used
an in vitro cell culture approach to investigate the impact of PLGA-NP on the absorption
of lutein in intestinal cells. Our central hypothesis was that polymeric nanoencapsulation
would increase the bioavailability of lutein compared to its unmodified form and was
tested by pursuing the following specific aims:
Specific

Aim

1:

To

investigate

the

extent

to

which

polymeric

nanoencapsulation will increase the bioavailability of lutein in rats. Our working
hypothesis was that nanoencapsulation using PLGA would enhance the bioavailability
and modulate the pharmacokinetics of lutein when compared to its unmodified form.
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Bioavailability was determined by evaluating the pharmacokinetics (Cmax, Tmax, and AUC)
in plasma and its distribution in selected tissues.
Specific

Aim

2:

To

investigate

the

extent

to

which

polymeric

nanoencapsulation will increase the absorption of lutein in modeled intestinal
cells without the assistance of micelle components. Our working hypothesis was
that nanoencapsulation using PLGA would increase lutein uptake into and secretion
from the cell compared to a more physiological vehicle, the micelle. We further
hypothesized that additional micelle components would not be needed for the ultimate
absorption of PLGA-NP lutein. We tested our hypothesis utilizing human epithelial
colorectal adenocarcinoma (Caco-2) cells grown in both conventional and permeable
support systems.

Significance
A better understanding of the pharmacokinetic properties of bioactive compounds in NP
has the potential to promote human health. The major challenge of bioactive compounds
includes their poor oral bioavailability (which may be due in part to poor water solubility),
gastrointestinal stability, and/or intestinal absorption. Thus, novel delivery systems are
needed to resolve these problems. With an enhanced in vivo absorption and circulation
of

bioactive food components

resulting from

the

use of

nanoencapsulation

methodologies, the desired concentration and biological activity of these compounds
could be achieved in vivo. While enhanced bioavailability may be beneficial, there is a
risk for overconsumption and potential toxicity. Additionally, nutrient-nutrient and drugnutrient interactions could become more prevalent. Thus, a greater understanding of the
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metabolic consequences of nutrients in novel food systems is required as
nanotechnology applications expand in the food science industry. With an enhanced
bioavailability and efficacy of lutein in polymeric NP (as compared to unmodified lutein)
in animal models and longer-term in humans, the current studies could fuel the
development of other water-soluble nanoencapsulated fat-soluble compounds.

II.

Review of the Literature

Introduction
Findings from numerous epidemiological studies and recent clinical trials provide
consistent evidence that diets rich in plant-based foods and beverages can reduce the
risk of chronic disease (Dauchet et al. 2006; Hung et al. 2004; Bazzano et al. 2003; He
et al. 2004; Smith-Warner et al. 2003). In addition to fiber, vitamins, and minerals,
thousands of phytochemicals appear to contribute to this benefit. Research conducted
during the last 30 years has revealed that phytochemicals contribute to the promotion of
health and reduction in the risk of common chronic diseases (Liu 2003). It is estimated
that over 25,000 phytochemicals have been identified, but the potential benefits of a
large percentage of these compounds remains unknown. Phytochemicals can be
classified as carotenoids, polyphenolics, alkaloids, nitrogen-containing compounds, and
organosulfur compounds. The most studied of the phytochemicals are the polyphenolics
and carotenoids (Liu 2004).
Polyphenols are moderately water-soluble, secondary metabolites which aid in
growth, reproduction and resistance to pathogens, predators, and diseases (Beckman
2000). They also contribute to the color and organoleptic properties of plants. In addition
to their role in plants, polyphenols are known for their putative beneficial effects on
human health via multiple mechanisms including antioxidation, anti-inflammation, up-
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regulation of detoxification pathways, and modulation of cell signal transduction (Nijveldt
et al. 2001). Prospective cohort studies have shown an inverse correlation between the
consumption of polyphenol-rich fruits and vegetables and the risk of major noncommunicable diseases such as cancer, cardiovascular disease, type 2 diabetes
mellitus, neurodegenerative diseases, and osteoporosis (McCullough et al. 2012; Gao et
al. 2012; Wedick et al. 2012; Geybels et al. 2013). Dietary polyphenolics are classified
into different groups as a function of the number of phenol rings that they contain and on
the basis of structural elements that connect these rings to one another (Scalbert and
Williamson 2000). These compounds are typically categorized into four classes:
flavonoids (including the subclasses: anthocyanidins, catechins, flavones, flavonols,
flavanones, and isoflavones), coumarins, stilbenes, and tannins, although other dietary
constituents (i.e., chalcones and lignans) also have polyphenolic structures. Structures
of the 4 polyphenols relevant to the studies in the current work are shown in Fig. 1. The
main sources of polyphenols in the human diet are fruits, plant-based beverages
(especially tea, coffee, wine and fruit juices), chocolate and, to a lesser extent,
vegetables, cereals, legumes, and nuts (Bravo 1998; Scalbert et al. 2005).
Carotenoids are a family of fat-soluble pigmented compounds that are
synthesized by plants and contribute to their photosynthetic machinery and protection
against photo-damage. Aside from their antioxidation and anti-inflammation properties,
carotenoids have received substantial attention because of their provitamin A activity
and light-filtering functions (Stahl and Sies 2003; Biesalski et al. 2007; Chatterjee et al.
2012; Stahl and Sies 2012). Carotenoid intake has been inversely associated with an
array of chronic diseases, such as cardiovascular disease, some forms of cancer,
cataracts, cognitive dysfunction, and age-related macular degeneration (AMD) (Fiedor
and Burda 2014; Jomova and Valko 2013; Meyers et al. 2014). Dietary carotenoids are
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classified into different groups as a function of the modifications in the parent 40-carbon
polyisoprenoid structure (Britton 1995). They are typically categorized into two classes:
carotenes (α-carotene, β-carotene, and lycopene) and xanthophylls (β-crypotoxanthin,
lutein, and zeaxanthin). More specifically, α-carotene, β-carotene, and β-crypoxanthin
are provitamin A carotenoids and can be cleaved, after consumption, to retinol by the
intestinal and hepatic enzyme, β-carotene 15,15'-oxygenase (BCO1) (Lindqvist and
Andersson 2002). Lutein, lycopene, and zeaxanthin cannot be converted to retinol, so
they have no vitamin A activity. The structures for lutein and β-carotene are shown in Fig
2. The main sources of carotenoids in the human diet are deeply pigmented fruits, juices
and vegetables (Mangels et al. 1993; Campbell et al. 1994).
Phytochemical intake is low in the U.S. because fewer than 10% of people report
eating the number of servings of fruits or vegetables recommended by the Dietary
Guidelines for Americans (Kimmons et al. 2009). Using data from the U.S. National
Health and Examination Survey, Chun et al. (2007) estimated that the mean daily total
flavonoid intake (the most common polyphenol class obtained from typical American
diets) was 189.7 mg/d. This level of consumption is considered below the intermediate
range of intake (250-750 mg/d) shown to be associated with lower risk of death related
to cardiovascular disease (McCullough et al. 2012). The median daily intake for
carotenoids in the United States is 1.5 mg/d for lutein and zeaxanthin and 1.7 mg/d for βcarotene (Monsen 2000). These intakes are considered to be low when compared with
levels (~6-10 mg/d) necessary to decrease the risk of AMD (Richer et al. 2004; MaresPerlman et al. 2001).
While increased consumption of phytochemical-rich fruits, vegetables, and whole
grains (as well as beverages derived from these foods) would serve to enhance their
concentrations in blood and tissues, additional strategies for enhancing their
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bioavailability are being considered to maximize their health benefits. For example, coconsumption of polyphenols with selected fats, proteins, or inhibitors of phase II
metabolism (such as piperine) (Scheepens et al. 2010; D’Archivio et al. 2010) may act to
increase their absorption in the small intestine. Further, , chopping and sautéing
carotenoid-rich vegetables will help to release carotenoids from the chloroplasts and
plant tissue and co-consumption with lipids improves the efficiency of micellarization to
enable uptake by enterocytes (Yeum and Russell 2002). Besides the aforementioned
food synergies and manipulations, encapsulation of phytochemicals with nanomaterials
presents a novel alternate approach with several advantages such as gastrointestinal
protection, controlled release, and targeted delivery to selected tissues (Nair et al. 2010;
Acosta 1995; Bonifácio et al. 2014; Ma et al. 2012; Bennet et al. 2014).

Bioavailability of Phytochemicals
In pharmacology, bioavailability is a subcategory of absorption and is defined as the
fraction of an administered dose of unchanged drug that reaches the systemic circulation
(Chen et al. 2001). In nutrition science, which covers the intake of essential nutrients and
other dietary constituents, the concept of bioavailability lacks the well-defined standards
commonly used for drugs. In contrast to most drugs, the absorption, distribution, and
utilization of nutrients (including phytochemicals) are subject to the influence of the
steady-state status of the nutrient and physiological state of the subject (Heaney 2001).
Therefore, bioavailability for nutrients can be defined as the proportion of the consumed
substance being absorbed and available for use or storage (Srinivasan 2001).
Nevertheless, nutrikinetic parameters overlap substantially with pharmacokinetic
parameters such as area under the plasma time curve (AUC), peak plasma
concentration (Cmax), time to reach Cmax (Tmax), and time required for the concentration to
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reach half its original value or elimination half-life (T1/2) (Raghuram et al. 1992), so the
latter pharmacokinetic parameters will be used throughout this review. The relative oral
bioavailability between two formulations of the same compound can be measured by
comparing the bioavailability (estimated as AUC) per dose of each formulation. The
pharmacokinetics of a compound is the collective function of four processes: absorption,
distribution, metabolism, and excretion (ADME) (Thomas et al. 2006). Intrinsic and
extrinsic factors affecting the ADME and, thereby, the consequent bioavailability of a
nutrient include the nutrient and its dietary source, its physicochemical properties alone
and within the food matrix, gastric emptying rate, permeability across intestinal
membranes, and extent of metabolism and distribution throughout the body. In addition
to pharmacokinetic parameters, measures of bioactivity, including intermediary
biomarkers of physiological function or disease pathogenesis, can be employed for
making inferences about bioavailability (Verhagen et al. 2004).
The bioavailability of dietary flavonoids are relatively low, ranging from 1% to
20% for anthocyanins (Milbury et al. 2010) and isoflavones (Hendrich 2002),
respectively. The low bioavailability of most polyphenols has been attributed primarily to
the low absorption in the GI tract following consumption, extensive biotransformation
within the gut and liver, and rapid clearance from the body (see Fig. 3 for a schematic of
the ADME of flavonoids). Many dietary flavonoids are found as glycosylated compounds,
and this form may diminish diffusion across barriers in the GI tract (Scalbert and
Williamson 2000). Many flavonoids are labile under the acidic condition of the stomach
and alkaline condition of the small intestine, resulting in dramatically less flavonoid
reaching the enterocytes for absorption after consumption (Bermúdez-Soto et al. 2007).
For example, the flavanol epigallocatechin-3-gallate (EGCG) is stable in acidic pH but
easily oxidized in neutral or basic pH conditions; in a pH 7.4 solution, half of an EGCG
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concentration is lost within 2 h (Krook and Hagerman 2012). During absorption,
polyphenols are extensively transformed via phase II pathways, predominately
methylation, glucuronidation, and sulfation, in enterocytes of the small intestine and then
further metabolized in the liver (Scalbert and Williamson 2000). For example, absorption
of quercetin glucosides is quite high (50%), whereas its excretion in urine is low (<1%),
indicating extensive transformation of quercetin via phase II metabolism (Manach et al.
1998). Such biotransformation facilitates quick polyphenol excretion from the
enterocytes via the phase III transporters, the liver via the bile, and the body through
urine. Generally, polyphenols, including most flavonoids, have a T1/2 of 1-3 h (Manach
et al. 2005).
The bioavailability of dietary xanthophylls is also relatively low. Their peak
plasma concentration assessed using a stable isotope tracer approach has been shown
to account for ~2.0-9.4% of the dose (Novontny et al. 2005; Kurlich et al. 2003; de
Moura et al. 2005; Lienau et al. 2003). The low bioavailability has been attributed to
many factors including co-consumed foods and their fat content, binding to elements of
the food matrix, efficiency of micellarization in the small intestine, and transport to the
lymph system (see Fig. 4 for a schematic of the ADME of xanthophylls). Many dietary
carotenoids are found noncovalently bound to protein or fiber within plant foods. It has
been suggested that these proteins have an inhibitory effect upon digestion and
absorption (Sila et al. 2012). Castenmiller et al. (1999) reported that the relative
bioavailability from whole-leaf and minced spinach is 45-55% compared with that of a
supplement. Released xanthophylls must then be assimilated into mixed micelles in the
lumen of the small intestine which act as a polar carrier through the hydrophilic chyme in
the intestine to the mucosal cell surface. The micellarization of lutein utilizing the in vitro
digestion model is 25-40%, with the efficiency of the reaction modulated by micelle
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components, i.e., bile acids and dietary lipids (Garrett et al. 1999; Sy et al. 2012; Brown
et al. 2004; van Het Hof et al. 2000). The suggested optimum dietary fat content to
promote carotenoid absorption is 3-5 g (Roodenburg et al. 2000). Further, the type of fat
present in the diet can affect carotenoid bioavailability. Studies suggest that
monounsaturated olive oil, which is rich in oleic acid, improves the absorption of lutein in
rats (Lakshminarayana et al. 2007 and 2009). Lutein has also been shown to be more
bioavailable in eggs compared to supplements or spinach since the lutein is located in a
digestible lipid matrix similar to a micelle composed of cholesterol, triglycerides, and
phospholipids (Chung et al. 2004). Other dietary components, such as dietary fiber and
other carotenoids, can suppress lutein absorption, possibly by entrapping carotenoids or
by interacting with bile acids, which results in increased fecal excretion (Yeum and
Russell 2002; Mamatha and Baskaran 2011). Once solubilized into a micelle, uptake into
the intestinal mucosa involves passive diffusion or facilitated transport through
cholesterol transporters (Reboul et al. 2011; Narushima et al. 2008; Reboul 2013). A
fraction of lutein within enterocytes may efflux back into the intestinal lumen possibly via
ATP-binding cassette transporter ABCG5 or multi-drug resistance 1 (Herron et al. 2006;
Gyémánt et al. 2006). The final step in lutein absorption is assimilation into chylomicrons
and secretion into the lymph for systemic distribution. Given the impact of the
aforementioned steps, in vitro studies have shown that although 7-35% of micellized
lutein can be accumulated in intestinal cells, only <6% is secreted to the basolateral side
(Sy et al. 2012; Chitchumroonchokchai et al. 2004).
Although β-carotene is known to be metabolized to vitamin A by symmetric
cleavage through action of BCO1 (Lindqvist and Andersson 2002), little is known about
the metabolic transformation of nonprovitamin A xanthophylls in the intestine or in other
organs such as the liver. The enzymatic oxidation of the secondary hydroxyl group
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leading to hydroxyl or keto-carotenoids has been shown to be a common pathway of
metabolism predominately in the liver of mice (Yonekura et al. 2010). Other common
pathways proposed have included double bond migration leading to meso-carotenoids
(predominately in the retina), dehydration products thought to be formed nonenzymatically under acidic conditions in the stomach, or eccentric cleavage by βcarotene 9’,10’-oxygenase (BCO2) leading to apo-carotenoids (Khachik 2012; KotakeNara and Nagao 2011).
Since nutrient bioavailability must precede bioactivity at tissue sites in the body, a
number of strategies have been employed to increase the chemical stability or
permeability of nutrients. These approaches for flavonoids usually rely upon the addition
of chemical additives such as reducing agents to stabilize chemical structure, dissolving
agents to increase solubility (Dube et al. 2010a; Ader et al. 2000), inhibitors of phase I
and/or II enzymes to escape biotransformation (Lambert et al. 2004; Brand et al. 2010),
modulation of the food matrix or addition of complementary ingredients such as lipids or
protein (Lesser et al. 2004), and/or manipulation through conjugation with promoiety
groups (Lam et al. 2004). In terms of xanthophylls, chopping and sautéing vegetables
will help to release it from chloroplasts and plant tissue, while co-consumption with
dietary monounsaturated fats will improve the efficiency of micellarization (Yeum and
Russell 2002; Goltz et al. 2012). More recently, encapsulation with food grade or related
Generally Recognized as Safe (GRAS) materials that exhibit controlled-release behavior
have been used to increase the bioavailability and bioactivity of polyphenols.
Encapsulation and controlled-release of active food ingredients can be attained through
novel formulations such as microemulsions, matrix systems, solid dispersions, and
liposomes (Tan et al. 2013; Cui et al. 2009; Pralhad and Rajendrakumar 2004; Yuan et
al. 2006; Musthaba et al. 2009). However, because of the concerns and/or limitations
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associated with the safety and stability of these approaches (Windrum et al. 2005;
Frijlink et al. 1991; Mu and Zhong 2006), nanoencapsulation of phytochemicals has
emerged as a novel strategy to improve compound delivery, distribution, and/or
bioactivity.

Nanoencapsulation: Characteristics and Formulations
Nanoencapsulation is defined as a technology involving the formation of actively loaded
particles with diameters ranging from 1-1000 nm that result in end-products that exhibit
properties or phenomena attributable to its dimensions (FDA, http://www.fda.gov). The
term nanoparticle (NP) is a collective name for colloidal systems including nanospheres
and nanocapsules (Gurley 2011). A nanosphere is a matrix structure in which the active
ingredient is dispersed throughout the particles, whereas nanocapsules have a
membrane and an active ingredient in the core. Some examples of natural food-derived
or GRAS materials that can fulfill these requirements include polysaccharides of plant
(i.e., carrageenan) or microbial (i.e., dextran) origin, food proteins (i.e., whey proteins),
and emulsifiers (i.e., lecithin). Polymeric NP have been adopted as a preferred method
for improving phytochemical bioavailability and distribution because of its higher
compound loading capacity and better stability (He et al. 2013). They have proven more
stable in the GI tract than other colloidal carriers, such as liposomes and emulsions, so
that they protect encapsulated compounds from the conditions of the GI environment
(Brannon-Peppas 1995). The use of various polymeric materials enables the modulation
of physiochemical characteristics (i.e., hydrophobicity, zeta potential), compound release
properties (i.e., delayed, prolonged, triggered), and biological behavior (targeting,
bioadhesion, cellular uptake) of NP (Soppimath et al. 2001). Moreover, the submicron
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size of NP and their large surface area favor their absorption compared to larger carriers
(Jani et al. 1990; Desai et al. 1996).
Polymeric materials used for the formulation of NP include synthetic poly(lactic
acids) (PLA), poly(lactic-co-glycolytic acid) (PLGA), poly(ε-caprolactone) (PCL),
poly(methyl methacrylates), and poly(alkyl cyanoacrylates) or natural polymers (albumin,
gelatin, alginate, collagen, or chitosan). Synthetic polymers with precise chemical
composition display highly predictable physical properties such as solubility,
permeability, degradation, and erosion, as well as targeting behavior. Natural polymers,
besides being less predictable, are also often mildly immunogenic (des Rieux et al.
2006). Among the different synthetic polymers developed to formulate polymeric NP,
PLGA has attracted considerable attention due to its high biodegradability (Kumari et al.
2010). PLGA decomposition yields lactic acid (“milk acid”) and glycolic acid (“fruit acid”)
monomers. Because these two compounds are present in the diet and are easily
metabolized via the Krebs cycle, systemic toxicity is presumed to be unlikely with the
use of PLGA for nutrient encapsulation. In addition, the polymers are commercially
available with different molecular weights and copolymer compositions allowing the
degradation to vary from several months to several years. PLA has also been employed
for nutrient-based NP, but to a lesser extent than PLGA due to its lower degradation
rate.

Transport of Polymeric NP across Intestinal Mucosa
Besides protection from the environment in the GI lumen, strategies have been
developed to improve the bioavailability of compounds encapsulated in polymeric NP,
focusing principally on approaches to facilitating transport across the intestinal mucosa
and enhancing uptake into intestinal cells. For food-related applications, two types of
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intestinal cells are most involved in bioavailability: 1) enterocytes, the absorptive cells
representing the majority of the GI tract lining, and 2) microfold (“M”) cells, mainly
located in the follicle-associated epithelium of the Peyer’s patch. In contrast to normal
enterocytes, M cells lack microvilli on their apical surface but possess broader microfolds
with the ability to transport antigens from the lumen via endocytosis or phagocytosis to
the basolateral side for processing by immune cells. M cells do not secrete mucus or
digestive enzymes and have a small or absent glycocalyx, an extracellular
polysaccharide layer found on enterocytes. M cells represent 1% of the intestinal
surface area.
The mechanisms by which polymeric NP are taken up into intestinal epithelial
cells are not entirely clear. There is evidence from ex vivo studies in rats and rabbits and
from in vitro studies in human epithelial colorectal adenocarcinoma cells (Caco-2) that
translocation of NP occurs in the villi (Behrens et al. 2002; Reix et al. 2012; McClean et
al. 1998; Zhang et al. 2006). However, because of the low endocytic activity of
enterocytes, the amount of NP translocated via this route in Caco-2 cells appears
minimal (Cartiera et al. 2009; Pietzonka et al. 2002). Thus, the bulk of NP translocation
may occur across M cells in the Follicle Associated Epithelium (des Rieux et al. 2005;
des Rieux et al. 2007). Hillery et al. (1994) studied the uptake of 60 nm polystyrene
particles by gut epithelial cells in female Sprague Dawley rats after 5 d of oral dosing via
gavage and found only 10% of the administered dose to be recovered from the entire GI
tract. They estimated that 60% of this uptake occurred through the lymphoid aggregates
of the Peyer’s patches.
Two major obstacles affecting the transport of compounds across the intestinal
mucosa are GI transit time and mucus layer barriers. Thus, the absorption of a
phytochemical could be improved if its residence time in the gut were to be increased
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and its permeability through mucus layers was enhanced. Research efforts are
underway to develop mucoadhesive and muco-penetrating NP. Electrostatic interaction
is one of the more exploited forms of mucoadhesion, as exemplified by use of chitosan,
a cationic natural polymer obtained from deacetylation of chitin, for a variety of oral
delivery applications (Chae et al. 2005; Thanou et al. 2001). However, chitosan is only
soluble in acidic environments, so its effectiveness is diminished in the slight alkaline
environment in the rat small intestine and in Caco-2 cells (Sonaje et al. 2009; Sonaje et
al. 2012). A potential solution to the limitation with chitosan is N-trimethyl chitosan
chloride (TMC), a derivative that is soluble in neutral and basic environments (van der
Merwe et al. 2004). Alternatively, mucoadhesion can also be achieved via conjugation
with ligands that recognize particular mucin glycoproteins. For example, wheat germ
agglutinin (WGA) from Tricticum vulgare specifically binds to N-acetyl-D-glucosamine
and sialic acid on the cell surface. WGA conjugated PLGA-NP has been found to bind in
vitro to the surface of Caco-2 cells as well as ex vivo and in vivo to the intestinal villous
epithelium and Peyer's patches of rats; these NP may also be taken up into cells via
receptor-mediated endocytosis involving the epidermal growth factor receptor that is
expressed at a considerable density on enterocytes (Weissenboeck et al. 2004; Yin et
al. 2007).
Although mucoadhesion originally appear as a promising approach for increasing
absorption, these NP adsorb to mucin fibers and so are not efficient in reaching the
surface of the enterocyte. As GI mucus has a turnover time of 4-5 h, those NP bound to
mucus are excreted rapidly (Galindo-Rodriguez et al. 2005; Bernkop-Schnürch et al.
2005). Hence, this approach will be unsuccessful unless the encapsulated compound is
readily released from the NP at the site of absorption and can directly reach the
enterocyte. To achieve a longer residence time of NP at mucosal surfaces, especially for
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particle systems that require intact intracellular delivery, attempts have been made to
develop mucus penetrating particles. One approach has been to synthesize particles
with a strong hydrophilicity and neutral charge that mimics the essential surface
properties of viruses which allow them to avoid mucoadhesion. Densely coating
biodegradable particles with poly(ethylene glyocol) [PEG], an uncharged hydrophilic
polymer, has been demonstrated to minimize adhesive interactions between NP and
mucins (Vila et al. 2002; Lai et al. 2009). This approach appears to allow NP to rapidly
penetrate human mucus by moving through openings between mucin mesh fibers
(Huang et al. 2000; Tobío et al. 2000; Yoncheva et al. 2007).
A macromolecule or NP can theoretically cross the intestinal epithelium by
paracellular (between adjacent cells) and/or transcellular routes. However, under normal
physiological conditions, the overall efficiency of the paracellular route is limited because
of the small surface area of the intercellular spaces and the tightness of the junctions
between the cells (Anderson 2001). So, the transcellular route has been the most
explored for NP translocation. Transport of NP by the transcellular pathway is especially
dependent on factors associated with the physiochemical properties of particles, such as
size, zeta potential, and surface hydrophobicity. For example, NP transcytosis increases
as the particle diameter decreases (Jani et al. 1990; Desai et al. 1996). However, while
the available data from Caco-2 cells and rat models on the effect of charge and
hydrophobicity using a variety of NP are not consistent, there is agreement that NP
surface properties are a critical aspect of developing NP that will enhance oral delivery
(Vila et al. 2002; Behrens et al. 2002; Shakweh et al. 2004; Jung et al. 2000). In addition
to their mucoadhesive properties, the use of water soluble polymers (such as chitosan
and TMC) in Caco-2 cells and in rats do appear to be useful strategies to enhance
paracellular transport of compounds alone (Sonaje et al. 2009; van der Merwe et al.
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2004). The mechanism for paracellular transport appears to be the formation of
entanglements and chemical bonds between the negatively charged cell membrane and
the positively charged polymer or by complexing the Ca2+ involved in the structure of
tight junctions (Smith et al. 2004; Sonaje et al. 2012). The results of previous studies,
also conducted in Caco-2 cells and in rats, suggest that the transport is inversely related
to molecular weight and is reversible (Chae et al. 2005).
With the challenge of overcoming obstacles to the intestinal uptake and transport
of NP delivery systems, strategies are also being pursued that will prolong the T1/2 to
allow for a greater uptake into target tissues. Hydrophobic particles are generally
perceived by the body as foreign. The reticulo-endothelial system (RES) eliminates
these particles from the circulation and moves them to the liver or spleen. This RES
process presents one of the most important biological barriers to NP systemic delivery
(Kumari et al. 2010). To address this issue, NP can be coated with molecules that hide
the hydrophobicity by providing a hydrophilic layer on the particle surface. The most
common moiety for surface modification is the hydrophilic and non-ionic polymer PEG.
In animal models, the attachment of PEG, mostly to injectable polymeric NP, can
increase T1/2 by several orders of magnitude (Owens and Peppas 2006). Surface
modification can also be used to target NP toward specific organs and increase selective
cellular binding and internalization through receptor-mediated endocytosis. As noted,
surface charges of NP have an important influence on their interaction with and uptake
into cells, such as the human dendritic cell line (Foged et al. 2005; Vasir and
Labhasetwar 2008). Positively charged NP’s seem to be able to escape the lysosomes
after being internalized and exhibit perinuclear localization in a variety epithelial,
fibroblastic, endothelial, and blood cell lines (Yue et al. 2011). Further, targeted ligands
can be grafted at the NP surface (Alexis et al. 2008).
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Polymeric NP as Potential Delivery Systems of Phytochemicals
A growing body of literature reveals a careful characterization of the in vitro stability and
absorption profile of polymeric NP encapsulated phytochemicals. A much more limited
number of animal model studies have examined the in vivo pharmacokinetic profiles of
free versus NP bioactives (Table 1). ADME data from human studies of phytochemicals
in NP formulations is not available. A discussion of experimental studies conducted to
date using mostly polymeric NP as a potential delivery system for selected bioactives
follows. In order to provide a comprehensive discussion of studies to date, the selected
bioactives include but are not limited to flavonoids and xanthophylls. It is noteworthy that
a more limited number of the selected phytochemicals studied to date include lipid
soluble compounds.

i. Epigallocatechin-3-gallate
EGCG, a water-soluble flavanol, is found predominately in green tea leaves (Camellia
sinensis) and has been associated with an array of health benefits that include
reductions in the risk for some forms of cancer, cardiovascular disease, type 2 diabetes
mellitus, and osteoporosis. EGCG is highly susceptible to degradation in the intestinal
milieu and via oxidative processes (Mochizuki et al. 2002); i.e., 80% of EGCG was
degraded after the incubation for 1 h in a simulated intestinal fluid at pH 7.4 (Dube et al.
2010a). Efforts to promote the intake, enhance the stability, and increase bioavailability
of EGCG are being explored with the intent to incorporate it into NP for formulation into
novel foods. Dube et al. (2010a, 2010b, 2011) conducted a series of studies to evaluate
the efficacy of chitosan tripolyphosphate NP (size, 165 nm; zeta potential, 33 mV) in
EGCG stability and bioavailability. Dube et al. (2010a) found that EGCG incubated in an
alkaline solution (50 mM KH2PO4 buffer, pH 7.4), took 10 and 40 min for pure and
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chitosan tripolyphosphate EGCG to degrade to 50% of their initial levels, respectively.
Using an ex vivo mouse jejunum segment mounted in Ussing chambers, Dube et al.
(2010b) found that chitosan tripolyphosphate EGCG at 6.2 mg/mL (size, 440 nm; zeta
potential, 25 mV) exhibited a 1.8-fold greater absorption rate than the same dose of free
EGCG. Using mice, these investigators also examined in vivo the absorption of 0.76
mg/kg BW chitosan tripolyphosphate EGC (size, 440 nm) and found that the chitosanNP increased the relative oral bioavailability by 1.5 fold compared to the same dose of
free EGCG (Dube et al. 2011); the Cmax increased by 1 fold but the Tmax was not different
between the NP and the pure compound. Further, a 2.3-fold increase in the apparent
exposure of encapsulated EGCG was evident in the jejunum tissue at 2.5 h compared to
free EGCG, however, at 1.5 and 5 h, the concentrations were similar. Nonetheless, the
EE of EGCG in this series of experiments was only 0.05%, a concentration that would
not be practical for food applications.
Surface modification with chitosan has been shown to enhance absorption via
permeation through the paracellular route (George and Abraham 2006). Tang et al.
(2012) developed green tea flavanol mixtures (including EGCG, epicatechin gallate,
epigallocatechin, and epicatechin) loaded into a poly-(γ-glutamic acid) γ-(PGA)-chitosan
NP (size, 140 nm; zeta potential, 33.5 mV) with an EE of 13.8-23.5% and monitored the
in vitro paracellular permeability through Caco-2 cells. A decrease in transendothelial
electrical resistance (TEER), an indicator of monolayer integrity, was utilized as a
measure of paracellular permeability. TEER values of Caco-2 cell monolayers incubated
for 2 h with free flavanols showed no significant differences when compared to the
control group; however, incubation of the encapsulated tea flavanols on the apical side,
at pH 6.6 (intestinal pH) for the same duration led to an immediate and pronounced
reduction in TEER. After removal of the incubated NP, a gradual increase in TEER
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values was observed up to 20 h. Free tea flavanols transported across the Caco-2 cells
were 6% but incubation with NP lead to enhancement of transported tea catechins to
24%. This reduction in TEER followed by an increase in transport with NP incubation
(compared to free catechins) suggest that the NP led to an increase in paracellular
permeability resulting in an enhancement of transport of the tea flavanols. The gradual
increase in TEER subsequent to removal of the NP suggests that the paracellular
permeability is reversible.
In addition to enhancing systemic bioavailability, nanoencapsulated EGCG has
been shown to provide improved bioactivity. Siddiqui et al. (2009) evaluated the potential
of PLA-PEG-NP EGCG (size, 260 nm; zeta potential, -7.92 mV) for the chemoprevention
of prostate cancer (androgen -responsive 22rv1 cell xenografts) in athymic nude mice
that received 100 μg PLA-PEG EGCG, 1 mg pure EGCG or no treatment 3 times
weekly IP. At 45 d post-inoculation, the tumor volume in the control mice was 1.8- and
1.5-fold larger than NP or free EGCG, respectively (P <0.01). In order to achieve
comparable tumor growth inhibition, a 10-fold lower dose of NP EGCG was required
(compared to free EGCG). The mean serum specific antigen (PSA) level of the control
mice was significantly higher, at 3 and 11 fold, compared to the NP and free EGCG
groups, respectively.

ii. Carotenoids
Carotenoids are a family of fat-soluble pigmented compounds which are ubiquitous in
plants foods and display a diverse array of bioactivity, i.e., anti-oxidation and antiinflammation. While carotenoids are poorly absorbed, due in part to their poor water
solubility, the effect of nanoencapsulation on its pharmacokinetic profile in vivo has yet to
be tested. Yet, in a feeding study with male Swiss albino mice, Arunkumar et al. (2013)
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examined the effect, after a single incubation period, of 200 µM lutein (a xanthophyll
carotenoid) chitosan triphosphate NP (size, 80-600 nm; EE, 85%) on postprandial lutein
levels compared to lutein in mixed micelles. Lutein levels after the oral administration
increased in plasma, liver and eye by 53.5, 53.9, and 62.8%, respectively, as compared
to the control. Further, Yi et al. (2014) examined the effect of various food protein
stabilized solid lipid nanoparticles [sodium caseinate (SC), whey protein isolate (WPI), or
soy protein isolate (SPI); size, 75-90 nm; EE, 99%] on the in vitro intestinal cellular
uptake of 5 µg/ml β-carotene, a carotene carotenoid. Following a 24 h incubation, the
cellular uptake of β-carotene by Caco-2 cell monolayers was increased by 2.6, 3.4, and
1.7 fold, respectively, by SC, WPI, and SPI, as compared to the free form. This limited
data provides promising evidence that further investigation is needed on the effect of
nanoencapsulation on carotenoid bioavailability.

iii. Curcumin
Curcumin, found particularly in turmeric (Curcuma longa), has been associated with a
variety of health benefits that include antioxidant actions to reduce oxidative stress,
chemopreventive or cancer therapeutic effects mediated by a capacity for antiangiogenesis, anti-inflammatory effects associated with the prevention or treatment of
chronic conditions including cardiometabolic diseases and acute anti-allergic responses,
and enhancement of immune responses to modulate autoimmune disorders. However,
as a lipophilic polyphenol, curcumin is poorly absorbed due to its low stability and
solubility in the GI tract (Tønnesen 2002). Since the maximum solubility of curcumin in
an aqueous buffer (pH 5.0) is 11 ng/mL, several efforts have been undertaken to
promote the stability and bioavailability of curcumin with NP formulations.
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In a pharmacokinetic study with male Sprague Dawley rats, Shaikh et al. (2009)
found that 100 mg/kg body weight (BW) curcumin-PLGA-NP (size, 242 nm; entrapment
efficiency (EE), 76.9%; zeta potential, -4.27 mV) increased relative oral bioavailability
(AUC/dose) by 25.8 fold (as compared to free curcumin at a dose of 250 mg/kg BW). In
addition, the authors reported that the Tmax and Cmax of the curcumin NP were increased
4- and 3-fold, respectively. Consistent with the results from Shaikh et al. (2009), Tsai et
al. (2011) found the relative oral bioavailability of curcumin-PLGA-NP in the same animal
model at a dose of 50 mg/kg BW (size, 158 nm; EE, 46.6%; zeta potential, -12 mV) to be
22.8-fold larger than that of pure curcumin at a 20-fold larger dose. The greater urinary
curcumin excretion and a 50% reduction in curcumin elimination in feces in the rats
given curcumin-PLGA-NP (as compared to the free form) provided further evidence that
NP enhanced curcumin absorption. Interestingly, despite the fact that Cmax increased 2
fold, Tmax remained essentially the same. However, Xie et al. (2011) found that 100
mg/kg BW curcumin-PLGA-NP (size, 200 nm; EE, 92.0%), administered to male
Sprague Dawley rats, provided greater relative oral bioavailability, compared to free
curcumin, but to a markedly lower degree (5.6 fold) compared to that reported by Tsai et
al. (2011); Tmax and Cmax were increased by 1.2 and 4.4 fold, respectively. While the
factors accountable for the discrepancy between studies are unclear, it is unlikely
attributed to the size of NP. Recently, Khalil et al. (2013) investigated the effect of
surface modified PLGA-PEG-NP on curcumin circulation time in Wistar rats. They
observed that both PLGA (size, 161 nm; EE, 77%) and PLGA-PEG (size, 152 nm; EE,
73%) formulations were able to prolong curcumin release in physiological conditions
over time. With respect to the efficiency of improving the oral bioavailability of curcumin,
PLGA-PEG provided better results in all of the pharmacokinetic parameters compared to
PLGA alone. For example, compared to 50 mg/kg BW free curcumin provided in an
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aqueous solution, the PLGA and PLGA-PEG-NP at the same dose increased the relative
oral bioavailability of curcumin by 15.6 and 51.6 fold, respectively; the Tmax was
extended by 4 and 6 fold and the Cmax was increased by 3 and 7.5 fold, respectively.
These differences in pharmacokinetics between the PLGA and PLGA-PEG NP may
have resulted from the longer time of systemic circulation. Further research is required to
evaluate the comparative efficacy of PLGA and PLGA-PEG for other polyphenols.
In addition to improving the pharmacokinetic profile, polymeric NP has been
shown to improve the bioactivity of curcumin. Yallapu et al. (2010) found 2- and 6-fold
increases in the cellular uptake of 2-8 µM doses of curcumin-PLGA-NP (size, 76.2 nm;
EE, 89%; zeta potential, 0.06 mV) in cisplatin-resistant A2780CP ovarian and metastatic
MDA-MB-231 breast cancer cells, respectively, as compared to the same dose of free
curcumin. NP-curcumin, when compared to the free form, also demonstrated superior
efficacy in inhibiting proliferation and promoting apoptosis of these two cancer cells in
vitro. For example, treatment with NP-curcumin resulted in a higher number of cells (5and 8-fold increases in A2780CP and MDA-MB-231 cells, respectively) that were
positive for Annexin V staining (an indicator of cell death) compared to those treated with
free curcumin. Similarly, Anand et al. (2010) found that curcumin encapsulated in PLGAPEG-NP (size, 80.9 nm; EE, 97.5%) was taken up by KBM-5 human chronic myeloid
leukemia cells in vitro in 5 min as compared to 30 min for the free form. The authors also
noted that NP-curcumin was comparable or more potent than free curcumin in inducing
apoptosis in leukemic cells and in suppressing proliferation of breast, colorectal,
esophageal, and prostate cancer cell lines. NP-curcumin was also more potent than free
curcumin in suppressing tumor necrosis factor-induced nuclear factor (NF) κB activation
and subsequent NFκB-regulated responses, including cell proliferation (cyclin D1),
invasion (matrix metallopeptidase-9), and angiogenesis (vascular endothelial growth
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factor). Similarly, Mukerjee and Vishwanatha (2009) reported that PLGA-NP
encapsulation (size, 45 nm; EE, 90%) enhanced curcumin uptake into various prostate
cancer cells and arrested cell growth and inhibited NFκB activation when compared to
free curcumin. These in vitro results demonstrate the potential for PLGA-NP as carriers
for the oral delivery of curcumin in cancer therapy. However, in vivo research will be
necessary to confirm the therapeutic efficacy of curcumin encapsulated in PLGA-PEGNP.

iv. Quercetin
Quercetin, a semi-lipophilic flavonol, is ubiquitous in plant foods. Like most flavonoids,
quercetin is extensively transformed via phase II metabolism for elimination from the
body (Manach et al. 1998). To date, only one pharmacokinetic study is available that
examines the efficacy of a non-polymeric NP to improve the oral bioavailability of
quercetin. Following oral administration of 50 mg/kg BW quercetin to male Wistar rats, Li
et al. (2009) reported that solid lipid (soya lecithin, Tween-80, and PEG) NP (size, 155
nm; EE, 91%; zeta potential, -32 mV) increased the relative oral bioavailability of
quercetin by 5.7 fold as compared to free form. The Cmax and Tmax of the quercetin NP
increased by 2 and 1.6 fold, respectively. Since the bioactivity of quercetin is largely
dependent on its metabolites, further research is warranted to evaluate the effect of
quercetin encapsulation on its biotransformation in the GI tract and other in other
tissues.
While limited information is available on the oral bioavailability of quercetin in
polymeric NP, the effect of nanoencapsulation on its antioxidant and anti-inflammatory
action has been examined in several studies. Wu et al. (2008) prepared a quercetin NP
system with aminoalkyl methacrylate copolymers as a carrier (size, 82 nm; EE, 99%).
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They found that the radical scavenging activity of quercetin-NP toward DPPH radicals
and superoxide anion was enhanced in vitro by 883 and 1377 fold as compared to free
form. The quercetin NP was also 59-fold more effective in inhibiting lipid peroxidation
reactions. Similarly, Pool et al. (2012) reported that quercetin encapsulated within PLGA
(1 and 5 μM) displayed a more potent antioxidant action against peroxyl radical-induced
lipid peroxidation and a greater capacity for chelating activity toward transient metals
than free quercetin. Ghosh et al. (2009) evaluated the antioxidant activity of a single
pretreatment of 2.71 mg/kg BW quercetin-PLGA administered orally to female rats in
protecting against injury from reactive oxygen species (ROS) produced in liver and brain
tissue 90 min after a subcutaneous injection of arsenite. Oxidative damage was
assessed by glutathione, glutathione peroxidase, glutathione transferase, catalase,
glucose-6-dehydrogenase, mitochondrial microviscosity, and lipid peroxidation 24 h after
the arsenite injection. Quercetin-PLGA provided full protection against the arseniteinduced ROS injury while free quercetin was ineffective. The protection of quercetinPLGA was ascribed primarily to sequestration of 60% of the arsenite deposited in
mitochondria of the tissues. The same laboratory reported a synergy between quercetin
and meso-2,3-dimercaptosuccinic acid (a hydrophilic arsenic chelator) with respect to
protection against arsenic-induced damage in the same animal model when they were
encapsulated together in PLGA (Ghosh et al. 2011).
In a rat model, Chakraborty et al. (2012) examined the effectiveness of a single
dose of 2.5 mg/kg BW quercetin-PLGA (size, 15 nm; EE, 66%) administered orally prior
to an alcohol-induced gastric ulcer in protecting against oxidative damage, mitochondrial
integrity, and the up-regulation of matrix metallopeptidase-9 and inducible nitric oxide
synthase. The authors reported that quercetin-PLGA prevented 90% of alcohol-induced
ulceration as compared to 20% by free quercetin at the same dose. Quercetin-PLGA
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maintained the biomarkers of oxidative damage and inflammatory responses in gastric
mucosa induced by alcohol at the same level as the negative control. These preclinical
findings suggest that the potential therapeutic efficacy of quercetin can be enhanced by
nanoencapsulation. More research is necessary to establish the mechanism(s) by which
PLGA nanoencapsulation increases quercetin bioactivity, i.e., by protecting quercetin
against degradation in acidic environments, increasing overall bioavailability, and/or
modifying its metabolite distribution or profile.

v. Resveratrol
Resveratrol, a lipophilic stilbene found predominantly in grapes and red wine, displays a
diverse array of bioactivity, i.e., chemoprevention or cancer treatment via its roles in cell
cycle arrest, differentiation, and apoptosis; anti-inflammation; putative benefits on risk
factors for cardiovascular disease and type 2 diabetes mellitus; and “anti-aging” effects.
While resveratrol is poorly absorbed, due in part to its low water solubility and unstable
chemical nature, the effect of nanoencapsulation on its pharmacokinetic profile in vivo
has yet to be tested. Using an in vitro simulation of GI conditions (an initial 3-h
incubation at 37°C in a pH 1.2 buffer, followed by a 33 h incubation at pH 7.4) Neves et
al. (2013) tested the concept that resveratrol loaded in a non-polymeric NP [solid lipid
NP (cetyl palmitate and polysorbate 60) or a nanostructured lipid carrier (cetyl palmitate,
polysorbate 60, and the liquid lipid miglyol-812); size, ~170 nm; EE, ~72%; zeta
potential, ~-30 mV] would maintain its chemical integrity in GI tract environment. They
found that 24% resveratrol in the NP leached in to the GI mimic buffers.
While no pharmacokinetic experiments have been conducted with NP
resveratrol, several studies have examined whether polymeric nanoencapsulation
enhances its therapeutic potential. Using lipophilic PCL-PEG as a carrier, Lu et al.
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(2009) examined the effect of resveratrol-NP (size, 100 nm; EE, 89%) on cell viability,
ROS production, and activation of caspase-3 activity (apoptosis) in rat adrenal
pheochromocytoma (PC12) cells treated with β-amyloid peptide, an inducer of an
Alzheimer’s disease model. They found that pretreatment with resveratrol-NP at 10 µM
for 12 h provided a significant protection against β-amyloid peptide-induced toxicity while
free resveratrol exaggerated the toxicity. The authors postulated that nanoencapsulation
facilitated internalization of resveratrol via endocytosis so that resveratrol would not
accumulate in the cell membrane where it could induce lipid peroxidation and its
sequelae. Similarly, Shao et al. (2009) observed resveratrol encapsulated in m-PEGPCL copolymer NP (size, 87 nm; EE, 90%; zeta potential, -5.6 mV) was more effective
to induce cytotoxicity of rat C6 glioma cancer cells than free resveratrol at the same
doses (2-32 µM). The induction of cytotoxicity was in parallel with intracellular ROS
generation (determined by a H2DCFDA dye) and was diminished by the co-treatment of
vitamin E as its addition decreased ROS generation. It is worth noting the discrepancy in
the effect of resveratrol on ROS production with inhibition in the formal study and
promotion in the latter study, probably due to the use of the ROS inducer in the former
study and difference in cell lines. These in vitro data appear to support application of
nanoencapsulation to magnify therapeutic efficacy of resveratrol and decrease its
potential toxicity to normal cells.

Conclusion
Research reports from efforts to enhance the bioavailability of dietary phytochemicals
provide encouraging evidence for the feasibility of utilizing nanoencapsulation
technology. While there is value in carefully characterizing the transport of nanoparticles
in vitro, potential applications require substantiation of their efficacy and safety in vivo.

28
To date only a limited number of studies using animal models have demonstrated the
benefits of nanoencapsulation on absorption, distribution, metabolism, and elimination of
phytochemicals. Some studies have demonstrated that increasing the absorption and
systemic distribution of bioactives within nanoparticles is associated with higher
concentrations within target tissues and/or larger bioactivity. However, the results
obtained vary by specific compound and the type and characteristics of the nanoparticle
(including its ability to achieve effective entrapment efficiency). Given that a majority of
the bioactive constituents studied with NP to date has been water soluble, future studies
are warranted to enhance an understanding and application of the properties of more
fat-soluble nutrients. Successful “nanonutrient” applications should allow for the
development of innovative foods and beverages with a variety of health-promoting and
therapeutic functional properties.
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sulfotransferase; GST, glutathione S-transferase; LPH, lactase-phlorizin hydrolase
(Spencer 2003; Bohn 2014).
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Dietary Xanthophylls in Food Matrix
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Table 1. Examples of in vivo oral pharmacokinetic studies (polymeric NP vs. free phytochemical) in animal models
Studies
EGCG
Dube et al.
2011

Animal

Swiss
Outbred
Mice

Formulation/Dose
(per BW)
 CS: 0.76 mg/kg
 Free: 0.76 mg/kg

Time
points
0-5 h

Cmax
(μg/mL)

Tmax (min)

AUC
(min*μg/mL)

Free EGCG:
0.016  0.004
vs.
0.015  0.002

90 for all

Free EGCG:
4.57  0.33
vs.
3.15  0.11

Total EGCG (free +
phase II conjugates):
0.017  0.003
vs.
0.016  0.001
Curcumin
Tsai et al.
2011

Total EGCG (free +
phase II conjugates):
4.93  0.3
vs.
3.19  0.11

SD Rat

 PLGA (50:50)-PVA
(20%): 50 mg/kg
 Free: 1 g/kg

0-6 h

0.044  0.004
vs.
0.022  0.002
P <0.05

~30
vs.
~45

7.32  0.8
vs.
6.44  2.0

Xie et al.
2011

SD Rat

 PLGA (50:50)-PVA
(1%): 100 mg/kg
 Free: 100 mg/kg

0-12 h

6.75  1.54
vs.
1.55  0.21
P <0.01

120 + 0
vs.
10216
P <0.01

2066  332
vs.
367  21
P <0.01

Khalil et al.
2013

Wistar
Rat

 PLGA (50:50)-PVA
(0.5%): 50 mg/kg
 PLGA-PEG: 50 mg/kg

0-24 h

0.012  0.0005
vs.
0.030  0.005

120
vs.
180

8.04  0.21
vs.
26.87  3.84

42

1

Studies

Animal

Quercetin
Li et al.
2009

Wistar
rat

Formulation/Dose
(per BW)
 SLN: 50 mg/kg
 Free: 50 mg/kg

Time
points

Cmax
(μg/mL)

Tmax (min)

AUC
(min*μg/mL)

0-48 h

12.22  2.15
vs.
5.90  1.24

480
vs.
300

19,440  2,481
vs.
3,403.8  553.8

All data are expressed as mean + SD
Abbreviations: AUC, area under the curve of time and concentration; Cmax, maximum concentration; Tmax, time to Cmax; SD,
Figure 1.Dawley;
Chemical
Structure
of Selected
Polyphenols
Sprague
Cur,
curcumin;
NP, Nanoparticle;
PLGA, poly(lactic-co-glycolytic acid); PVA, polyvinyl alcohol; PEG,
polyethylene glycol; CS, chitosan; SLN, solid lipid nanoparticles.
2
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III.

Preliminary Data

Epigallocatechin gallate (EGCG), a water-soluble flavanol found in green tea, was
initially selected to test the hypothesis that nanoencapsulation will improve the
bioavailability of phytochemicals. Thus, a series of pilot experiments were performed to
establish the lowest EGCG dose required to achieve a detectable concentration of
EGCG in rat plasma. The objective of this study was to demonstrate the feasibility of
entrapping EGCG in polymeric nanoparticles (NP) at a level optimal for a bioavailability
study in rats.
Methods: EGCG (Sigma-Aldrich, St Louis, MO, USA) was administered by
intragastric gavage at a dose of 1 mg/kg body weight (BW) purified and in poly(lactic-coglycolic acid) (PLGA)-NP [entrapment efficiency (EE) of 0.4%]; no EGCG was detected
in plasma. We subsequently sought to establish the lowest dose of EGCG necessary to
achieve a detectable concentration of EGCG in rat plasma. EGCG [in water with 0.2
mg/mL ascorbic acid (pH 3.6)] was gavaged to male Fischer 344 rats at a dose of 25,
37.5, 50, 100, or 150 mg/kg BW (n = 1/dose). Blood was collected 2 h subsequent to the
gavage (according to the anticipated Tmax of EGCG in plasma) and plasma was analyzed
using a HPLC- electrochemical detection.
Results: The EGCG concentration in plasma of rats gavaged with 25, 37.5, 50,
100, and 150 mg/kg BW was 170, 10, 20, 2,600, and 500 ng/mL, respectively. Given the
wide variation in the bioavailability of EGCG between rats, we estimated that an oral
dose of EGCG at 50 mg/kg BW would be the lowest dose that could be reliably detected
in plasma. Based on the need to provide a dose of 50 mg/kg BW and the EE of 0.4%
obtained from the current production protocol, we estimated a required dose 2.5 g of
PLGA-NP EGCG/rat. Due to the solubility of PLGA-NP EGCG, delivering this dose
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would not be feasible unless the EE for EGCG could be increased to 8%. Thus, we
refocused our investigation on lutein which has a NP EE of ~75%.
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Chapter 1: Development of a Cell Culture Model to Examine Fat-Soluble Nutrient
Absorption In Vitro

Abstract
Permeable supports (PS) are employed in in vitro nutrient absorption studies but data
are absent on their efficacy compared to the conventional system (CONV). The in vivo
absorption of fat soluble nutrients is influenced by its delivery vehicle, yet a fundamental
understanding of the influence of vehicle on cells in culture is also lacking. We used
Caco-2 cells to compare the efficacy of lutein absorption in CONV and PS systems and
to examine the role of micelles, the physiological vehicle within one’s small intestine.
After plating for 2 and 21 d to attain confluence and differentiation in CONV and PS,
respectively, cells were treated with lutein in micelles or ethanol. After incubation, lutein
in cell lysate as well as apical and basolateral mediums were quantified by HPLC-UV.
After 24 h, the lutein in the cells in CONV was at least 460 and 8% greater in ethanol
and micelle, respectively, than in PS. Yet, the intracellular AUC over time was only
different for ethanol (P ≤ 0.05). In PS, 0.15% of micellized lutein was secreted to the
basolateral medium while only 0.016% of lutein in ethanol was secreted. The absorption
of lutein (uptake + secretion), independent of vehicle, in CONV increased linearly with
dose (0.35 to 4 or to 14.6 µg/mL for ethanol or micelle, respectively), while that in PS
peaked at 1.18 μg/mL. With Caco-2 cells cultured in PS reliably grown to display
phenotypes and functions of enterocytes in the small intestine, this in vitro platform
enables the generation of information that is closer to the physiology of the absorptive
enterocytes. However, although the CONV has the physiology of colonic tissue, it
appears to display a greater efficacy for lutein uptake by Caco-2 cells which can provide
a rapid, preliminary tool for methodology development for nutrient absorption studies.
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Introduction
In vitro models present a useful approach to studying mechanisms of intestinal nutrient
transport. The human intestinal Caco-2 cell line has been used extensively as an in vitro
model of absorptive enterocytes (Delie and Rubas 1997; Le Ferrec et al. 2001; Sambruy
et al. 2001). Caco-2 cells originate from human colonic carcinoma, and after
differentiation, exhibit morphological and functional characteristics comparable to those
of differentiated epithelial cells that line the mucosa of the small intestine. They
spontaneously differentiate to an enterocyte-like phenotype when they grow to
confluency in conventional monolayer culture conditions (Ferruzza et al. 2012; Sambruy
et al. 2005; Reisher et al. 1993). During the early phases of differentiation, the cells
express both colonocyte and enterocyte-specific proteins, such as surfactant protein A
and -1 antitrypsin, respectively (Engle et al. 1998). As differentiation proceeds,
colonocyte-specific gene expression decreases and morphological and biochemical
characteristics of enterocytes develop (such as tight junctions, microvilli, enzymes and
transport systems).
Caco-2 cells are cultured on permeable cell culture supports (PS) or conventional
tissue culture treated plastic plates (CONV) for absorption experiments of nutrients (and
also pharmacological agents). Caco-2 cells differentiate more efficiently on PS than on
CONV because Caco-2 cells remain in a proliferative stage due to constant cell
detachment resulting from intracellular fluid being transported to the basolateral space of
cells (Perdikis et al. 1997, Cereijido et al. 1978). The PS also facilitates investigation of
cell permeability and transepithelial transport because of establishment of functional tight
junctions between cells (Sambruy et al. 2005). The apical and basolateral surfaces of
cells face the upper and lower compartments, which correspond to the intestinal lumen
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side and serosal side, respectively. Yet, data are absent on whether the PS generates
more efficient intestinal absorption and more valid information than the CONV approach.
The absorption of fat-soluble vitamins and carotenoids in vivo is influenced by the
vehicle that carries the nutrient to the apical membrane of the enterocytes. During
digestion, fat soluble nutrients are released from their food matrix and transferred to
mixed micelles or, to a lesser extent, to vesicles such as liposomes (Borel 2003; Noy et
al. 1995) or associated with proteins such as β-lactoglobulin (Pérez and Calvo 1995).
Once solubilized, uptake into the intestinal mucosa involves passive diffusion or
facilitated transport through cholesterol transporters (Reboul and Borel 2011; Narushima
et al. 2008; Reboul 2013). The final step in absorption is assimilation into chylomicrons
and secretion into the lymph for systemic distribution. Aside from the major physiological
vehicle, the mixed micelle, fat soluble nutrients have also been delivered to a variety of
cell types in culture incorporated both liposomes and water-miscible beadlets (Garrett et
al. 1999; Reboul et al. 2007; Shahrhad et al. 2002; Lancrajan et al. 2001). The organic
solvents tetrahydrofuran (THF), dimethylsulfoxide (DMSO), and ethanol have also been
frequently employed as delivery vehicles (O’Sullivan et al. 2004; Zhang and Omaye
2001; Liu et al. 2004; El-Metwally and Adrian 1999), but with numerous limitations that
include

instability,

insolubility

and

cytotoxicity.

Nonetheless,

a

fundamental

understanding of the influence of vehicle on cells in culture remains lacking.
The efficacy of nutrient intestinal absorption in vitro using Caco-2 cell monolayers
grown in CONV and PS system has not been systemically compared. Thus, we have
examined the absorption efficacy of lutein since its putative health benefits have been
established (Tapiero et al. 2004; Krinsky and Johnson 2005; Johnson 2002). Lutein, a
fat-soluble xanthophyll carotenoid, is commonly present in dark green leafy vegetables,
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corn, avocados, and egg yolks. We also tested 2 delivery vehicles that were employed to
solubilize lutein, i.e., a synthetically prepared micelle that models the physiological
vehicle within the small intestine and the organic solvent ethanol, which despite its
intermediate solubility, is safe and commonly consumed in humans (Craft and Soares
1992). A better understanding of the properties of CONV vs. PS and the type of delivery
vehicle therein will provide practical guidelines regarding in vitro approaches to the study
of nutrient absorption.

Materials and Methods
Chemicals and materials
β-Cryptoxanthin (BC, 97%), 1-oleoyl-rac-glycerol [Monoolein (MO), 99%], 2-oleoyl-1palmitoyl-sn-glycero-3-phosphocholine

(PC,

99%),

1-palmitoyl-sn-glycero-3-

phosphocholine [Lysolecithin, (LC), 99%], sodium glycodeoxycholate (GDC, 97%),
sodium taurodeoxycholate hydrate (TDC, 97%), taurocholic acid sodium salt hydrate
(TC, 95%), sodium oleate (OA, 99%) and bovine serum albumin (97%) were purchased
from Sigma-Aldrich (St. Louis, MO). Advanced Dulbecco’s Modified Eagle Medium
(DMEM), 200 mM L-glutamine, Penicillin-Streptomycin (10,000 U/mL) were purchased
from Gibco, Life Technologies Inc. (Grand Island, NY). Hyclone phosphate buffer saline
(PBS) without Ca2+ or Mg2+, Pierce RIPA buffer, and Pierce bicinchoninic acid (BCA)
protein assay were purchased from Thermo Fischer Scientific (Rockford, IL). Multi-well
tissue culture treated plates, Transwell® permeable supports, cell culture treated flasks,
and sterile filters (0.22 µM pores) were purchased from Corning Life Sciences
(Tewksbury, MA). Caco-2 cells, fetal bovine serum and trypsin-EDTA (0.25%) were
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purchased from ATCC (Manassas, VA). All other solvents were of HPLC grade and
purchased from Sigma-Aldrich (St. Louis, MO). Purified lutein (70-75%) was a gift from
Kemin Industries Inc. (Des Moines, IO).

Preparation of lutein
Unmodified pure lutein in ethanol was added directly to serum-free medium, vortexed,
and sonicated at room temperature for 2 min. Micelles containing lutein were prepared
according to Chitchumroonchokchai et al. (2004). Briefly, MO, PC, and LC in chloroform
(500, 200, and 200 µM, respectively), OA (1500 µM) in methanol, and lutein in ethanol
were added to a conical glass tube and dried under N2 gas at room temperature. Filtered
sterilized (0.22 µM pores) serum–free medium containing 800, 450, and 750 µM GDC,
TDC, and TC, respectively, were added to the glass tube, and the mixture was sonicated
for 30 min at room temperature under red light.
In the time course experiment, one lutein concentration (4 and 14.6 µg/mL for
ethanol and micelles, respectively) was employed to evaluate the effects of vehicle and
cell culture models on absorption. The pharmacologic concentration of 14.6 µg/mL of
lutein (~5 mg/d) was selected for micelles based on the consideration that it would be an
adequate dose to quantify absorption. Further, this concentration was calculated based
on the assumption of a mean dietary intake of 1 mg lutein (Monsen 2000) and delivery of
2-3 L of water to the small intestine per day. Lutein at 4 μg/mL (~1.3 mg/d) was selected
for testing with ethanol to assure lutein solubility and cell viability. Although the solubility
of lutein in ethanol has been shown to be 300 μg/mL (Craft and Soares 1992), we were
not able to successfully prepare lutein in ethanol above 4 μg/mL. Further, viability of
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Caco-2 cells in ethanol has been shown to decrease if exposed to ethanol
concentrations >7% (Park et al. 2012). In the dose response experiment, the lutein
concentration in the medium for ethanol was 0.35, 1.18, and 4 µg/mL which are
equivalent to a low to average daily lutein intake (~0.11, 0.39, and 1.3 mg in 3 L
intestinal water). The lutein concentration in medium for micelle was increased to include
these doses plus 14.6 μg/mL which are equivalent to a low to high average daily lutein
intake (~0.11, 0.39, 1.3, and 5 mg in 3 L intestinal water).

Cell culture
Caco-2 cells were maintained in advanced DMEM supplemented with 10% fetal bovine
serum and 1% L-glutamine and the absence of antibiotics in a humidified incubator
(Thermo Scientific Series 7000) at 37°C and 5% CO2. Cells between the 12 and 27th
passages were used for all experiments.
To examine the uptake of lutein in a CONV system, cells in medium in the
absence of antibiotics were seeded at a density of 7 x 104 cells/well on 24-well tissue
culture treated plates (1.9 cm2 growth area/well). Cells were grown for 48 h to attain
confluence of 75-85%. At the beginning of each experiment, serum-containing media
was removed and replaced with 1 mL of lutein enriched serum-free media. Since cells
do not adhere tightly to the plates, washing of the cells with PBS to remove any serum
was avoided. Serum-free media was utilized to remove any variability in performance
(Ferruzza et al. 2012). The range of the time course (0-48 h) was selected based on the
data of pilot experiments of maximal cell uptake, which showed that maximal uptake was
not yet reached by 24 h but plateaued by 48 h (results not shown). It is noteworthy that
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lutein in medium was tested for stability in the CONV for at least 48 h. At the end of the
selected incubation times, medium was collected. Cells remaining on the tissue culture
plates were washed twice with PBS containing 2 mg/mL bovine serum albumin to
remove residual lutein adhering to the apical face of the cell surface. Cell samples were
incubated with 300 μl RIPA buffer for 5 min on ice for lysis and removal. All samples
were collected in 2 mL Eppendorf tubes, flushed with N2 gas, wrapped in parafilm, and
stored at -80°C until further analysis. All experiments and analyses were conducted
under red light.
To examine the uptake and secretion of lutein in a PS system, cells in medium
supplemented with 1% antibiotics (penicillin-streptomycin) were seeded at a density of 5
x 104 cells/well on collagen-coated Transwell® permeable filters (12 well plate, 0.9 cm2
growth area, 3 µm pore size). Cells were grown for 21 d (medium changed every 2-3 d)
to attain complete differentiation and monolayer integrity when biomarkers, i.e., transepithelial electrical resistance (TEER) and alkaline phosphatase activity, reached a
plateau (Ferruzza et al. 2012). TEER, reflective of monolayer integrity, was measured
using a voltohmmeter equipped with a chopstick electrode (EVOHM2, World Precision
Instruments, Sarasota, FL). Alkaline phosphatase activity, an index of differentiation,
was measured spectrophometrically using p-nitrophenyl-phosphate as an enzyme
substrate, according to the manufacturer’s instructions (Sigma-Aldrich, St. Louis, MO).
The cell lysate was collected using 210 μL 0.16% digitonin in 2 mM EDTA solution at
37°C and utilized to measure protein content and reflect cell count.
At the beginning of each PS experiment, the apical side of Caco-2 cells was
washed with PBS twice to remove any serum containing media and replaced with 0.5
mL of lutein enriched serum-free media. The basolateral compartment was filled with 1.5
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mL serum-free media. The range of the time course (0-48 h) was selected based on the
data of pilot experiments of chylomicron production and secretion to the basolateral
compartment. Results showed a 50% increase in apo-lipoprotein-B (apo-B) production
between 6 and 16 h yet a steady state was not yet reached 36-48 h (data not shown).
Apo-B was quantified using an ELISA kit (Antiobodies-Online.com, Product #
ABIN612664) after isolation using a gradient ultracentrifugation (Luchoomun and
Hussain 1999). At the end of selected incubation times, media from each side of the
membrane were collected. Cells remaining on the permeable filters were washed twice
with PBS containing 2 mg/mL bovine serum albumin, incubated with 350 μL above and
600 μL below with 0.25% trypsin-EDTA solution for 30 min at 37°C to remove cells from
the membrane filters, and then lysed with RIPA buffer for 5 min on ice. All samples were
collected in Eppendorf tubes, flushed with N2 gas, wrapped in parafilm, and stored at 80°C until analysis. All experiments and analysis were conducted under red light.
To determine the proportion of free intracellular lutein in cell lysate, which was
not attached to cell membranes, additional cell samples were collected at Tmax
(determined from kinetic experiments) and combined in duplicate (all treatments for
CONV and lutein in micelle for PS) or quadruplet (lutein in ethanol for PS) to guarantee
adequate quantification.

Lutein extraction and analysis
Apical and basolateral medium and cell lysates (sample size of 3-4 wells) were thawed
and briefly vortexed. Cell lysates were sonicated for 30 sec at room temperature. To
determine the proportion of intracellular lutein, cell lysate samples were further
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centrifuged at 14,000 rpm for 30 min to collect cell pellets and supernatant. Lutein and βcryptoxanthin (internal standard) in the samples were quantified according to the method
of Yeum et al. (1995) with slight modifications. Briefly, the samples were extracted
sequentially with FOLCH solution (chloroform/methanol: 2/1) and hexane. The organic
layer was removed, combined, evaporated to dryness under N2 gas, reconstituted in 100
µL acetone, and analyzed by reverse phase HPLC-UV. Carotenoids were separated by
a ProntoSIL C30 column (4.6 x 150 nm, 3.0 m, MAC-MOD Analytical, Inc., Chadds
Ford, PA). Lutein and β-cryptoxanthin were monitored at 443 and 450 nm, respectively.
Their concentrations were calculated using standard curves constructed with
authenticated lutein and β-cryptoxanthin. The limit of detection and quantification for
lutein was 0.63 and 1.0 ng on column, respectively. The recovery rate for the internal
standard, calculated from 57 samples, was 71.8 + 19.4%. The protein content of cell
lysates was determined using a BCA protein assay kit (Thermo Fischer Scientific,
Rockford, IL) and was used to reflect cell count.

Statistics
All data are expressed as mean + SD (n = 3-4 wells). The peak concentration of cell
lysate and plateauing basolateral medium (Cmax) and the time to reach Cmax (Tmax) were
determined. The area under the curve (AUC) of apical, cell lysate and basolateral
concentrations vs. time curve (0-48 h) were calculated from random complete time
course curves using the linear trapezoidal integrations (Nielson et al. 2006). The
differences between means of cell culture models (CONV and PS) were analyzed using
Student’s t-test while the differences between doses in cell culture models were
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analyzed by one-way ANOVA, followed by post hoc Tukey-Kramer honestly significant
difference (HSD) test. Pearson’s correlation test (r value) was employed to analyze the
correlation of concentrations between parameters. Simple linear regression test (r2
value) was employed to analyze the dose response of absorption between cell culture
models. Three-way ANOVA was performed to test statistical significance of dose,
vehicle and cell culture model. Differences with P <0.05 were considered significant. The
JMP IN 4 statistical software package (SAS Institute, NC) was used to perform all
statistical analyses.

Results
The influence of delivery vehicle on the time course of lutein uptake by
undifferentiated Caco-2 cells grown in CONV system
The effect of time course on the cell uptake of lutein and its pharmacokinetic parameters
for CONV are presented in Fig. 1 and Table 1. The uptake of lutein in ethanol by the cell
lysate reached its Cmax at 39 + 6 h (Table 1). The uptake of lutein by the cell lysate was
not linear, increasing more gradually up until 24 h followed by a spike and plateau at 36
h (Fig 1a). Simultaneously, there was an increase of 27% in the concentration of lutein
within the apical medium from 0-4 h followed by a sharp decrease which leveled off as
the cell uptake reached its Cmax. There was no correlation over time between lutein
concentrations within the cell lysate and that within the apical medium. The uptake of
lutein in micelles by the cell lysate followed a similar trend as that of lutein in ethanol
(Fig. 1b). The uptake also increased gradually up until 24 h reaching its Cmax at 42 + 7 h
(Table 1). Lutein in the apical medium decreased as the uptake by cells increased
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which also reached a steady state as the cell uptake reached its Cmax. Unlike lutein in
ethanol, there was a medium correlation between the concentrations within the cell
lysate and that within the apical medium (r = -0.54, P = 0.0013).

The influence of delivery vehicle on the time course of lutein uptake and secretion
by differentiated Caco-2 cells grown in PS system
The effect of time course on the cell uptake and secretion of lutein and its
pharmacokinetic parameters for PS are presented in Fig. 2 and Table 1. The uptake of
lutein in ethanol by the cell lysate reached its Cmax at 12 + 10.6 h (Table 1).
Simultaneously, the concentration of lutein in the apical medium decreased by 24% over
8 h also followed by no further decrease thereafter up to 48 h (Fig. 2a). Further, the
secretion of lutein in ethanol increased sharply once the cell lysate reached its Cmax at
0.016% of dose with no further increase thereafter up to 48 h. Although the
concentrations within the basolateral medium were strongly correlated over time with
that within the apical medium (r = -0.81, P <0.0001), there was no correlation between
that within the cell lysate and the other compartments. The uptake of lutein in micelle by
the cell lysate reached its Cmax at 8 h followed by a subsequent decrease gradually
thereafter towards its starting concentration at the 2 h time point (Fig. 2b).
Simultaneously, the concentration of lutein in the apical medium decreased over time as
the cell lysate reached its Cmax followed by a more gradual decrease up to 48 h.
Furthermore, the concentrations within the cell lysate were strongly correlated with that
within the apical media (r = -0.82, P = 0.001). The secretion of lutein in micelle increased
linearly starting at 4 h and reached its plateau at 0.15% of the dose after 36 h (Fig. 2b).
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Similarly, the concentrations within the cell lysate as well as within the apical medium
were strongly correlated with that within the basolateral medium (r = 0.91, P = 0.0006
and r = -0.97, P <0.0001, respectively).

The influence of the cell culture model on the time course and dose response of
lutein uptake and percent absorption
The effect of cell culture model on the time course of lutein cell uptake and
pharmacokinetic parameters are presented in Fig. 3 and Table 1. After 2 h, the uptake
of lutein in ethanol by cell lysate using PS was 299% greater than using CONV. Yet,
after 24 h, the uptake using CONV was 214% greater than using PS (P <0.05, Fig. 3a).
Further, the Cmax for CONV was 460% greater than that for PS, Tmax was delayed by ~27
h, and the AUC was 156% greater (P <0.05). In comparison to lutein in ethanol, the
effect of cell culture model on the uptake of lutein in micelle was similar. After 8 h, the
uptake of lutein in micelle by cell lysate using PS was 178% greater than using CONV.
Yet, after 24 h, the uptake using CONV was at least 81% greater than using PS. Further,
the Cmax for CONV was 277% greater than that for PS and the T max was ~34 h delayed
(P <0.05), yet the AUCs were not statistically different. The percent of lutein uptake at
Tmax which was estimated to be free within the cytosol and not attached to cell
membrane was not affected by cell culture model but by delivery vehicle (Table 2). The
amount of lutein free within cells was 154% greater for lutein delivered in ethanol than in
micelles. It shall be noted that in CONV the concentrations within the cell lysate of
ethanol was correlated with that of micelle (r = 0.97, P <0.0001), yet there was no
correlation between the apical mediums. Further, in PS the concentrations within the
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basolateral and apical mediums of ethanol were correlated with that of micelle (r = 0.75,
P <0.0001 and r = 0.76, P <0.0001, respectively), yet there was no correlation between
the cell lysates.
The influence of cell culture model on the effect of dose on the percent lutein
absorption (cell uptake and secretion, % of dose) at a fixed incubation time of 36 h is
presented in Fig. 4. Using CONV, there was a dose response relationship for lutein in
ethanol absorption from 0.35 to 4 µg/mL (r2 = 0.73, P = 0.0028), although with a linear
increase in response not statistically different until reaching the highest dose (P <0.05).
Similarly, there was also a dose response relationship using PS from 0.35 to 4 μg/mL,
which reached a peak in absorption at 1.18 µg/mL (r2 = 0.99, P <0.0001). Furthermore,
in 2 out of the 3 doses, the percent of dose absorbed using CONV was at least 422%
greater than that using PS (17-45% vs. 0.69-13.6%, P <0.05). Similar to lutein in ethanol,
using CONV, there was also a dose response relationship for lutein in micelle absorption
from 0.35 to 14.6 µg/mL (r2 = 0.57, P = 0.0156), also with a linear increase in response
not statistically different until reaching the highest dose (P <0.05). There was also a dose
response relationship using PS from 0.35 to 14.6 μg/mL, which also reached a peak in
absorption between 1.18 and 4 µg/mL (r2 = 0.86, P = 0.0026). Yet unlike lutein in
ethanol, only 1 out of 4 doses, the percent of dose absorbed using CONV was 319%
greater than using PS (79.2% vs. 18.9%, P <0.05). It is noteworthy that despite these
differences the variation in absorption for both vehicles using CONV appears to be at
least 252% greater than that using PS. It also shall be noted that within each cell culture
model, the difference in percent of dose absorbed between vehicles was not statistically
different.
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Discussion
In this study, we found that compared to PS, the CONV displayed the larger efficacy of
lutein uptake by Caco-2 cells over time in terms of Cmax, independent of delivery vehicle.
Yet, in terms of AUC for uptake over time, the difference between the 2 systems was
only significantly different for ethanol. The absorption (uptake + secretion) of lutein,
independent of delivery vehicle, by Caco-2 cells grown in CONV increased linearly with
dose (0.35 to 4 or to 14.6 μg/mL for ethanol or micelle, respectively), while that in PS
reached a peak at 1.18 μg/mL. Lastly, compared to the organic solvent ethanol, the
micelle increased the efficacy of secretion by Caco-2 cells in PS, as well as led to
stronger correlations for concentrations between cell culture compartments.
Several studies have explored the intestinal uptake of carotenoids delivered in
organic solvents using the CONV system, yet the results suggest the percent of dose
taken up by cells to be lower than our observations for doses of 0.35 to 4 μg/mL whose
uptake was between 17 and 45% after 36 h. Liu et al. (2004) characterized the intestinal
uptake of lutein (2.3 μg/mL) in the organic solvent dimethylsulfoxide (DMSO) by Caco-2
cells grown for 2 and 14 d. The time course and dose responses were shown to be
independent of the age of the cultured cells, with uptake after 3-4 h at 8% of dose.
Further, O’Sullivan et al. (2004) showed that a variety of carotenoids (5 μM), such as
lutein, lycopene, α-carotene, and β-carotene, delivered in the organic solvent
tetrahydrofuran (THF) to a Caco-2 cell monolayer grown for 21-22 d were undetectable
within the cells after 24 h. Yi et al. (2014) reported that the uptake of β-carotene (5
μg/mL) in a THF-dimethylsulfoxide (DMSO) co-solvent mixture by Caco-2 cells grown for
5 d was 3% of dose after 24 h. Potential reasons for the discrepancies could be due in
part to differences in the organic solvents utilized for carotenoid delivery and the age of
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cultured cells. Future investigations would benefit from exploring the effect of varying
organic solvents on carotenoid absorption.
Our observations for lutein in synthetic micelles using the CONV system at
percent of dose (0.35 to 14.6 μg/mL) taken up by the cells between 7.8 and 79.2% after
36 h are similar to that reported in the literature. Garrett et al. (1999) characterized the
intestinal uptake of lutein, lycopene, α-carotene, and β-carotene (0.83, 1.95, 0.93, and
1.96 μg/mL, respectively) isolated and micellized from carotenoid rich baby foods after
the in vitro mimic digestion simulating the gastric and small intestinal phases of
digestion. They reported that the uptake by Caco-2 cells grown for 11-14 d increased
linearly over time up to 28-46% of dose after 6 h. Further, Chitchumroonchokchai et al.
(2004) conducted a comparison of the intestinal uptake between lutein from spinach
puree micellized by the in vitro digestion method and that of the pure compound
solubilized in a synthetic micelle similar to the preparation conducted in our investigation.
They showed that the uptake of lutein (0.5 μg/mL) by Caco-2 cells grown for 11-14 d of
lutein either micellized synthetically or by in vitro digestion increased over time reaching
35 or 67% of dose, respectively after 20 h. However, it shall be noted that the doses
investigated in these earlier studies were 7.5 to 29.2% lower than our highest dose.
Studies investigating the intestinal absorption of carotenoids in organic solvents
using the PS system are lacking. Yet, previous studies investigating the absorption of
lutein in micelle are consistent with our observations. In our time course study, the
percentage of dose (14.6 µg/mL) taken up by the cell lysate at the Tmax at 16-34% after 8
h falls within the range of previous in vitro results between 18-36% after 3 to 16 h
(Chitchumroonchokchai et al. 2004; Sy et al. 2012; O’Sullivan et al. 2007; During et al.
2002). Further, given the inconsistencies in the literature related to the degree of
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secretion into the basolateral medium, the percent secretion in our study of <1% falls
within the range of 0-10% reported in these earlier studies. It is expected that the
secretion out of the intestinal cells in our study for lutein in ethanol was minimal as bile
salts and phospholipids have been shown to stimulate synthesis and secretion of
chylomicrons (Luchoomun and Hussain 1999; Traber et al. 1987). Although the degree
of absorption reported in the literature (Chitchumroonchokchai et al. 2004; Sy et al.
2012; O’Sullivan et al. 2007; During et al. 2002) are consistent to our observations, the
kinetic responses in the time course experiments are dissimilar. Unlike previous
investigations which never reached its Cmax for cell lysate within a 16 to 20 h incubation
period, our results show a peak concentration within 8 h. It is difficult to compare our
time course response for secretion, given that cultures from previous experiments were
incubated for only 16 to 20 h, a duration which does not suffice for optimal lutein
assimilation to chylomicrons and subsequent secretion (Luchoomun and Hussain 1999;
Traber et al. 1987). Potential reasons for the discrepancies in response could be due in
part to inconsistencies in vehicles used for carotenoid delivery. For example, tween-40
micelles, which are commonly used for carotenoid delivery, do not include bile salts and
fatty acids required for chylomicron production. Future investigation could explore the
influence of different micelle formulations utilized to deliver carotenoids on absorption.
Compared to the PS system, the greater uptake of lutein by the CONV system
over time may be explained by the influence of differentiation on the behavior of the
cells. Hence, it is possible that lutein is able to move into a colonic cell grown to
confluence similarly or more efficiently than a differentiated colonic cell expressing an
enterocyte-like phenotype. Intracellular levels of β-carotene have been reported in a
variety of colonic cell models yet in vivo evidence remains lacking. Franseen-van Hal et
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al. (2005) examined difference in cellular uptake of β-carotene (1 μM) in presence of
THF and α-linoleic acid in 5 human cell lines, i.e., 3 colorectal carcinoma cell lines
(Caco-2, HT-29, and HT29D4), a SV40 transformed colon cell line (CCD 841 CoTr), and
a small intestinal carcinoma cell line (HuTu 80) after they were all grown to confluence.
They found that Caco-2, HT-29, and HT29D4 had low intracellular levels of β-carotene
(2-8 pmol/106 cells), while CCD 841 CoTr and HuTu 80 had medium levels (50-300
pmol/106 cells). However, the extent of secretion was not investigated. Since
nondifferentiated Caco-2 cells do not synthesize sufficient apo-B for lipoprotein
assembly (Dashti et al. 1990; Reisher et al. 1993; Wagner et al. 1992), future
investigations are warranted to explore the extent of carotenoid secretion from
undifferentiated colonic cells grown in the PS system.
Despite the widespread use and acceptability of the Caco-2 cell model to
investigate nutrient absorption, this model suffers from significant shortcomings that
render it less relevant to in vivo absorption. The Caco-2 cell model is composed of solely
absorptive cells whereas the intestinal epithelium is a conglomerate of absorptive
enterocytes and other cells such as goblet cells, endocrine cells, and microfold (M) cells.
Several modifications have been made to more closely mimic the heterogeneity of the
intestinal epithelium. Co-culturing Caco-2/HT29 introduces the presence of mucinsecreting goblet cells as an additional transport barrier (Hilgendorf et al. 2000; Mahler et
al. 2009; Nollevaux et al. 2006). Co-culturing Caco-2/Raji B lymphocytes develops a
model of the follicle-associated epithelium of the Peyer’s patches containing M cells (des
Rieux et al. 2005; Kadiyala et al. 2010; Gullberg et al. 2000). Recently, Antunes et al.
(2013) co-cultured Caco-2, HT29, and Raji B together to closely resemble the intestinal
mucosa. Thus, more research is needed for the development of reliable and replicable
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methodology before it can become a relatively rapid and reliable experimental tool for
nutrient absorption studies.
There is a limitation to this investigation that could be further explored. In the time
course experiment, a lower dose than that used in micelles was selected for ethanol to
assure solubility and cell viability. This limitation did not have much influence on the
results of the time course study as the kinetic patterns within each cell culture model are
similar given that the Tmax between vehicles were close. Further, in the CONV system
there was a correlation between the effect of vehicle on the time course in cell lysate and
in the PS system there was a correlation between the effect of vehicle on the time
course in the basolateral and apical mediums.
In summary, the cell culture model has an influence on lutein uptake by Caco-2
cells and micelle components appear to facilitate more effective intestinal secretion of
lutein. With Caco-2 cells cultured in the PS system reliably grown to display phenotypes
and functions of enterocytes in the small intestine, this in vitro platform enables the
generation of information that is closer to the physiology of the absorptive enterocytes.
However, although the CONV system has the physiology of a colonic tissue, it appears
to display a larger efficacy of lutein uptake by Caco-2 cells which can provide a rapid,
preliminary tool for methodology development for nutrient absorption studies. The results
of this study will help to provide practical guidelines regarding in vitro approaches to the
study of nutrient absorption.
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Table 1. Pharmacokinetic parameters of cell lysate from CONV and PS incubated with
Table
parameters
of cell lysate from CONV and PS incubated with lutein in
lutein1.inPharmacokinetic
ethanol as well
as in micelle.
ethanol as well as in micelle.
Cmax (μg/mg pro)

Tmax (h)

Vehicle

CONV

PS

Ethanol

2.8 + 0.5

0.5 + 0.3

Micelle

13.2 + 3.9

3.5 + 1.5

*
*

AUC (h*ng/mg pro)

CONV

PS

39 + 6

12 + 10.6

42 + 7

8

*

*

CONV

PS

41 + 16

16 + 6.7

178 + 59

130 + 180

*

Values are mean + SD, n = 3 and 4 wells for PS and CONV, respectively. Percentage Cmax free
are mean
+ SD,ofnC=
and 4cytosol
wells and
for PS
and CONV,
Percentage
inValues
cell indicates
proportion
not attached
to cellrespectively.
membranes. *Means
max3within
Cmax free
cell indicates proportion of Cmax within cytosol and not attached to cell
between
theinvehicles
membranes. *Means between the vehicles in the same row differ, tested by Students’ ttest (P <0.05).
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Fig. 1. Effect of time course on lutein uptake by undifferentiated Caco-2 cells grown in
CONV system. (A) Cells treated with lutein in ethanol at dose of 4 µg/mL and (B) with
lutein in micelle at dose of 14.6 µg/mL. Values are mean + SD, n = 4 wells.
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Fig. 2. Effect of time course on lutein uptake and secretion by differentiated Caco-2 cells
grown in PS system. (A) Cells treated with lutein in ethanol at dose of 4 µg/mL and (B)
with lutein in micelle at dose of 14.6 µg/mL. Values are mean + SD, n = 4 wells.
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Fig. 3. Effect of cell culture model on the time course of lutein uptake. (A) Cells treated
with lutein in ethanol at dose of 4 µg/mL and (B) with lutein in micelle at dose of 14.6
µg/mL. Values are mean + SD, n = 3 and 4 wells for PS and CONV, respectively.
*Means between cell culture models in the same time point differ, tested by Students’ ttest (P <0.05).
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Fig. 4. Effect of dose and influence of cell culture model on lutein absorption in Caco-2
cells at a fixed incubation time of 36 h. (A) Cells treated with lutein in ethanol and (B)
with lutein in micelle. Values are mean + SD, n = 3 and 4 wells for PS and CONV,
respectively. *Means between cell culture models in the same dose differ, tested by
Students’ t-test (P <0.05). abMeans between dose in the same model differ, assessed by
one-way ANOVA, followed by with Tukey’s HSD test (P <0.05).
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Chapter 2: The Divergent Impact of Polymeric Nanoparticles on the Bioavailability
of Lutein In Vivo and In Vitro

Abstract
Lutein, a fat-soluble xanthophyll, contributes partially to the health benefits from
consuming plant foods. Like all dietary carotenoids, lutein has a low bioavailability. In
addition to increasing the intake of lutein-rich foods to enhance lutein status, polymeric
nanoencapsulation presents a novel approach to enhancing lutein bioavailability. We
evaluated the impact of polymeric nanoencapsulation with poly(lactic-co-glycolic acid)
(PLGA) on lutein bioavailability in vitro and in vivo. We also explored the effect of micelle
components on the absorption of PLGA-NP lutein. The bioavailability of free lutein and
PLGA-NP-lutein was assessed in vivo in rats by examining plasma pharmacokinetics
and lutein deposition in selected tissues. Lutein uptake and secretion was assessed in
vitro in Caco-2 cell grown in a permeable support system. Lutein in samples was
quantified by HPLC-UV. Compared to free lutein, PLGA nanoencapsulation increased
maximal plasma concentration and area under the time course curve in rats by 54.5 and
77.6 fold, respectively, while in general promoting tissue accumulation in mesenteric
adipose and spleen instead of the liver. In comparison to micellized lutein,
nanoencapsulation improved the maximal concentration of lutein in rat plasma by 15.6
fold and in selected tissues by 3.8 fold. In contrast, PLGA-NP lutein decreased the
uptake and secretion of lutein in Caco-2 cells by 10.0 and 50.5 fold, respectively,
compared to micellized lutein. This effect on cell uptake and secretion of PLGA-NP lutein
was moderated (6 and 18.5 fold of reduction) by the addition of micelle components. In
conclusion, polymeric nanoencapsulation appears a promising approach to improve the
bioavailability of lutein in vivo.
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Introduction
The consumption of plant based foods and beverages have been associated with
reduced risk of chronic disease (Dauchet et al. 2006; He et al. 2004; Smith-Warner et al.
2003). Carotenoids in fruits and vegetables appear to contribute to health promotion
through an array of putative bioactions, i.e., antioxidation, anti-inflammation, and
modulation of cell signal transduction (Stahl and Sies 2003; Chatterjee et al. 2012).
Lutein is a fat-soluble xanthophyll primarily present in dark green leafy vegetables. Its
intake and blood status are inversely associated with the risk of age-related macular
degeneration, cataracts, cognitive dysfunction, and some forms of cancer (Johnson
2004; Granado et al. 2003). The absorption of lutein in the small intestine depends on
several critical steps, including incorporation into micelles, uptake into intestinal cells,
and integration into chylomicrons to facilitate luminal secretion. Like all other
carotenoids, the bioavailability of lutein is relatively low at ~2.0-9.4% (de Moura et al.
2005; Lienau et al. 2003). In addition, in vitro Caco-2 cell culture studies have shown
that although 7-35% of micellized lutein was uptaken into intestinal cells, <6% was
secreted to the basolateral side (Sy et al. 2012; Chitchumroonchokchai et al. 2004).
Increasing the bioavailability of certain phytochemicals can be accomplished by
preparing foods rich in these ingredients in optimal ways. For example, chopping and
sautéing will augment the release of lutein from chloroplasts and tissues of vegetables,
and co-consumption with lipids improves the efficiency of micellarization in the small
intestine (Yeum and Russell 2002). Recently, nanoencapsulation has been presented as
a novel approach for enhancing the bioavailability of poorly absorbed nutrients.
Vishwanathan et al. (2009) demonstrated in a human study that nanoemulsions of lutein,
mimicking a synthetic micelle with a greater surface to volume ratio, significantly
improved its bioavailability. Using an in vitro model, Yi et al. (2014) reported that solid
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lipid nanoencapsulation of β-carotene significantly improved cellular uptake in Caco-2
cells. In addition to nanoencapsulation using lipid-like ingredients, water-soluble
polymeric nanoparticles (NP), such as chitosan and poly(lactic-co-glycolic acid) (PLGA),
have emerged as an alternative and promising approach to enhance the bioavailability of
poorly absorbed nutrients via their large nutrient loading capacity and greater stability
(He et al. 2013). Arunkumar et al. (2013) found that lutein nanocapsulated in chitosan
displayed higher bioavailability than unmodified lutein in mice. PLGA has been adopted
as a preferred NP because of its well-established safety (Semete et al. 2010) and
stability in intestinal environments (Murugeshu et al. 2011), as well as its effectiveness
as a carrier of hydrophobic compounds in Caco-2 cells (Derakhshandeh et al. 2010;
Gang et al. 2013) and in rats (Tsai et al. 2011; Khalil et al. 2013). A better understanding
of the bioavailability of dietary xanthophylls nanoencapsulated in a water-soluble
polymer matrix such as PLGA could provide information relevant to its application to
formulate novel food products.
Both in vitro and in vivo models are common and useful approaches to the study
of bioavailability. In vitro models are utilized as simple, inexpensive, and reproducible
tools to predict bioavailability in conjunction with several factors, i.e., digestive stability,
micellarization, intestinal transport, and metabolism (Garrett et al. 1999; Sugawara et al.
2001; Chitchumroonchokchai et al. 2004). However, several food- and host-related
factors that are capable of influencing bioavailability at different anatomical locations
cannot be fully examined in in vitro platforms (West and Castenmiller 1998). Information
on comparison of the bioavailability of polymeric NPs using both in vitro and in vivo
systems is limited. In the current study, we examined the impact of polymeric PLGA
nanoencapsulation on lutein bioavailability and pharmacokinetics in rats. We also
investigated the effect of PLGA-NP on the uptake of lutein into intestinal cells compared
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to a physiologically relevant vehicle, the micelle. Furthermore, we explored the need of
additional micelles for the absorption of lutein loaded in a water soluble NP.

Materials and Methods
Chemicals and materials
β-Cryptoxanthin (BC, 97%), chlorophyll-a (CA, from Anacystis nidulans algae), 1-oleoylrac-glycerol [Monoolein (MO), 99%], 2-oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine
(PC, 99%), 1-palmitoyl-sn-glycero-3-phosphocholine [Lysolecithin, (LC), 99%], sodium
glycodeoxycholate (GDC, 97%), sodium taurodeoxycholate hydrate (TDC, 97%),
taurocholic acid sodium salt hydrate (TC, 95%), sodium oleate (OA, 99%) and bovine
serum albumin (97%) were purchased from Sigma-Aldrich (St. Louis, MO). Advanced
Dulbecco’s Modified Eagle Medium (DMEM), 200 mM L-glutamine, PenicillinStreptomycin (10,000 U/mL) were purchased from Gibco, Life Technologies Inc. (Grand
Island, NY). Hyclone phosphate buffer saline (PBS) without Ca2+ or Mg2+, Pierce RIPA
buffer, and Pierce bicinchoninic acid (BCA) protein assay were purchased from Thermo
Fischer Scientific (Rockford, IL). Multi-well tissue culture treated plates, Transwell®
permeable supports, cell culture treated flasks, and sterile filters (0.22 µM pores) were
purchased from Corning Life Sciences (Tewksbury, MA). Caco-2 cells, fetal bovine
serum and trypsin-EDTA (0.25%) were purchased from ATCC (Manassas, VA). All other
solvents were of HPLC grade and purchased from Sigma-Aldrich (St. Louis, MO).
Purified lutein (70-75%) was a gift from Kemin Industries Inc. (Des Moines, IA). Olive oil
and refined flour were obtained from Bertolli’s and local supermarket respectively. All
solvents were of HPLC grade and purchased from Sigma-Aldrich (St. Louis, MO).
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Preparation of polymeric NP containing lutein
The polymeric PLGA-NP containing lutein was synthesized by Cristina Sabliov in the
College of Agriculture at Louisiana State University using the emulsion evaporation
technique (Astete and Sabliov 2006). Briefly, 400 mg polymer PLGA, 50:50 with a
molecular weight (MW) of 30-60 kDa (Sigma-Aldrich, St. Louis, MO) was dissolved in 8
mL of ethyl acetate and 40 mg lutein was added after polymer dissolution, creating the
organic phase. The organic phase was mixed with 60 mL of 2% polyvinyl alcohol (PVA,
MW 30 kDa; Sigma-Aldrich, St. Louis, MO) in water (aqueous phase) under strong
stirring for 5 min at room temperature. The suspension was microfluidized (Microfluidics
Inc., Westwood, MA) at 25,000 psi 4 times in an ice bath. The resulting mixture was
placed in a Buchi R-124 Rotovapor and dried under N2 gas for approximately 30 min.
The particles were then dialyzed for 48 h (water was replaced every 8 h) using a
Spectra/Por CE cellulose ester membrane with 100 kDa molecular weight cut off
(Spectrum Rancho, Dominquez, CA) to remove PVA. Finally, trehalose (Sigma-Aldrich,
St. Louis, MO) was added in an 1 to 1 theoretical ratio before freezing the NP
suspension, and the sample was freeze-dried for 40 h using a Freezone 2.5 Plus freezedrier (Labconco, Kansas City, MO).
Nanoparticle Characterization: The morphology of PLGA-NP was studied with
transmission electron microscopy (TEM) using a JEOL 100-CX system (JEOL USA Inc.,
Peabody, MA). One droplet of the NP suspension was placed on a polymer-coated
copper grid of 400 mesh with a carbon film, and the excess sample was removed with
filter paper. PLGA-NP was tested for size, polydispersity index (PI), and zeta potential by
dynamic light scattering (DLS) using the Malvern Zetasizer Nano ZS (Malvern
Instruments Inc., Southborough, MA). The NP size was 124 + 4 nm with a PI of 0.11 +
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0.09, zeta potential of -5.3 + 1.9 mV, pH of 6.5, and entrapment efficiency of 52 + 3%.
Lutein concentration in PLGA-NP varied by 1.5% between batches.

Preparation of synthetic micelles containing lutein
Micelles containing lutein were prepared for cell culture experiments and an animal pilot
study according to Chitchumroonchokchai et al. (2004). For the cell culture study, MO,
PC, and LC in chloroform (500, 200, and 200 µM, respectively), OA (1500 µM) in
methanol, and lutein in ethanol were added to a conical glass tube and dried under N2
gas at room temperature. Filtered, sterilized (0.22 µM pores) serum–free medium
containing 800, 450, and 750 µM GDC, TDC, and TC, respectively, were added to the
glass tube, and the resulting mixture was sonicated for 30 min at room temperature
under red light. For the animal pilot study, the components used to prepare mixed
micelles were scaled up 3-fold, and serum–free medium was replaced with PBS.

Bioavailability of lutein in animal model
Male Fischer 344 rats [mean body weight (BW) of 238 + 8.0 g] were obtained from
Charles River Laboratories (Wilmington, MA) and housed individually in wire cages at
25°C with a 12 h light:dark cycle. After they were fed ad libitum with a lutein-free AIN93G semi-purified diet (Teklad, Madison, WI) for 2 wk, 96 rats were randomly assigned
to one of two lutein treatment groups, unmodified (free) and PLGA-NP, with 8 rats each
in 6 time points. The time points were chosen based on the results of pilot studies
(results not shown). An additional 8 rats were randomly assigned to serve as negative
controls for the flour-oil slurry and ad libitum diet and were shown to have no lutein in
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plasma and selected tissues. Following an overnight 18-h fast, lutein at 10 mg/kg BW
(~2.38 mg per rat) was delivered in 1.0 mL of 30% olive oil + 70% flour slurry (0.3 g flour
in 1 mL H2O) via gastric gavage. The olive oil + flour slurry was employed as a delivery
vehicle as olive oil has been shown to influence absorption of lutein (Lakshminarayana
et al. 2007) and the slurry mixture mimics a food-like mixture. The dose was selected
based on detectability of tissue lutein in pilot studies (results not shown) and the
feasibility of the NP production capacity. Rats were anesthetized at their assigned time
points with 5% isoflurane (Aerrane™, Baxter, Deerfield, IL) and blood from each rat was
collected via the orbital sinus through heparin coated micro-hematocrit tubes and
transferred to tubes with ETDA as an anticoagulant. Subsequently, organs were
harvested and snap frozen in liquid nitrogen. Plasma was collected after whole blood
was centrifuged at 2500 x g for 10 min at 4°C. All collected samples were stored at 80°C until analysis. As a comparison to the main absorption study, we conducted a pilot
study to examine bioavailability of 10 mg/kg BW lutein in micelle solution utilized
employed in the Caco-2 cell experiments as described below. Three rats each were
randomly assigned to 4 time points (chosen from NP study results, Fig. 1). The study
protocol was compliant with all the provisions of the Guide for the Care and Use of
Laboratory Animals (National Research Council, NIH) and approved by the Tufts
University Institutional Animal Care and Use Committee. All experiments and analysis
were conducted under red light to protect lutein from photooxidation.
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Intestinal absorption of lutein in Caco-2 cell monolayers
Caco-2 cells were maintained in advanced DMEM supplemented with 10% fetal bovine
serum and 1% L-glutamine and the absence of antibiotics in a humidified incubator
(Thermo Scientific Series 7000) at 37°C and 5% CO2. Cells between the 12 and 27th
passages were used for all experiments.
The uptake and secretion of lutein was tested in three vehicles: (i) micelle, (ii)
PLGA-NP, and (iii) PLGA-NP plus additional micelle components. Cells were maintained
in medium supplemented with 1% antibiotics (Penicillin-Streptomycin) and seeded at a
density of 5 x 104 cells/well on collagen coated Transwell® permeable filters (12 well
plate, 0.9 cm2 growth area, 3 µm pore size). Cells were grown for 21 d (with medium
changed every 2-3 d) to attain complete differentiation and monolayer integrity when
biomarkers [i.e., trans-epithelial electrical resistance (TEER) and alkaline phosphatase
activity], reached a plateau (Ferruzza et al. 2012). TEER, reflective of monolayer
integrity, was measured using a voltohmmeter equipped with a chopstick electrode
(EVOHM2, World Precision Instruments, Sarasota, FL). Alkaline phosphatase activity,
an index of differentiation, was measured spectrophometrically using p-nitrophenylphosphate as an enzyme substrate, according to the manufacturer’s instructions (SigmaAldrich, St. Louis, MO). The cell lysate was collected using 210 μL of 0.16% digitonin in
2 mM EDTA solution at 37°C and utilized to measure protein content that reflected cell
count. In the time course experiment, lutein concentration of 14.6 µg/mL was employed
to examine the effect of vehicle. The concentration of 14.6 µg/mL of lutein (~5 mg/d) was
selected based on the consideration that it would be an adequate dose to quantify
absorption. This concentration was calculated based on the assumption of a mean
dietary intake of 1 mg/d lutein (Monsen 2000) and delivery of 2-3 L of water to the small

79
intestine per day. In the dose response experiment, the lutein concentration in the
medium was 0.35, 1.18, 4, and 14.6 µg/mL, which are equivalent to a low to high
average lutein intake per day (~0.11, 0.39, 1.3, and 5 mg in 3 L intestinal water).
At the beginning of each experiment, the apical side of Caco-2 cells was washed
with PBS twice to remove any serum containing media and replaced with 0.5 mL of
lutein enriched serum-free media. The basolateral compartment was filled with 1.5 mL
serum-free media. The range of the time course (0-48 h) was selected based on the
data of pilot experiments of chylomicron production and secretion to the basolateral
compartment. Results showed a 50% increase in apo-lipoprotein-B (apo-B) production
between 6 and 16 h yet a steady state was not yet reached 36-48 h (data not shown).
Lutein in medium was stable in the culturing conditions for ≥48 h. Apo-B was quantified
using an ELISA kit (Antiobodies-Online.com, Product # ABIN612664) after chylomicron
isolation using a gradient ultracentrifugation (Luchoomun and Hussain 1999). In the
dose response experiment, one incubation time (micelle: 36 h, PLGA-NP and PLGA-NP
+ micelle: 84 h) was employed to examine the effect of vehicle on lutein uptake and was
selected based on the time required to reach a plateau in lutein secretion to basolateral
medium. At the end of selected incubation times, media from each side of the membrane
was collected. Cells remaining on the permeable filters were washed twice with PBS
containing 2 mg/mL bovine serum albumin, incubated with 350 μL above and 600 μL
below with 0.25% trypsin-EDTA solution for 30 min at 37°C to detach cells from the
membrane filters, and then lysed with 300 μL RIPA buffer for 5 min on ice. All samples
were collected in Eppendorf tubes, flushed with N2 gas, wrapped in parafilm, and
stored at -80°C until analysis. All experiments and analysis were conducted under red
light.
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Lutein extraction and analysis
Lutein was extracted primarily from plasma, liver, and mesenteric adipose tissue. Lutein
was further extracted from non-accumulating tissues such as spleen and lung for
selected time points displaying peak lutein levels determined from the primary tissues.
The tissues analyzed were selected as they have been reported to contain the highest
tissue accumulation of lutein (Itagaki et al. 2006; Jenkins et al. 2000). Aliquots of
pulverized tissue were weighed and homogenized with 0.8, 2.3, and 2.3 mL of 0.9%
saline (~80 mg liver, 50 mg spleen, and 50 mg lung) or 0.875 mL methanol (~50 mg
adipose tissue) using T25 digital Ultra-Turrax homogenizer (IKA Works, Inc, Wilmington,
NC). Aliquots of plasma samples (350 μL), apical and basolateral mediums, and cell
lysates (n = 3-4 wells) were briefly vortexed. Cell lysates were sonicated 30 sec at room
temperature.
Lutein in the samples was quantified according to the method of Yeum et al.
(1995) with slight modifications. β-Cryptoxanthin was used as the internal standard for
plasma, adipose tissue, and cell culture and cholorphyll-a was used for liver, spleen, and
lung because β-cryptoxanthin was coeluted with unknown compound(s) in the tissues.
Briefly,

the

samples

were

extracted

sequentially

with

FOLCH

solution

(chloroform/methanol: 2/1) and hexane while adipose tissue was extracted twice with
hexane. The organic layer was removed, combined, evaporated to dryness under N2
gas, reconstituted in 100 µl acetone, and analyzed by a reverse phase HPLC-UV
method. Carotenoids were separated by a ProntoSIL C30 column (4.6 x 150 nm, 3.0 m,
MAC-MOD Analytical, Inc., Chadds Ford, PA, USA). Lutein, β-Cryptoxanthin, and
chlorophyll-a were monitored at 443, 450, and 660 nm, respectively. Their
concentrations were calculated using standard curves constructed with authenticated
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standards. The limit of detection and quantification for lutein was 0.63 and 1 ng on
column, respectively. The inter-day and intra-day coefficients of variation (CV) of lutein in
plasma, liver, and mesenteric adipose tissue were 6.2, 6.4, and 4.8 and 7.5, 6.4 and
4.1%, respectively. The recovery rate for the internal standards in plasma, liver, and
mesenteric adipose tissue calculated from 104 samples was 84 + 11, 83 + 8, 63 + 8%
while that in cell culture samples from 57 samples was 72 + 19%. The protein content of
cell lysates was determined using a BCA protein assay kit (Thermo Fischer Scientific,
Rockford, IL) and was used to reflect cell count.

Statistics
All data are expressed as mean + SD. The peak lutein concentration (Cmax), the time to
reach Cmax (Tmax), and area under concentration vs. time curve (AUC) of plasma and
tissues were obtained from complete time course plots that were constructed with
randomly selected rats in each time points. The AUC was also calculated using the
linear trapezoidal integrations (Nielson et al. 2006). Intestinal absorption (total uptake) is
of the sum of lutein in cell lysate and basolateral medium. Differences between means of
treatments in the rat study were analyzed by Students’ t-test while those in cell culture
samples were analyzed by one-way ANOVA, followed by post hoc Tukey-Kramer
honestly significant difference (HSD) test. Simple linear regression test (r2 value) was
employed to analyze the dose response of absorption between treatments. Differences
with P <0.05 were considered significant. The JMP IN 4 statistical software package
(SAS Institute, NC, USA) was used to perform all statistical analyses.
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Results
Bioavailability of lutein in animal model
In the pharmacokinetics experiment, rats were orally gavaged with 10 mg/kg BW lutein
free and PLGA-NP for up to 4.2 h. (Fig. 1). Free lutein was not detected in the plasma at
4 time points before the Tmax of 2.2 h, with a maximum concentration (Cmax) of 1.7 + 1.4
ng/mL (Fig. 1a). It shall be noted that lutein was not detected in 3 out of 8 rats at the
Tmax. Lutein was not detected at 4.2 h. When PLGA-NP lutein was administered, lutein
was detected in plasma at 50 min yet with a large variability at 56.3 + 149.5 ng/mL due
to one rat with 426 ng/mL. Plasma lutein level between rats became consistent at 1.2 h
with a mean concentration being 56-fold greater than free lutein (Fig. 1a, P <0.05). The
lutein concentration increased to 90.2 + 18.1 ng/mL, Cmax, at 2.2 h. Despite the same
Tmax, the maximum concentration was 54.5-fold greater than free lutein (P <0.05) (Table
1). PLGA-NP lutein was still detected at 4.2 h with its concentration being 28-fold greater
than free lutein (Fig. 1a, P <0.05). Further, the bioavailability of PLGA-NP lutein (AUC)
was 77.6-fold greater than free lutein (Table 1, P <0.05). Micellized lutein was detected
in the plasma at 40 min in 1 out of the 3 rats (2.9 ng/mL) which increased with a large
variability to its maximum concentration of 5.8 + 8.5 ng/mL in 2 out of the 3 rats at 4.2 h
(Fig. S1). Hence, the maximum plasma concentration for micellized lutein which was
delayed 2 h was 3.4-fold greater and 15.6-fold less than the Cmax for free and PLGA-NP
lutein.
During the first 1.2 h, free lutein was distributed to the liver with a large variation
of concentration between rats from 0 to 2.3 μg/g (Fig. 1b). PLGA-NP lutein was delayed
the first 1.2 h approaching the mean concentration of free lutein by 3.5 h with a smaller
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variability between rats. Although the Cmax for free lutein was 3.6-fold greater than PLGA
NP (Table 1, P <0.05), its earlier Tmax at 1.6 h and 1.7-fold greater AUC were not
statistically different. The distribution of PLGA-NP lutein to the mesenteric adipose was
also delayed the first 30 min reaching a peak concentration between 50 and 70 min with
a large variation between rats from 0 to 1.6 μg/g (Fig. 1c) which was cleared at 4.2 h.
Free lutein was delayed an additional 1.2 h also with a large variation over the time
course between 0 and 532 ng/g. Further, although the Cmax and AUC for PLGA-NP lutein
was 3.9- and 4.4-fold greater than free lutein, none of the pharmacokinetic parameters
were statistically different (Table 1). Similar to the liver, the tissue distribution of PLGANP lutein in spleen increased over time reaching a maximum concentration of 363 +
192.7 ng/g at 4.2 h which was 19.1-fold greater than free lutein (Fig. 1d, P <0.05).
Similar to the distribution of free lutein in liver, lutein in either treatment was delivered to
the lung in the first 10 min with a maximum concentration at this time at 242.7 + 214.1
ng/g and also with a large variation which was cleared at 4.2 h (Fig. 1e). The
pharmacokinetic profiles of micellized lutein within the selected tissues were similar to
that of free lutein, yet the apparent maximum concentrations were 27-, 3.5-, 2.4-, and
3.5-fold lower in liver, mesenteric adipose, spleen and lung (Fig. S1). Micellized lutein
was also 7.5-, 13.5-, 30.4-, and 3.8-fold lower in the aforementioned tissues,
respectively, than PLGA-NP lutein.

Intestinal absorption of lutein in Caco-2 cell monolayers
In the time course experiment, Caco-2 cells were treated with 14.6 μg/mL lutein in
micelle and PLGA-NP with and without additional micelle components for up to 48 h
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(Fig. 2). The apparent Cmax of cell lysate of 4 + 1.4 μg/mg protein was reached in 8 h
after the cells were treated with micellized lutein, followed by a >2-fold reduction from 8
to 24 h post treatment (Fig. 2a). The lutein content of micellized lutein treated cell lysate
from 24 to 36 h remained unchanged, and at 48 h post treatment, lutein content was
close to that at 2 h (Fig. 2a). The lutein content in the apical media followed an opposite
trend to that of the cell lysate in the first 8 h post treatment decreasing 1.5-fold as the
cell lysate increased toward its Tmax with a subsequent more gradual decrease by 2.2fold thereafter up to 48 h post treatment (Fig. 2b). The secretion of lutein in micelles
increased linearly 4.2 fold starting at 4 h and reached its plateau of 20.6 + 3.4 ng/mL
after 36 h (Fig. 2c). The lutein content of PLGA-NP lutein treated cell lysate and
secretion in basolateral medium was 10- and 50.5-fold lower, respectively, than that of
micellized lutein at 48 h post treatment (P <0.05). With the addition of micelle
components to PLGA-NP, the concentration of lutein in cell lysate and secretion in
basolateral medium increased 6 and 18.5 fold as compared to PLGA-NP, respectively (P
<0.05), yet was still 1.7- and 2.8-fold lower, respectively, than that from micellized lutein
(P <0.05). The lutein content of PLGA-NP and PLGA-NP + micelle treated cell lysate
and secretion in basolateral medium was monitored up to 96 h but never reached the
Cmax of the micellized lutein and remained at 20.9/3.8- and 8.1/1.9-fold lower for cell
lysate and basolateral, respectively.
In the dose-response experiment, Caco-2 cells were treated with 0.35 to 14.6
μg/mL lutein in micelle and PLGA-NP with and without additional micelle components for
48 and 84 h, respectively (Fig. 3). There was a dose-response effect on cell uptake and
secretion (% of dose as µg) from 0.35 to 14.6 µg/mL lutein which peaked between 1.18
and 4 μg/mL for all three vehicles. Further, the strength and significance of the dose-

85
response decreased from micelle to PLGA-NP and increased with the addition of micelle
components but was still less than micelle (r2 = 0.88, 0.59, and 0.63 with P = 0.0005,
0.0161, and 0.007, respectively). In all doses, the absorption of micellized lutein was at
least 4.4-fold greater than PLGA-NP lutein which was improved by the addition of
micelle components albeit still about 1.5-fold less than micelles.

Discussion
In the current study, we found that compared to free lutein, nanoencapsulation using
PLGA improved the pharmacokinetics (Cmax and AUC) of lutein in the plasma of rats,
while diverting tissue accumulation to mesenteric adipose and spleen instead of the
liver. Compared to micellized lutein, nanoencapsulation improved the maximal
concentration of lutein in the plasma and selected tissues of rats while decreasing the
cell uptake and secretion of lutein in differentiated Caco-2 cells. This contrasting effect
on cell uptake and secretion was moderated slightly by the addition of micelle
components.
We found that oral administration of lutein free or in PLGA-NP at a dose of 10
mg/kg BW in rats reached its Tmax at 2.2 h and was essentially eliminated by 4.2 h. In
two previous oral pharmacokinetic studies exploring the bioavailability of lutein in Wistar
rats over 8-9 h, investigators similarly found the Tmax in plasma at 2 h (Lakshminarayana
et al. 2006; Mamatha and Baskaran 2011). The overall distribution of free lutein in
tissues observed in this study was similar to other studies which report that oral as well
as intravenous delivery of lutein in Wistar rats over 6 h preferentially accumulated in the
liver relative to the spleen and lung (Itagaki et al. 2006; Sato et al. 2011). Further,
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although we found the Tmax of free lutein in the liver was reached at 1.6 + 1.8 h, previous
research revealed a longer time to maximal plasma concentration at 3-4 h
(Lakshminarayana et al. 2006; Itagaki et al. 2006). Acute time course data for
distribution of lutein to adipose tissue as well as spleen and lung in rodent models after
oral delivery have not been reported in the literature.
Nanoencapsulation has also been shown in a limited number of in vivo studies to
enhance the bioavailability of lutein in mice as well as humans. Vishwanathan et al.
(2009) reported that in humans, nanoemulsions of lutein using the phospholipid
Phospholipon 85G, increased mean serum lutein concentrations by approximately 1.3
fold compared to a supplement of lutein in pill form. Similar to our comparison of lutein
bioavailability in PLGA-NP and micelle, Arunkumar et al. (2013) found that lutein
nanoencapsulated in polymeric chitosan displayed approximately 2-fold greater mean
lutein concentrations in plasma, liver and eye in mice at 8 h compared to a micelle
vehicle, although a full time course was not studied. Absent other reports about the oral
delivery of PLGA carotenoids, it is worth noting that enhanced bioavailability has been
demonstrated with other lipophilic phytochemicals, particularly curcumin, in the plasma
of rats. Khalil et al. (2013) demonstrated that PLGA-0.5% PVA (size and EE: 161 nm
and 73%; polymer MW 10 kDa) improved the plasma AUC of curcumin 15.6 fold over 24
h in Wistar rats compared to the same dose in an aqueous solution. Similarly, Tsai et al.
(2011) found that PLGA- 2% PVA (size, EE, and zeta potentials: 158 nm, 46.6%, -12
mV; polymer MW 5-15 kDa) also enhanced the plasma AUC of curcumin 1.1 fold over 2
h in Sprague Dawley rats compared to a 20-fold larger dose in an aqueous solution. In
contrast to our observations in plasma and the results of Tsai et al. (2011), Khalil et al.
(2013) and others (Mittal et al. 2007; Ma et al. 2012) reported a delay in absorption of
PLGA-NPs between 2 and 30 h. While Mitall et al. (2007) and Yallapu et al. (2010)
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indicated that an increase in MW, particle size, and percentage of stabilizer may prolong
the release behavior of nanosized delivery systems (due in part to an increased
lipophilicity, surface to volume ratio and stability) the results of these studies did not
follow their suggested principle. Thus, future studies are warranted to explore the effect
of all three parameters on compound release.
We found that the overall tissue distribution of PLGA-NP lutein in rats
preferentially accumulated in the mesenteric adipose tissue and spleen. Further, PLGANP appeared to delay lutein accumulation in liver and spleen. Previous studies exploring
the biodistribution of nanoencapsulated hydrophobic compounds delivered orally are
limited. As noted, Arunkumar et al. (2013) found that lutein nanoencapsulated in
chitosan displayed approximately 2-fold greater mean lutein concentrations in liver and
eye in mice at 8 h compared to micelle. Tissue distribution of intravenously delivered
PLGA-NP either empty or containing hydrophilic compounds (i.e., the flavonoid
breviscapine or the chemotherapy drug docetaxel) have been investigated in rodent
models and shown to have the highest deposition in liver followed by spleen
(Mohammad and Reineke 2013; Liu et al. 2008; Cheng et al. 2007). Tissues with more
porous endothelial walls in blood vessels, such as the liver and spleen, have been
shown to have significant uptake of NP. This is due, in part, to the macrophages residing
in these tissues also known as the reticulo-enothelial system (Li and Huang 2008;
Kumari et al. 2010). Future research exploring the tissue distribution of orally delivered
PLGA-NP, especially those containing hydrophobic compounds, is needed to fully
understand particle behavior in vivo.
In our Caco-2 cell study, the percentage of micellized lutein taken up by the cell
lysate at the Tmax falls within the range of previously reported in vitro results at 18-36%
(Chitchumroonchokchai et al. 2004; Sy et al. 2012). There are inconsistencies in the
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literature related to the degree of lutein secretion from differentiated Caco-2 cells into the
basolateral medium. Nonetheless, the <1% percent secretion observed in our
experiments falls within the range of 0-10% observed in other in vitro studies
(Chitchumroonchokchai et al. 2004; Sy et al. 2012). In contrast to our rat study, our
Caco-2 cell study demonstrated that, compared to micellized lutein, nanoencapsulation
appeared to decrease the cell uptake and secretion of lutein in differentiated Caco-2
cells, which was moderated slightly by the addition of micelle components. Previous in
vitro investigations exploring the cellular uptake of nanoencapsulated carotenoids are
limited. Yi et al. (2014) noted that solid lipid nanoencapsulation of β-carotene with
Tween 20, a nonionic synthetic emulsifier, and sodium caseinate, whey protein isolate,
or soy protein isolate improved cellular uptake in Caco-2 cells by 2.6, 3.4, and 1.7 fold,
respectively, compared to free β-carotene solubilized in organic solvent after 24 h.
Previous studies investigating the cell uptake and secretion of PLGA carotenoids
have not been reported. Yet, other in vitro studies investigating PLGA nanoencapsulated
lipophilic compounds demonstrate conflicting results. In a study on the uptake and
transport of furanodiene, a lipophilic extract from Curcuma wenyujin, Gang et al. (2013)
reported that PLGA nanoencapsulation did not alter uptake, but increased secretion 4
fold

after

4

h.

Similarly,

Derakhshandeh

et

al.

(2010)

found

that

PLGA

nanoencapsulation augmented the uptake and secretion of the hydrophobic anti-cancer
drug 9-nitrocamptothecin in a dose-independent manner. The lack of improved uptake
by the PLGA-NP observed in our study as well as by Gang et al. (2013) may be due in
part by varying mechanisms of compound uptake into enterocytes. Lutein is taken up
along with micelles by intestinal cells via passive diffusion and facilitated transport
through cholesterol transporters, followed by assimilation into chylomicrons for secretion
into the lymph system (Reboul and Borel 2011). In contrast, PLGA-NPs are taken up via
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a partial energy-dependent endocytosis in the villi, followed by exocytosis into the
circulation (Behrens et al. 2002; Reix et al. 2012; McClean et al. 1998). Nevertheless,
the amount of PLGA-NPs translocated into Caco-2 cell monolayers appears minimal
because of low endocytic capacity (Cartiera et al. 2009; Pietzonka et al. 2002). Our
demonstration of improved uptake and secretion of PLGA-NP lutein in Caco-2 cells with
the additional of micelle components is consistent with reports that 30% of hydrophobic
compounds are released from the NP during the first 2-3 h under simulated
gastrointestinal conditions (Gang et al. 2013; Derakhshandeh et al. 2010). Hence, bile
salts and phospholipids used for synthesis of chylomicrons appear to facilitate more
effective intestinal secretion of PLGA-NP lutein (Luchoomun and Hussain 1999).
There are a number of potential reasons for the inconsistent results between the
rat and Caco-2 cell studies. A Caco-2 cell monolayer is composed solely of absorptive
cells, whereas the intestinal epithelium is a conglomerate of absorptive enterocytes and
other cells such as the mucus secreting goblet cells and microfold (M) cells located in
Peyer’s patch. A major obstacle affecting the transport of compounds across the
intestinal mucosa that was not examined in this study was that of the mucus layer
barriers. It is unknown whether the efficacy of absorption of PLGA-NP and synthetic
micelles are affected by this mucus layer. In addition, M cells may be a more efficient
cellular route of PLGA-NP compared to the micelle since they lack microvilli but possess
broader microfolds to transport antigens via endocytosis (des Rieux et al. 2005). Future
investigation could utilize inverted co-culture models of Caco-2 cells with goblet and M
cell-like cells (Hilgendorf et al. 2000; des Rieux et al. 2005). No one animal completely
mimics human absorption and metabolism of carotenoids. Although the rat is a
commonly utilized model, carotenoid uptake observed in our study using an epithelial
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colorectal adenocarcinoma cell model from humans, did not reflect those anticipated.
Future studies could employ alternate animal models (such as the ferret) that may more
closely reflect the carotenoid absorbance in humans (Lee et al. 1999; Ribaya-Mercado
et al. 1989). Generally, as rats do not efficiently absorb intact carotenoids, high doses,
as we did in this study, are fed to rats to achieve an adequate tissue level, which
diminishes the relevance to humans. Given that ferrets have been used in many areas of
carotenoid research, including absorption and bioavailability, and results generated are
similar to those reported in humans (White et al. 1993; Murano et al. 2005) it would
informative to examine the bioavailability of PLGA-NP lutein in this animal model and
see if these in vivo results are more comparable to the in vitro results we observed in
Caco-2 cells.
There is a limitation to this investigation that should be noted. In the in vitro time
course experiment, only 3 time points (0, 24, 48 h) were administered for PLGA-NP
lutein with and without the additional micelle components due to financial and time
constraints. We expect that this limitation should not have marked influence on the time
course study as there should not be a change in the kinetic pattern between 0 and 24 h.
Given that the secretion of lutein from PLGA-NP and PLGA-NP + micelle in the
basolateral medium continued to increase gradually from 0-24 h, there should not be a
peak in lutein content in cell lysate within this time period as was observed with the
micelle which had a secretion which leveled off between 8 and 24 h.
In summary, using an in vivo rat model, polymeric nanoencapsulation appears a
promising approach to improving the bioavailability of lutein. However, the inconsistent
results between the in vivo and in vitro models warrant further study to confirm which
approach better predicts responses in humans. The results of this study helps build a
knowledge base to choose ideal carriers for the oral delivery of lipophilic compounds but
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raises issues with regard to the comparability and the predictive value of in vitro models
to in vivo responses.
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Table 1. Pharmacokinetic parameters of plasma and selected tissues after oral
administration of 10 mg/kg BW lutein [free or in PLGA nanoparticles (NP)] in rats.

Cmax (ng/mL or g)

Tmax (h)

Tissue

Free

PLGA-NP

Plasma

1.7 + 1.4

90.2 + 18.1

Liver

891.1 + 243

Mesen.
Adipose

111.1 + 129.1

AUC (h*ng/mL or g)

Free

PLGA-NP

Free

PLGA-NP

2.2

2.2

2.5 + 1.3

193.9 + 44.5

247.2 + 42.1

1.6 + 1.8

3.2 + 1.8

846.9 + 596.2

493.8 + 109.4

430.1 + 455.1

2.6 + 1.8

1.3 + 0.6

117.9 + 182.9

519.9 + 494.6

*
*

Values are expressed as mean + SD, n = 8 rats/time point. *Means between the
treatments in the same row differ, tested by Students’ t-test (P <0.05).

A. Plasma

240

3.6

Free
PLGA-NP

3.0
2.4

200

1.8

ng/mL

1.2

160

0.6
0.0

120

0.7

1.4

2.1

2.8

3.5

4.2

*

80
40
0.0

*

*
0.7

1.4

2.1
Time (h)

2.8

3.5

4.2

*
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B. Liver

1200

Free
PLGA-NP

1000
ng/g

800
600
400

*

200
0.0

0.7

1.4

2.1

2.8

3.5

4.2

Time (h)
C. Mesenteric Adipose
900

Free
PLGA-NP

750
ng/g

600
450
300
150
0.0

0.7

1.4

2.1
Time (h)

2.8

3.5

4.2
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D. Spleen

600

*

500

Free
PLGA-NP

ng/g

400
300
200
100
0.0

0.7

1.4

2.1

2.8

3.5

4.2

Time (h)
E. Lung
540

Free
PLGA-NP

450
ng/g

360
270
180
90
0.0

0.7

1.4

2.1

2.8

3.5

4.2

Time (h)
Fig. 1. The effect of polymeric nanoencapsulation on the time profile of lutein in (A)
plasma, (B) liver, (C) mesenteric adipose, (D) spleen, and (E) lung after oral
administration of 10 mg/kg BW in rats. The insert within (A) is the time profile of free
lutein in plasma. Values are expressed as mean + SD, n = 8 rats/time point. *Means of
the same time points differ, assessed by Students’ t-test (P <0.05).
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A. Cell lysate
PLGA-NP

6000
ng/mg protein

PLGA-NP + Micelle

4800

Micelle

3600
a

2400
a
b

1200

b
c

b

0

8

16

24 32
Time (h)

40

48

B. Apical
PLGA-NP

15000

a
a

ng/mL

12000

a

9000

b
b

6000

c

3000
0

8

16

24
Time (h)

32

40

48

PLGA-NP + Micelle
Micelle
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C. Basolateral
PLGA-NP

30
a

ng/mL

24

PLGA-NP + Micelle
Micelle

a

18
12

b
b

6

c

c

0

8

16

24

32

40

48

Time (h)

Absorption (% of dose)

Fig. 2. The effect of polymeric nanoencapsulation with or without additional micelle
components on lutein uptake and secretion in differentiated Caco-2 cells treated with
14.6 µg/mL lutein. Values are expressed as mean + SD, n = 3-4 replicates. abcMeans of
the same time points differ, assessed by one-way ANOVA, followed by with Tukey’s
HSD test (P <0.05).

Micelle

42
a

PLGA-NP

a

35

PLGA-NP + Micelle

ab

28

a

21

c

14 a
7
0

b
b

0.35

c

c
b

1.18

4.0

Dose (g/mL)

b

14.6

100
Fig. 3. Effect of polymeric nanoencapsulation with or without additional micelle
components on lutein absorption (% of dose) in differentiated Caco-2 cells treated with
lutein for 36 h for micelle and 84 h for PLGA-NP and PLGA-NP + micelle. Values are
expressed as mean + SD, n = 3-4 replicates. abcMeans of the same dose differ,
assessed by one-way ANOVA, followed by with Tukey’s HSD test (P <0.05).

Appendix
A. Plasma

18

ng/mL

15
12
9
6
3
0.0

0.7

1.4

2.1

2.8

3.5

4.2

2.8

3.5

4.2

Time (h)
B. Liver

96
80

ng/g

64
48
32
16
0.0

0.7

1.4

2.1
Time (h)
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C. Mesenteric Adipose
72
60

ng/g

48
36
24
12
0.0

0.7

1.4

2.1

2.8

3.5

4.2

2.8

3.5

4.2

Time (h)

D. Spleen
18
15

ng/g

12
9
6
3
0.0

0.7

1.4

2.1
Time (h)

E. Lung

180
150
ng/g

120
90
60
30
0.0

0.7

1.4

2.1
Time (h)

2.8

3.5

4.2
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Fig. S1. The effect of micellization on the time profile of lutein in (A) plasma, (B) liver,
(C), mesenteric adipose, (D) spleen, and (E) lung after oral administration of 10 mg/kg
BW in rats. Values are expressed as mean + SD, n = 3 rats/time point.

Summary and Discussion
Lutein, a fat-soluble xanthophyll, contributes partially to the health benefits from
consuming plant foods. Like all dietary carotenoids, lutein has a low bioavailability. In
addition to increasing the intake of lutein-rich foods to enhance lutein status, polymeric
nanoencapsulation presents a novel approach to enhancing lutein bioavailability. The
overall research objective of this project was to investigate in rats the impact of
nanoencapsulation using poly(lactic-co-glycolic acid) (PLGA) on the pharmacokinetics of
lutein. We also used an in vitro cell culture approach utilizing human epithelial colorectal
adenocarcinoma (Caco-2) cells grown in both conventional and permeable support
systems to investigate the impact of PLGA on the absorption of lutein in intestinal cells.
The study described in Chapter 1 of this dissertation was the first to systemically
compare the efficacy of lutein absorption in vitro using Caco-2 cell monolayers grown in
conventional (CONV) and permeable support systems (PS). We further examined the
role of the micelle, the physiological vehicle within the small intestine, on intestinal
absorption in vitro in comparison to the organic solvent ethanol, which is safe and
commonly consumed by humans. The findings from this study indicated that compared
to PS, intracelluar lutein content in CONV was at least 460 and 8% greater in ethanol
and micelles, respectively, over 24 h. Yet, the AUC of the intracellular lutein over time
was only significantly different for ethanol. Further, the absorption (uptake + secretion) of
lutein, independent of delivery vehicle, by Caco-2 cells grown in CONV increased
linearly with dose (0.35 to 4 or to 14.6 μg/mL for ethanol or micelle, respectively), while
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that in PS reached a peak at 1.18 μg/mL. The greater uptake of lutein by the CONV
system over time and dose may be explained by the influence of differentiation on the
transport mechanism(s) of the cells. Caco-2 is a cell line originating from human colonic
carcinoma that spontaneously differentiates to an enterocyte-like phenotype when
monolayers reach confluency and are maintained using conventional monolayer
culturing conditions (Ferruzza et al. 2012; Sambruy et al. 2005; Reisher et al. 1993).
Hence it is possible that lutein may be able to move into colonic cells grown to
confluence more efficiently than a differentiated colonic cell expressing an enterocytelike phenotype. Lastly, in PS, 0.15% of micellized lutein was secreted to the basolateral
medium while only 0.016% was secreted in ethanol, suggesting the necessity of
chylomicrons synthesized from micelle components for lutein secretion. In conclusion,
these findings suggest lutein uptake by Caco-2 cells is subject to influence of culturing
system (CONV vs. PS) and delivery vehicle (ethanol vs. micelle).
The study described in Chapter 2 was the first to examine the impact of
polymeric (PLGA) nanoencapsulation on lutein pharmacokinetics in plasma and
distribution in selected tissues in rats. We further investigated the effect of PLGA-NP on
the absorption of lutein in intestinal cells compared to a more physiological vehicle, the
micelle using the permeable support system approach. Additionally, we explored the
need of additional micelles for the ultimate absorption of lutein loaded in a water soluble
NP. The findings of the rat study indicated that compared to free lutein, PLGA
nanoencapsulation increased maximal plasma concentration and area under the time
course curve in rats by 54.5 and 77.6 fold, respectively, while in general diverting lutein
accumulation to mesenteric adipose and spleen instead of the liver. In comparison to
micellized lutein, nanoencapsulation improved the maximal concentration of lutein in rat
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plasma 15.6 fold and 3.8 fold in selected tissues. In contrast, PLGA-NP lutein
decreased the uptake and secretion of lutein in Caco-2 cells by 10.0 and 50.5 fold,
respectively, compared to micellized lutein. This effect on cell uptake and secretion of
PLGA-NP lutein was moderated (6- and 18.5-fold reductions) by the addition of micelle
components. The results of this study suggest that polymeric nanoencapsulation
appears a promising approach to improve the bioavailability of lutein in rats. Yet, the
inconsistent results between the rat and cell culture models warrant further
investigations on which approach better predicts responses in humans. Further, bile
salts and phospholipids which are necessary to stimulate synthesis and secretion of
chylomicrons appear to facilitate more effective intestinal secretion of PLGA-NP lutein.
In summary, with Caco-2 cells cultured in the PS system reliably grown to display
phenotypes and functions of enterocytes in the small intestine, this in vitro platform
enables the generation of information that is closer to the physiology of the absorptive
enterocytes. However, although the CONV system has the physiology of a colonic
tissue, it appears to display a larger efficacy of lutein uptake by Caco-2 cells which can
provide a rapid, preliminary tool for methodology development for nutrient absorption
studies. Further, polymeric nanoencapsulation appears a promising approach to improve
the bioavailability of lutein in vivo but raises issues with regard to the comparability and
the predictive value of in vitro models to in vivo responses. The results of this
dissertation will help provide practical guidelines regarding in vitro approaches to the
study of nutrient absorption and build the knowledge base to choose ideal carriers for
the oral delivery of lipophilic compounds.
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Future Directions:
Aim 1: To investigate the extent to which polymeric nanoencapsulation will
increase the absorption of lutein in modeled intestinal cells after being subjected
to in vitro digestion.
Besides the improvement of solubility, polymeric nanoencapsulation has been shown to
protect compounds from the GI environment (Derakhshandek et al. 2010; Gang et al.
2013). The in vitro digestion model simulates the gastric and small intestinal phase of
digestion hence introducing bile salts and phospholipids following the gastric phase
(Garrett et al. 1999). Chitchumroonchokchai et al. (2004) showed that lutein
accumulation by Caco-2 cells was greater when the cells were exposed to lutein
prepared in synthetic micelles instead of lutein in micelles generated during in vitro
digestion. Given that we showed that bile salts and phospholipids which are necessary
to stimulate synthesis and secretion of chylomicrons appear to facilitate more effective
intestinal secretion of PLGA-NP lutein it would be informative to explore the influence of
the in vitro digestion model on lutein absorption in PLGA-NP to that of the unmodified
form.

Aim 2: To investigate the extent to which polymeric nanoencapsulation will
increase the absorption of lutein in inverted co-culture models of Caco-2 cells
with goblet and M cell like cells.
Despite the widespread use and acceptability of the Caco-2 cell model to investigate
intestinal absorption, this model suffers from significant shortcomings that render it less
relevant to in vivo absorption. This model is composed solely of absorptive cells,
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whereas the intestinal epithelium is a conglomerate of absorptive enterocytes and other
cells such as the mucus secreting goblet cells and microfold “M cells mainly located in
Peyer’s patch. A major obstacle affecting the transport of compounds across the
intestinal mucosa that was not examined in this study was the effect of the mucus layer
barriers. It is unknown whether the efficacy of absorption of PLGA-NP and synthetic
micelles are affected by this mucus layer. In addition, the M cell may be a more efficient
cellular route of PLGA-NP compared to the micelle as they lack microvilli but possess
broader microfolds to transport antigens via endocytosis (des Rieux et al. 2005). Future
investigation could utilize inverted co-culture models of Caco-2 cells with goblet and M
cell like cells (Hilgendorf et al. 2000; des Rieux et al. 2005).

Aim 3: To examine the impact of polymeric PLGA nanoencapsulation on lutein
bioavailability and pharmacokinetics in ferrets.
No one animal completely mimics human absorption and metabolism of carotenoids.
Although the rat is a commonly utilized model, carotenoid uptake observed in our study
using an epithelial colorectal adenocarcinoma cell model from humans, did not reflect
those anticipated. Future studies could employ alternate animal models (such as the
ferret) that may more closely reflect the carotenoid absorbance in humans (Lee et al.
1999; Ribaya-Mercado et al. 1989). Generally, as rats do not efficiently absorb intact
carotenoids, high doses, as we did in this study, are fed to rats to achieve an adequate
tissue level, which diminishes the relevance to humans. Given that ferrets have been
used in many areas of carotenoid research, including absorption and bioavailability, and
results generated are similar to those reported in humans (White et al. 1993; Murano et
al. 2005) it would informative to examine the bioavailability of PLGA-NP lutein in this
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animal model and see if these in vivo results are more comparable to the in vitro results
we observed in Caco-2 cells.

Aim 4:

To investigate the impact of polymeric PLGA nanoencapsulation with

surface modification on the bioavailability of lutein in rats.
There are a number of different polymers and surface modifications utilized to prepare
NP which can affect the nature of the compound encapsulated and the polymer
constituting the carrier. It is well documented that polymeric NP present short circulation
times because they are rapidly recognized by cells of the mononuclear phagocytic
system (Kumari et al. 2010). To address this matter, NP can be coated with molecules
that provide a greater hydrophilic layer on the particle surface. The most common moiety
for surface modification is the hydrophilic and non-ionic polymer PEG. Surface
modification can also be used to target NP toward specific organs and increase selective
cellular binding and internalization through receptor-mediated endocytosis. Khalil et al.
(2013) showed that compared to the curcumin aqueous suspension, the PLGA and
PLGA-PEG NP increased the curcumin bioavailability by 15.6 and 55.4 fold,
respectively. Future investigation could explore the impact of PLGA nanoencapsulation
with surface modification on the bioavailability of hydrophobic compounds such as lutein.
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Appendix
Cell Maintenance for Caco-2
A. Cell Passage (protocol used for 75 cm2 cell culture flask) I split when cells
reach 70-80% confluence. Everything including your hands that go into the hood
should be sterilized by 70% ethanol.
Reagents:
1) Advanced Dulbecco’s Modified Eagle Medium (DMEM) [12491-015, Gibco]
(a) In the hood, add the following to 25 mL aliquot of media:
 10% Fetal Bovine Serum [30-2021, ATCC]
 1% L-glutamine (200mM) [25030-081, Gibco]
(b) Filter sterilize in a 250 mL disposable PES membrane filter system
(c) Add sterilized mixture back to media bottle
2) Trypsin-EDTA [30-2101, ATCC]
3) Hyclone phosphate buffer saline (PBS) without ca2+ or mg+ [30256, Thermo]
Procedure:
1. Take out complete media, PBS, and trypsin-EDTA from fridge or freezer to warm up
at least 30 min before cell passage.
2. Turn on the hood at least 15 min before using.
3. Spray 70% ethanol on the bench in hood before using.
4. Aspirate out the old media, add 6 mL PBS into the flask, rock the flask carefully and
discard the PBS to remove the dead cells or some cell fractions.
5. Add 3 mL trypsin to the flask and rock carefully, make sure it covers the whole
bottom. Put the flask into incubator at 37 °C and keep it for 5 min- look under
microscope to see if all cells are floating.
6. Take out the flask and add 8 mL fresh media into the flask, pull up and down 10-15
times (washing the bottom of the flask a few times as well) to make sure the cells
were distributed evenly in the media.
7. Transfer to 50 ml falcon tube and spin in centrifuge at 2500 rpm for 3-5 min.
8. Aspirate old media (leave a little behind to make sure not to aspirate cells).
9. Add fresh media (multiply number of new flasks that cells will be split into by 5 to get
total amount of fresh media to add to falcon tube, i.e., 1 old flask of cells split to 2
new flasks = add 10 mL fresh media to falcon tube) and pull up and down 10-15
times to mix cells well.
10. Add 5 mL of cell suspension to each new flask and add additional 10 mL fresh media
to each new flask. Place back into incubator (95% humidity, 5% CO 2, 37 °C)
immediately.
11. After protocol is completed, spray down the hood with 70% ethanol and wait at least
15 min before turning the hood off.
B. Media Change in Transwell® System (protocol for 12 well plates) Do media
change every 48-72 h. Everything including your hands that go into the hood
should be sterilized by 70% ethanol.

110
Reagents:
1) Advanced Dulbecco’s Modified Eagle Medium (DMEM) [12491-015, Gibco]
(a) In the hood, add the following to 25 mL aliquot of media:
 10% Fetal Bovine Serum [30-2021, ATCC]
 1% L-glutamine (200mM) [25030-081, Gibco]
 1% Penicillin-Streptomycin (10,000 U/mL) [15140122, Gibco]
(b) Filter sterilize in a 250 mL disposable PES membrane filter system
(c) Add sterilized mixture back to media bottle
2) Hyclone phosphate buffer saline (PBS) without ca2+ or mg+ [30256, Thermo]
Procedure:
1. Take out media (Advanced DMEM with 10% FBS and 1% L-glutamine, 1%
Penicillin-Streptomycin (10,000 U/mL)) and PBS from fridge to warm up at least
30 min before changing media or until it is room temperature.
2. Turn on the hood at least 15 min before using.
3. Spray 70% ethanol on the bench in hood before using and spray your gloves.
4. Aspirate out the old media below permeable supports and above making sure to
be careful near the membrane.
5. Add 1.5 mL PBS below and 0.5 mL above cell supports, rock gently with lid on,
and aspirate.
6. Add 1.5 mL fresh media below and 0.5 mL above cell supports, rock gently with
the lid on. Place back into incubator (95% humidity, 5% CO2, 37 °C) immediately.
7. After protocol is completed, spray down the hood with 70% ethanol and wait at
least 15 min before turning the hood off.
Caco-2 Cell Differentiation Biomarkers
Transwell® System (protocol for 12 well plates)
A. Trans-epithelial Resistance Electrical Resistance (TEER)
Equipment:
1) EVOM2 Epithelial voltohmmeter
2) STX2 chopstick electrode
Procedure:
Protocol based on directions from World Precision Instruments (EVOM2, WPI)
B. Alkaline Phosphatase (ALP) Activity (do this assay last)
Reagents:
1) 1M Diethanolamine Buffer (DEA) [D8885, Sigma] with 0.5 mM MgCl2
9.7 ml DEA in 80 ml H20 (add DEA to H20)
0.01 g MgCl2
Bring up to 100 ml with H20
Titrate with 6M HCl to pH 9.8
(Light protected at room temperature for up to 6 months)
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2) 3N NaOH
6 g NaOH in 40 ml H20 (add NaOH to H20)
Bring up to 50 ml with H20
3) 20 mM Tris Buffer with 137 mM NaCl
242 mg Tris + 795 mg NaCl in 100 ml H20
Titrate pH to 7.4
4) 1 mg/ml p-Nitrophenyl phosphate [P4744, Sigma] in DEA buffer
(To be made day of assay)
5) Digitonin/EDTA solution
(a) 0.16% digotonin in 2 mM EDTA solution, pH 7.8
2 mM EDTA = 0.6 g/1 L H20; use NaOH to dissolve EDTA and titrate with acid
(b) 0.16g digotonin [D5628, Sigma] + 2 mM EDTA to 100 ml (Store at 2-8 °C)
Right before assay heat to redissolve digitonin in solution
6) BCA kit for protein determination
Procedure for ALP determination:
1. Thoroughly vacuum suction medium off wells careful not to touch cells
2. Rinse basolateral well with 1.5 ml tris buffer and apical well with 500 µl DEA
buffer
3. Add 1.5 ml tris buffer to basolateral well and 250 µl 1mg/ml pNPP in DEA buffer
to apical well
4. Incubate for 10 minutes
5. Add 100 µl of apical solution to fresh 96 well plate and stop reaction by adding 50
µl 3N NaOH/well
6. Measure absorbance on plate reader at 405 nm
7. Thoroughly vacuum suction pNPP/tris buffer off wells careful not to touch cells
8. Rinse basolateral well with 1.5 ml PBS and apical well with 500 ul PBS
9. Lyse cells with Add 210 µl digitonin/EDTA solution to apical well at 37 °C for 10
min
10. Mix on orbital shaker at speed 6 for 5 min
11. Transfer 30 µl aliquots for each well to a new 96 well plate for protein
determination by the biocinchoninic acid method.
Procedure for Protein determination:
1. Make working reagent (need 200 µl reagent per 10 µl sample)
(a) Working reagent ratio = 1mL reagent A + 20 µL reagent B
2. Make calibration standards at concentrations of 2000, 1000, 500, 250, 125, 62.5,
31.25 ug/mL Albumin in PBS and 2 blanks (PBS alone, digitonin alone)
3. In a 96 well plate add 200 µl reagent per 10 µl sample
4. Incubate reaction solutions at 37°C for 30 min (start timer after last sample)
5. While incubating: turn on spectrometer and turn off temperature
6. Determine absorbance at 562 nm
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Chylomicron Collection and Apo-B Determination
A. CHYLOMICRON COLLECTION
Reagent:
0.91 and 0.95% saline solution- keep at 4 °C
 910 and 950 mg NaCl in 100 mL EC-H2O each
Procedure:
1. Add no less than 0.215 g KBr into 1.5 ml sample
2. Gently rock and let salt dissolve into sample
3. Prepare a 4.9 mL Beckman ultracentrifuge tube
4. Add 1.7 mL 0.95% saline to bottom of Beckman tube
5. Add additional 1.7 mL 0.91% saline to the top of the 0.95% saline layer
6. Gently add 1.5 mL sample with KBr underneath saline by using a 9” glass
pipette, avoiding air bubbles when eluting sample and being careful as to not
disturb saline environment
7. Put Beckman tubes into NVT-90 rotor and make sure it is balanced
8. Spin the tubes at 40,000 rpm for 90 minutes at 15 °C in Beckman L8-M
centrifuge
9. Collect 500 µl twice (total of 1 mL) from the top of the tube after spin. Keep at
4 °C covered in parafilm up to 1 week.
B. APO-B DETERMINATION
Protocol based on directions from AssayPro ELISA kit (ABIN61266, AntibodiesOnline.Com)
Briefly, chylomicron cell culture samples should not be diluted as concentrations
should already be within the standard curve. The absorbance at 450 nm was
determined using a FLUOstar OPTIMA plate reader (BMG LABTECH Inc., Cary,
NC). The limit of quantification was 0.008 µg/mL. The intra-day and inter-day
coefficient of variation was 5 and 7.5%, respectively. Kit can be stored at 2-8 °C
or 20 °C upon arrival up to the expiration date but only 1 month upon opening.
Carotenoid in Synthetic Micelles
Transwell® System (protocol for 12 well plates)
***WORK UNDER RED OR YELLOW LIGHT***
Reagents: (Prepare day of assay, if using conventional system cut [conc] by 4)
1) 500 µM 1-oleoyl-rac-glycerol [MO, M7765, Sigma]
Calculate based on volume of media and dissolve in chloroform
2) 200 µM 2-oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine [PC, 42773, Sigma]
Calculate based on volume of media and dissolve in chloroform
3) 200 µM 1-palmitoyl-sn-glycero-3-phosphocholine [LC, L5254, Sigma]
Calculate based on volume of media and dissolve in chloroform
4) 1500 µM of sodium oleate [OA, O7501, Sigma]
Calculate based on volume of media and dissolve in methanol
5) 800 µM sodium glycodeoxycholate [GDC, G9910, Sigma]
Calculate based on volume of media and dissolve in 1/3 total volum
6) 450 µM sodium taurodeoxycholate hydrate [TDC, T0557, Sigma]
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Calculate based on volume of media and dissolve in 1/3 total volume
7) 750 µM taurocholic acid sodium salt hydrate [TC, T4009, Sigma]
Calculate based on volume of media and dissolve in 1/3 total volume
8) Carotenoid in ethanol (concentration will vary based on experiment)
9) Advanced Dulbecco’s Modified Eagle Serum-Free Medium (DMEM) [12491-015,
Gibco]
In the hood, add the following to 25 mL aliquot of media: 1% L-glutamine (200mM)
[25030-081, Gibco]
Procedure:
1. Combine MO, PC, LC, OA and carotenoid in a 9 mL conical glass tube, vortex,
and dry under a stream of nitrogen gas at room temperature.
2. Combine GDC, TDC, and TC in 50 mL falcon tube and filter sterilize (0.22 µM
pores).
3. Aliquot media into the conical glass tubes, vortex, and sonicate in a water bath at
room temperature for 30 min.
Cell Lysate Collection and Carotenoid Analysis by HPLC-UV
***WORK UNDER RED OR YELLOW LIGHT***
A. SAMPLE COLLECTION
Reagents:
1) Hyclone phosphate buffer saline (PBS) without ca2+ or mg+
[30256, Thermo] with 2 g/L bovine serum albumin
 To be made day of collection (does not need to be sterile)
2) Trypsin-EDTA [30-2101, ATCC] with 200 U/mL collagenase,
Type I [17018-029, Invitrogen]
 To be made day of collection (does not need to be sterile)
3) Pierce RIPA buffer [89901, Thermo]
Procedure:
For conventional system:
1. Thoroughly vacuum suction medium off wells careful not to touch cells
2. Rinse apical compartment twice with 0.5 mL PBS + albumin solution
3. Add 300 µl RIPA buffer and incubate for 5 min on a on ice and mix on orbital
shaker at speed 4 (buffer will also lyse cells).
4. Collect all samples in a 1.7 mL Eppendorf tube, flush with nitrogen gas, wrap in
parafilm, and store at -80 °C until further analysis
For transwell® system:
1. Thoroughly vacuum suction medium off wells careful not to touch cells
2. Rinse apical and basolateral compartments twice with 0.5 mL PBS + albumin
solution
3. Add 350 µl and 600 µl trypsin-EDTA + collagenase solution to apical and
basolateral compartments respectively and incubate for 30 min at 37 °C
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4. Collect all samples in a 1.7 mL Eppendorf tube and centrifuge at 8000 rpm for
5 min.
4. Collect cell pellet and resuspend in 300 µl RIPA buffer to lyse cells. Incubate for
5 min on a on ice and mix on orbital shaker at speed 4 (buffer will also lyse cells).
5. Collect all samples in a 1.7 mL Eppendorf tube, flush with nitrogen gas, wrap in
parafilm, and store at -80 °C until further analysis
B. SAMPLE EXTRACTION
Reagents:
1) MPA: 0.6 g NH4-Acetate, 40 mL EC-H2O, 300 mL methyl tert-butyl ether, 1660
mL Methanol
2) MPB: 0.2 g NH4-Acetate, 20 mL EC-H2O, 900 mL methyl tert-butyl ether, 80 mL
Methanol
**filter and degas before using on UV-HPLC**
3) 0.85% Saline (850 mg NaCl in 100 mL distilled water)
4) 2 µg/mL β-cryptoxanthin in ethanol (internal standard)
extinction coefficient 2520 (450 nm) at absorbance .501
5) FOLCH (Chorofom:Methanol 2:1)
6) Hexane
Procedure:
1. Sonicate in room temperature water bath for 30 sec
2. Centrifuge at 14000 rpm for 4 min
3. Collect 25 µl from supernatant for protein determination (see
procedure below)
4. Vortex remaining sample and add to 16 x 125 mm glass tube
5. Add 20 uL internal standard and vortex
6. Add 5 mL FOLCH and 1.5 mL 0.85% saline and vortex on high
speed for 1.5 minutes
7. Centrifuge at 3000 rpm for 10 minutes at 4 °C
8. Transfer the bottom layer (chloroform) into a new 16 x 125
glass tube
9. Add 5 mL hexane to the first glass tube and vortex at high
speed for 1.5 minutes
10. Centrifuge at 3000 rpm for 10 minutes at 4 °C
11. Transfer the upper layer (hexane) into the second glass tube
with the previous chloroform extract
12. Dry the combined extract under nitrogen gas (takes around 1.5
hrs)
13. The residue is re-dissolved in 100 µL acetone
14. Sonicate the tube for 30 seconds
15. Transfer the solution to a 1.7 ml microcentrifuge filter tube
(0.22uM) and centrifuge at 14000 rpm for 7 minutes
16. Transfer each extracted solution from the microcentrifuge tube
into a vial to load on the UV-HPLC
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17. A 50 µL aliquot is injected onto a C30 ProntoSIL Carotenoid
3µm 4.6x 150mm column
18. A pre-column is attached before the C30 column
Procedure for protein determination:
1. Make working reagent (need 200 µl reagent per 25 µl sample)
a) Working reagent ratio = 1mL reagent A + 20 µL reagent B
2. Make calibration standards at concentrations of 1000, 500, 250, 125, 62.5,
31.25 ug/mL albumin in RIPA buffer and 1 blank (RIPA buffer alone)
3. In a 96 well plate add 200 µl reagent per 25 µl sample
4. Incubate reaction solutions at 37°C for 30 min (start timer after last sample)
5. While incubating: turn on spectrometer and turn off temperature
6. Determine absorbance at 562 nm
Carotenoid Analysis in Cell Culture Media Samples by HPLC-UV
***WORK UNDER RED OR YELLOW LIGHT***
Reagents:
1) MPA: 0.6 g NH4-Acetate, 40 mL EC-H2O, 300 mL methyl tert-butyl ether, 1660
mL Methanol
2) MPB: 0.2 g NH4-Acetate, 20 mL EC-H2O, 900 mL methyl tert-butyl ether, 80 mL
Methanol
**filter and degas before using on UV-HPLC**
3) 0.85% Saline (850 mg NaCl in 100 mL distilled water)
4) 2 µg/mL β-cryptoxanthin in ethanol (internal standard)
extinction coefficient 2520 (450 nm) at absorbance .501
5) FOLCH (Chorofom:Methanol 2:1)
6) Hexane
Extraction Procedure:
1. Add media to 16 x 125 glass tube (if apical add a certain aliquot that is a
concentration within the range for detection)
2. Add 20 uL internal standard and vortex
3. Add 5 mL FOLCH (6 mL if analyzing basolateral) and 1.5 mL 0.85% saline
and vortex on high speed for 2 minutes
4. Centrifuge at 3000 rpm for 10 minutes at 4 °C
5. Transfer the bottom layer (chloroform) into a new 16 x 125 glass tube
6. Add 5 mL hexane (6 mL if analyzing basolateral) to the first glass tube and
vortex at high speed for 2 minutes
7. Centrifuge at 3000 rpm for 15 minutes at 4 °C
8. Transfer the upper layer (hexane) into the second glass tube with the
previous chloroform extract
9. Dry the combined extract under nitrogen gas (takes around 1.5 hrs)
10. The residue is re-dissolved in 100 µL acetone
11. Sonicate the tube for 30 seconds
12. Transfer the solution to a 1.7 ml microcentrifuge filter tube (0.22uM) and
centrifuge at 14000 rpm for 7 minutes
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13. Transfer each extracted solution from the microcentrifuge tube into a vial to
load on the UV-HPLC
14. A 50 µL aliquot is injected onto a C30 ProntoSIL Carotenoid 3µm 4.6x
150mm column
Carotenoid Analysis in Plasma by HPLC-UV
***WORK UNDER RED OR YELLOW LIGHT***
Reagents:
1) MPA: 0.6 g NH4-Acetate, 40 mL EC-H2O, 300 mL methyl tert-butyl ether,
1660 mL Methanol
2) MPB: 0.2 g NH4-Acetate, 20 mL EC-H2O, 900 mL methyl tert-butyl ether,
80 mL Methanol
**filter and degas before using on UV-HPLC**
3) 0.85% Saline (850 mg NaCl in 100 mL distilled water)
4) 2 µg/mL β-cryptoxanthin in ethanol (internal standard)
extinction coefficient 2520 (450 nm) at absorbance .501
5) FOLCH (Chorofom:Methanol 2:1)
6) Hexane
Extraction Procedure:
1. Add 350 µl aliquot to 16 x 125 glass tube
2. Add 20 uL internal standard and vortex
3. Add 5 mL FOLCH and 1.5 mL 0.85% saline and vortex on high speed for 1.5
minutes
4. Centrifuge at 3000 rpm for 10 minutes at 4 °C
5. Transfer the bottom layer (chloroform) into a new 16 x 125 glass tube
6. Add 5 mL hexane to the first glass tube and vortex at high speed for 1.5
minutes
7. Centrifuge at 3000 rpm for 10 minutes at 4 °C
8. Transfer the upper layer (hexane) into the second glass tube with the
previous chloroform extract
9. Dry the combined extract under nitrogen gas (takes around 1.5 hrs)
10. The residue is re-dissolved in 100 µL acetone
11. Sonicate the tube for 30 seconds
12. Transfer the solution to a 1.7 ml microcentrifuge filter tube (0.22uM) and
centrifuge at 14000 rpm for 7 minutes
13. Transfer each extracted solution from the microcentrifuge tube into a vial to
load on the UV-HPLC
14. A 50 µL aliquot is injected onto a C30 ProntoSIL Carotenoid 3µm 4.6x
150mm column
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Carotenoid Analysis in Liver by HPLC-UV
***WORK UNDER RED OR YELLOW LIGHT***
Reagents:
1) MPA: 0.6 g NH4-Acetate, 40 mL EC-H2O, 300 mL methyl tert-butyl ether, 1660
mL Methanol
2) MPB: 0.2 g NH4-Acetate, 20 mL EC-H2O, 900 mL methyl tert-butyl ether, 80 mL
Methanol
**filter and degas before using on UV-HPLC**
3) 0.85% Saline (850 mg NaCl in 100 mL distilled water)
4) 3.4 µg/mL chlorophyll a in acetone (internal standard)
extinction coefficient 1712 (660 nm) at absorbance .580
5) FOLCH (Chorofom:Methanol 2:1)
6) Hexane
Extraction Procedure:
1. Pulverize liver in a mortar and pestle over flow of liquid nitrogen and store in 80 °C in a 60 mL amber glass jar
2. Weigh 150 mg liver to a 20 mL glass vial
3. Add 1.5 mL cold 0.9% saline and homogenize with IKA T25 digital ultra-turax
homogenizer at speed until liver is dissolved and liquid becomes frothy
4. Aliquot 800 µL to 16 x 125 glass tube
5. Add 9 µl of internal standard and vortex
6. Add 5 mL FOLCH and 1.5 mL 0.85% saline and vortex at high speed for 2
minutes
7. Centrifuge at 3000 rpm for 10 minutes at 4 °C
8. Transfer the bottom layer (chloroform) into a new glass tube
9. Add 5 mL hexane to the first glass tube and vortex at high speed for 1.5
minutes
10. Centrifuge at 3000 rpm for 10 minutes at 4 °C
11. Transfer the upper layer (hexane) into the second tube with the previous
chloroform extract
12. Dry the combined extract under nitrogen gas (takes around 1.5 hrs)
13. The residue is re-dissolved in 100 µL acetone
14. Sonicate the tube for 30 seconds
15. Transfer each extracted solution from the microcentrifuge tube into a Transfer
the solution to a 1.7 ml microcentrifuge filter tube (0.22uM) and centrifuge at
14000 rpm for 7 minutes
16. Transfer each extracted solution from the microcentrifuge tube into a vial to
load on the UV-HPLC
17. A 50 µL aliquot is injected onto a C30 ProntoSIL Carotenoid 3µm 4.6x
150mm column
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Carotenoid Analysis in Adipose Tissue by HPLC-UV
***WORK UNDER RED OR YELLOW LIGHT***
Reagents:
1) MPA: 0.6 g NH4-Acetate, 40 mL EC-H2O, 300 mL methyl tert-butyl ether, 1660
mL Methanol
2) MPB: 0.2 g NH4-Acetate, 20 mL EC-H2O, 900 mL methyl tert-butyl ether, 80 mL
Methanol
**filter and degas before using on UV-HPLC**
3) 0.85% saline (850 mg NaCl in 100 mL EC-H2O)
4) 2 µg/mL β-cryptoxanthin in ethanol (internal standard)
extinction coefficient 2520 (450 nm) at absorbance .501
5) Hexane
Extraction Procedure:
1. Pulverize adipose tissue in a mortar and pestle over flow of liquid nitrogen
and store in -80 °C in a 50 mL falcon tube wrapped in foil
2. Weigh 50 mg adipose tissue to a 17 x 60 mm glass vial
3. Add 20 µl internal standard and vortex
4. Add 875 µl methanol and homogenize with IKA T25 digital ultra-turax
homogenizer at speed until adipose tissue is broken up and liquid becomes
opaque and frothy
5. Rinse homogenizer blade with 875 µl fresh methanol in a new glass vial
6. Transfer homogenized adipose tissue to a new (16 x 125 mm) glass tube and
rinse the glass vial with the additional methanol used to rinse the
homogenizer blade
7. Add 6 mL hexane and vortex on high speed for 2 minutes
8. Centrifuge at 3000 rpm for 10 minutes at 4 °C
9. Transfer the upper layer (hexane) into a new glass tube. Repeat steps 7-9
one more time
10. Dry the combined extract under nitrogen gas (takes around 1.5 hrs)
11. The residue is re-dissolved in 100 µL acetone
12. Transfer each extracted solution from the microcentrifuge tube into a vial to
load on the UV-HPLC
13. A 50 µL aliquot is injected onto a C30 ProntoSIL Carotenoid 3µm 4.6x
150mm column

Carotenoid Analysis in Spleen/Lung by HPLC-UV
***WORK UNDER RED OR YELLOW LIGHT***
Reagents:
1) MPA: 0.6 g NH4-Acetate, 40 mL EC-H2O, 300 mL methyl tert-butyl ether, 1660
mL Methanol
2) MPB: 0.2 g NH4-Acetate, 20 mL EC-H2O, 900 mL methyl tert-butyl ether, 80 mL
Methanol
**filter and degas before using on UV-HPLC**
3) 0.9% saline (900 mg NaCl in 100 mL EC-H2O)
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4) 3.4 µg/mL chlorophyll a in acetone (internal standard)
extinction coefficient 1712 (660 nm) at absorbance .580
5) FOLCH (Chorofom:Methanol 2:1)
6) Hexane
Extraction Procedure:
1. Pulverize tissue in a mortar and pestle over flow of liquid nitrogen and store in
-80 °C in 50 mL falcon tube wrapped in foil
2. Weigh 50 mg tissue to a 17 x 60 mm glass vial
3. Add 9 µl of internal standard and vortex
4. Add 2.3 mL cold 0.9% saline and homogenize with IKA T25 digital ultra-turax
homogenizer at speed until tissue is dissolved and frothy
5. Rinse homogenizer blade with 500 µl fresh salinel in a new glass vial
6. Transfer homogenized adipose tissue to a new (16 x 125 mm) glass tube and
rinse the glass vial with the additional methanol used to rinse the
homogenizer blade
7. Add 6 mL FOLCH and vortex on high speed for 2 minutes
8. Centrifuge at 3000 rpm for 10 minutes at 4 °C
9. Transfer the bottom layer (chloroform) into a new glass tube
10. Add 6 mL hexane to the first glass tube and vortex at high speed for 1.5
minutes
11. Centrifuge at 3000 rpm for 10 minutes at 4 °C
12. Transfer the upper layer (hexane) into the second tube with the previous
chloroform extract
13. Dry the combined extract under nitrogen gas (takes around 1.5 hrs)
14. The residue is re-dissolved in 100 µL acetone
15. Sonicate the tube for 30 seconds
16. Transfer the solution to a 1.7 ml microcentrifuge filter tube (0.22uM) and
centrifuge at 14000 rpm for 7 minutes
17. Transfer each extracted solution from the microcentrifuge tube into a vial to
load on the UV-HPLC
18. A 50 µL aliquot is injected onto a C30 ProntoSIL Carotenoid 3µm 4.6x
150mm column

