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Many natural bioactive compounds bear various health-promoting benefits and are
incorporated in functional foods. The utilization of the compounds in human body, or the
bioavailability is usually not taken into consideration in the process of food formulation.
In this Ph.D. study, the problem of the poor bioavailability of polyphenols, such as
curcumin, was addressed by development of two nanoscale delivery systems, namely
biopolymer micelles and nanoemulsions.
It is known that solubilization and metabolism are two limiting factors for curcumin
oral bioavailability. Using Caco-2 cell monolayers model, it was revealed that the
permeation of solubilized curcumin was fast and by passive diffusion and that
solubilization, not permeation of curcumin limited the absorption and the oral
bioavailability. Subsequently, the solubilization of curcumin was improved by
encapsulation of curcumin in biopolymer-based micelles and organogel-based
ii

formulations. Polymer micelles were generated from modified starch and self-synthesized
modified epsilon polylysine. Upon encapsulation, the water solubility of curcumin was
greatly increased and curcumin was stabilized against alkaline degradation. Moreover,
the in vitro anti-cancer and cellular antioxidant activities of curcumin were also enhanced.
On the other hand, food-grade curcumin organogel with high loading and in vitro
bioaccessibility was developed. Based on the organogel, nanoemulsions were further
generated to achieve faster and more complete digestion. The absorption mechanism of
the nanoemulsion was examined using Caco-2 cell monolayer permeation assay and was
suggested as the classic digestion-permeation route. It was further revealed that the oral
bioavailability increased by 9-fold compared with unformulated curcumin on mice.
Moreover, the toxicity of nanoemulsions was examined in vitro. Three tested foodgrade nanoemulsions did not show significant toxicity on Caco-2 cell monolayers, which
suggested that nanoemulsions may not affect the integrity of the small intestine
epithelium.
The biopolymer micelles and nanoemulsion formulations can be applied for oral
delivery of other water-insoluble compounds for functional food application. And the
formulation development method driven by absorption mechanisms also provides an
example for future formulation studies.
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RATIONALE AND HYPOTHESIS
Curcumin is a bioactive compound in the spice turmeric. It processes many healthpromoting benefits, such as anti-cancer, anti-inflammatory, anti-oxidation and antimicrobial activities. These health-promoting benefits of curcumin, however, are curtailed
by its low oral bioavailability, which represents the rate and the extent to which orally
consumed curcumin reaches systemic circulation.
Generally speaking, solubilization, absorption, and metabolisms are among the most
important factors affecting the bioavailability. It has been already known that curcumin is
water insoluble, and undergoes rapid metabolism in the body. The absorption rate of
curcumin, on the other hand, still remains elusive.
Solubilization of water-insoluble compounds, such as curcumin, in small intestine
lumen before absorption is accomplished by incorporation in micelles and mixed micelles
formed by endogenous emulsifiers, such as bile salts and phospholipids, and exogenous
emulsifiers (or precursors) provided in formulations. Metabolism occurs primarily in
liver and may also occur in the small intestines. In the scope of food science,
solubilization may be the primary target.
Based on the analysis of the limiting factors for the oral bioavailability of curcumin, it
is hypothesized that based on the mechanisms of solubilization and absorption,
proper formulations are able to improve the solubilization and the oral
bioavailability of curcumin.
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Lipids in emulsions, after orally consumed, are digested mainly by pancreatic lipase,
in the small intestine lumen. Under the catalysis of lipase, one molecule of triglyceride
turns into two molecules of free fatty acid and one molecule of 2-monoacylglycerol. All
those digestion products are amphiphilic and able to provide extra components to form
the mixed micelle system and thus maximize the solubilization of curcumin. Meanwhile,
in the O/W emulsions, curcumin is readily dissolved and is in molecularly dispersed
status. During digestion, it is expected that in a well-designed formulation, curcumin
gradually partitions from the oil phase into the core of micelles, with no precipitation or
re-dissolution. This is advantageous compared with other formulations, such as
dispersion, which requires time and energy consuming dissolution.
Therefore, encapsulation of curcumin in nanoemulsion systems is expected to
increase the solubilization of curcumin and thus to enhance its oral bioavailability.
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CHAPTER 1. INTRODUCTION
Functional foods
Functional foods now are a trend in food industry and food science research. With the
advance of molecular biology and chemical biology, many chemicals enriched in
traditional foods are found to provide healthy benefit. With this knowledge, food industry
incorporates these bioactive compounds (now usually called nutraceuticals or bioactives)
into foods and called those products functional foods.
Definition
The term “functional foods” was initiated in 1980s in Japan. However, there is so far
no official definition from United States Department of Agriculture (USDA) or US Food
and Drugs Administration (FDA). Institute of Food Technologists (IFT) gave its own
definition of functional food in one of its expert reports. It states that functional foods are
“foods and food components that provide a health benefit beyond basic nutrition”(2).
Other agencies in the world have similar definitions. Health Canada, for instance, defines
functional foods as “similar in appearance to a conventional food, consumed as part of
the usual diet, with demonstrated physiological benefits, and/or to reduce the risk of
chronic disease beyond basic nutritional functions”, while in the Report on Functional
Foods from Food and Agriculture Organization of United Nations (FAO), functional
foods are general considered as “those foods which are intended to be consumed as part
of the normal diet and that contain biologically active components which offer the
potential of enhanced health or reduced risk of disease”(3).
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Comparing these definitions, it is not difficult to find out that the essential element of
functional foods is the “health benefit BEYOND basic nutrition”, with the traditional
view of food to provide basic nutrition. Another noteworthy aspect is that according to
these definitions, many natural produces, such as apple and orange, are included as
functional foods, while food scientists and food industry usually focus more on processed
foods with added-in bioactive compounds found in natural products.
Market value
In food industry, functional foods have been a trend for more than two decades. The
current market value in United States is over six billions (2009, estimated). The
forecasted market value in the year of 2014 will be greater than eight billion US dollars
(4). As noted above, only processed foods with added in nutraceuticals were counted.
Nutraceuticals
Similar to the regulation status of functional foods, nutraceuticals so far has no
official definition, although it is widely used in academic field and as well as in food
industry. Generally speaking, nutraceuticals refer to bioactive compounds found in
natural products, esp. in phytochemicals. Basic vitamins and minerals might be excluded
from nutraceuticals, as those are thought to provide basic nutrition.
Actually, before the development of modern pharmaceutics industry, herbs have been
used in ancient civilizations for thousands of years, when there is no strict and clear
boundary between food and drug. (The boundary nowadays is actually set by the
governmental regulations). However, at that time, the herbs were used as a whole or at
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best as extracts. No single compound was identified to be responsible for the bioactive
activities.
With the development of modern biology and chemistry, esp. molecular biology and
chemical biology, the bioactive compounds are isolated from natural products and their
interaction with human body are discovered. Many bioactive compounds are able to
function as cell signaling molecules to regulate gene expression and thus may have health
benefit, such as anti-cancer and anti-inflammatory activity (5).
In the food science field and also food industry, the anti-oxidant properties of
nutraceuticals are usually publicized most. However, it is more reasonable to consider
many, if not all, nutraceuticals as signaling molecules, given the fact that the
bioavailability of many nutraceuticals is far lower than the effective anti-oxidant
concentration (6). Moreover, xenophormesis theory further proposes that nutraceuticals,
especially polyphenols, are synthesized in autotrophs in response to various stresses, and,
when heterotrophs, such as human and other mammals, eat these polyphenols, they are
able to sense the clue of stress through molecular signaling and may adapt accordingly
(7).

Bioavailability
Definition
Bioavailability (F) represents “The relative amount of an administered dose that
reaches the general circulation and the rate at which this occurs” (American
Pharmaceutical Association,1972) (8). In food science, nutraceuticals are exclusively
consumed orally along with food, so the oral bioavailability is what is focused on
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throughout this dissertation. The amount of bioactive compounds that enter into systemic
circulation over time after administration can be measured from pharmacokinetics studies,
which generates the concentration in plasma over time curve. From the curve, the Areaunder-the-curve (AUC) can be obtained, and the bioavailability of different formulations
can be compared.
The absolute bioavailability is define as the ratio of AUC from oral administration
to the AUC from intravenous (i.v.) injection (9). By definition, the bioavailability of i.v.
administrated dose equals to 1 (100%). Meanwhile, the relative (or called comparative)
bioavailability measures the differences between two dosage forms (such as tablet and
suspension) (8).

There are majorly two classes of factors that influence the bioavailability: (1)
formulation factors, such as the existence of excipients, particle size, crystalline or
amorphose states, and (2) physiology factors, such as gastric emptying, pH in the lumen
of small intestine and changes of the intestine walls.
Three steps to be bioavailable
For nutraceuticals consumed with food, they need to accomplish three tasks to enter
systemic circulation to be bioavailable: There are generally three steps for nutraceuticals
to enter systemic circulation. (A). Solubilization. Nutraceuticals in food become
solubilized in the small intestine lumen. (B) Absorption. Nutraceuticals are absorbed by
the small intestine through different routes across the small intestine epithelium. (C)
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Transport to systemic circulation. Absorbed nutraceuticals either enter intestinal lymph
and then directly systemic circulation or pass through liver via portal vein, and then enter
the systemic circulation.
Solubilization. Nutraceuticals can be water-soluble or water-insoluble by its nature.
For water-soluble nutraceuticals, they are readily solubilized in the aqueous solution in
the small intestine lumen. For water-insoluble nutraceuticals, they have to get help from
amphiphilc compounds (emulsifiers or surfactants) in the lumen fluid. These compounds
include bile salts and phospholipids and may all include exogenous emulsifiers from the
food. In the lumen, these amphiphiles form micelles or mixed micelles, and these
micelles have lipophilic core and may solubilize water-insoluble compounds inside.
Lipids in the food are also able to contribute to the micelle formation after digestion
by lipase. Triglycerides turn to free fatty acids, monoglycerides and diglycerides.
Phospholipids turn to free fatty acids and lysophospholipids. All these lipase-digestion
products are amphiphiles and contribute to mixed micelles and solubilize water-insoluble
nutraceuticals.
Absorption. Major organs that consist of the digestive tract are mouth, pharynx,
esophagus, stomach, small intestine (duodenum, jejunum, ileum) and large intestine
(including colon) (10). Major site of nutrients and nutraceuticals absorption is the small
intestine, specifically through the enterocytes (absorption epithelial cells) lining the
lumen of the jejunum. Solubilized nutraceuticals, by definition, are molecularly dispersed
in the aqueous solution in the small intestine lumen. They are able to pass the epithelial
layers by different mechanisms. A. Diffusion. Diffusion is driven by thermal movement
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and a concentration difference is required across the epithelium layer. (1) diffusion:
Water soluble compounds tends to diffuse paracellularly. Although there are tight
junctions and the inter-epithelial gaps are only a few angstroms wide, water soluble
compounds are still able to diffuse through the inter-epithelial gaps (tight junction)
between adjacent cells. (2) Transcellular diffusion: lipophilic compounds, molecularly
dispersed in micelles and mixed micelles, tend to diffuse through the phospholipid
membrane and cytosol of epithelial cells. In another scenario, mediated transport occurs:
molecules are carried by specific protein and cross the epitheliums. This process could
require no metabolic energy but require a positive concentration gradient (facilitated
transport), or require the input of energy (active transport).
Specifically for some nutraceuticals, they are effluxed out of epithelial layers and
back to the intestinal lumen, by proteins on the cell membranes, such as P-glycoproteins.
Transport to systemic circulation. There are two routes for absorbed compounds to
enter systemic circulations. For most polar and water-soluble compounds, they diffuse
into blood vessels and are carried into liver through hepatic portal vein. In the liver, they
may undergo possible metabolism. For highly lipophilic compounds, they may be
incorporated into chylomicrons, which are too big to enter blood vessels but follow
lymphatic transport to systemic circulation directly (11).
Metabolism refers to biochemical modification or degradation. It usually involves
conjugation, reduction, and oxidation and so on. Throughout the journey of nutraceuticals
from digestion to entry into the systemic circulation, there are two major sites where

9
nutraceuticals possibly undergo metabolism: the epithelial walls along the digestive tract
(intestinal metabolism), and the liver (hepatic metabolism).

10

Figure 1. Schematic view of the process in which nutraceuticals become oral
bioavailable. There are generally three steps for nutraceuticals to enter systemic
circulation. (A) Solubilization. Nutraceuticals in food become solubilized in the
small intestine lumen. (B) Absorption. Nutraceuticals are absorbed by the small
intestine through different routes across the small intestine epithelium. (C)
Transport to systemic circulation. Absorbed nutraceuticals either enter intestinal
lymph and then directly systemic circulation or pass through liver via portal vein,
and then enter systemic circulation. Metabolism could occur at small intestine
epithelium (intestinal metabolism) and/or at liver (hepatic metabolism).
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Methods/Formulations to improve the bioavailability
To improve the bioavailability of nutraceuticals, there are generally three aspects to
be focused on: 1. increase of dissolution rate, 2. Enhancement of absorption, and 3.
avoidance or minimizing metabolism.
Increase of dissolution rate
Formulation scientists focus most of their efforts on methods and formulations to
improve the dissolution rate of nutraceuticals. In the simplest dissolution process,
nutraceuticals, mostly in the crystalline form, are initially in the lowest thermodynamic
status and thus may need high energy input to be dissolved in aqueous solution.
Generally, various formulations pre-disrupt the crystalline lattice of nutraceuticals, and
thus cause more rapid dissolution rate. Meanwhile, it is important to note that the
dissolution occurs in bio-relevant aqueous solutions, with specific ionic strength and pH
and containing certain amount of emulsifiers, such as phospholipids and bile salts.
In the field of food science, there are basically kinds of formulations used to increase
dissolution rate: 1. Emulsions, 2. Micelles, 3. Complex with cyclodextrin and proteins,
and 4. Suspensions and dispersions. In emulsion system, lipophilic compounds are
already dissolved in oil phase. After lipase digestion, nutraceuticals are partitioned in the
core of micelles. In micelles and complexes, nutraceuticals are readily dissolved
(molecularly dispersed). Compared with untreated nutraceuticals in large crystalline
lattice, suspension and dispersions, either as crystals or amorphous, have much larger
surface areas and may be dissolved more rapidly.
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Enhancement of absorption
In pharmaceutical science, absorption enhancer function to increase the gaps between
adjacent epitheliums, interact with mucus layers or inhibit the activities of efflux
transporters. These findings should be carefully evaluated before applying to food science,
since some of these absorption enhancers are not Generally-Regarded-As-Safe (GRAS)
grade, may have some adverse effects associated with the absorption enhancement
function.
Avoidance or minimizing metabolism
So far, formulations may not manipulate too much about metabolism, but only a few
methods are known to inhibit or avoid metabolism: lipophilic compounds, when treated
along with long-chain triglycerides, may bypass the hepatic metabolism (see above and
Figure 1.C.). Some compounds, such as piperine in peppers, are able to inhibit enzymes
responsible for intestinal and hepatic glucuronidation (12-14).

Caco-2 cell monolayers as an in vitro tool to predict intestinal absorption.
Caco-2 cell line (ATCC number: HTB-37) is from human colorectal adenocarcinoma.
After three weeks of confluent culture on porous inserts of cell culture plates, Caco-2
monolayer spontaneously differentiate and reveal many phenotypes of small intestine
enterocytes: tight junctions between adjacent cells, microvilli on the apical surface,
expression of multiple drug transport proteins and metabolic enzymes (Figure 2). It has
been already well established that Caco-2 cell monolayers are a very good model to
predict bioactives’ permeation and absorptions. Different studies demonstrate that in vivo
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absorption is well predicted from the apparent permeation rate (Papp) across Caco-2 cell
monolayers (15-17). Although the Papp obtained from different labs are different, there is
a general trend that high Papp implies high absorption. General speaking, Papp > 1 × 10-6
cm/s means high permeation while Papp < 1 × 10-7 cm/s implies low permeation(15, 18).
At the same time, the absorption mechanisms can also be examined. By performing
two-way (apical to basolateral and basolateral to apical) permeation experiments and
calculating the rate ratio, the existence of potential active efflux/uptake can be identified.
In general, if Papp(B-A)/Papp(A-B) is greater than 2 or less than 0.5, the active uptake or
efflux mechanisms are suggested respectively. Otherwise, the absorption mechanism may
simply be passive diffusion (16).
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Figure 2. Scheme of differentiation of Caco-2 monolayers after three weeks of
confluent culture. Microvilli and tight junction are shown.
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Curcumin
Curcumin is the major curcuminoid compound found in the rhizome of plant turmeric
(Curcuma longa). It is estimated that it consists of 2 – 5 % of the rhizome. Also in the
turmeric are demethoxycurcumin, bisdemethoxycurcumin (Figure 3). The commercial
grade curcumin usually contains 70-90% curcumin, 10-15% demethoxycurcumin and less
than 5% of bisdemethoxycurcumin (Figure 2), and maybe trace amount of curcumin
glucuronide and curcumin sulfate (Figure 4, (19)).
In everyday food consumption, turmeric, instead of the extracted curcumin, is the
major form. There are basically two usage of turmeric in food: spice and colorant.
Tumeric has been used as a spice for thousands of years. It is an important ingredient of
curry powder. Meanwhile, because of its brightly yellow color, it is also a food colorant.
In US, turmeric belongs to colorants exempt from certification, with E number E100 (20).
Health benefit of curcumin has been noticed and used for a long time in East and
South Asia. It is used as antiseptic agent to paste on wounds and as anti-inflammatory
agent to cure throat sour. The mechanisms underlining these health-promoting properties
of curcumin were not discovered until the era of molecular biology.
Molecular Mechanisms of curcumin’s bioactivity
Generally speaking, there are four major properties of curcumin which entitle
curcumin as a nutraceuticals: anti-oxidation, anti-cancer, anti-inflammatory and antimicrobial activities (21-24). The anti-oxidation property of curcumin derives from its two
phenol group and the conjugated double bond.

Anti-cancer and anti-inflammatory

properties of curcumin are demonstrated by its functioning as a ligand in many signaling
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transduction pathways. Every year, there are new downstream genes are found to be
regulated by curcumin. A few key players are listed here: COX gene family, Ahr, IL1β
and PKD are responsible for curcumin’s anti-inflammatory property (7). Inhibition of
NF-κB and AP-1 signaling pathways may be the major mechanisms for curcumin’s
anticancer activity (21). In addition, curcumin is also reported to inhibit Gram-positive
and Gram-negative bacterial growth (25-32). The mechanisms include inhibition of
cytokinesis and phototoxicity (25, 31).
Animal models demonstrating cucumin’s health benefit
Many animal studies also suggests health benefits (e.g. anti-cancer effect) of
curcumin (33). Topically administrated curcumin inhibits TPA-induced mouse ear
inflammation (34) and epidermis inflammation (35, 36). More importantly, dietary
curcumin showed inhibitory effect on chemical-induced and genetically engineered
carcinogenesis in animal model (21). For instance, dietary curcumin inhibit
carcinogenesis in digestive tract (37-40), in liver (41, 42), maybe in lung (with
controversy) (43, 44). It also suppresses metastasis of breast cancer (45), leukemia and
ovary cancer (46). Injected and dietary curcumin alleviates the pathology of Alzheimer
transgenic mouse (47, 48).
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Figure 3. Chemical structures of curcumin in equilibrium of keto- and enolforms, demethoxycurcumin and bisdemethoxycurcumin, in keto form.
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Figure 4. Three major metabolites of curcumin, curcumin glucuronide,
curcumin sulphate and tetrahydrocurcumin.
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Clinical studies
Multiple clinical studies demonstrate that curcumin shows no toxicity at several
grams per day for months (49, 50). Oral treatment of curcumin has shown to improve
biomarkers’ expression in digestive tract, especially in colon (50-52). Curcumin also
showed comparable effect with corticosteroid therapy to treat chronic anterior uveitis,
with no apparent side effect. In a phase I trial of pancreatic cancer, safety of curcumin
was confirmed and some patients showed improved biomarker expression (53).
Additionally, studies also suggest that a large sample size, higher dose studies are needed
to make solid conclusions (54, 55).
In the clinicaltrial.gov website, there are 44 records about curcumin, demonstrating
very active clinical studies of curcumin (56).
Bioavailability
Curcumin is well-known as a nutraceuticals with low bioavailability (57). Numerous
studies focus on the pharmacokinetics of curcumin in experiment animals and human.
The highest serum concentrations reported are listed here: in human, 51ng/ml from 12 g
curcumin (58); and in rat, 1.35 ± 0.23 µg/mL from 2g/kg curcumin (59); in mouse, 0.22
µg/mL from 1g/kg curcumin(60).
Absorbed curcumin undergoes rapid metabolism. The major metabolites of oral
treatment are curcumin sulfate and curcumin glucuronide (Figure 2), probably generated
by phase-II enzymes in the liver and intestines, while the major metabolite of i.p.
injection is tetrahydrocurcumin, which also undergoes conjugation to form glucuronide
and sulfate (60, 61).
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Curcumin is water insoluble. It was estimated that the water solubility of curcumin
was at most 11ng/mL (62). Most of unformulated curcumin treated orally is usually
found in facet. This may be largely due to the insolubility of curcumin in water and slow
dissolution of curcumin in lumen fluid. It is also likely that absorbed curcumin (or its
metabolites) is excreted from the bile, which has not been investigated yet. Meanwhile,
the solubility and rate of dissolution of curcumin in lumen fluid or bio-relevant solution
also remains elusive.
It is surprisingly to find out that there is no study focusing on the permeation rate of
curcumin through any cell monolayers, such as Caco-2, in order to illuminate the
absorption rate and mechanism. An in vitro everted rat intestinal sac assay showed that
after 3 hours, 48% of curcumin was absorbed in the sac tissue. Moreover, when curcumin
at the same concentration was firstly dissolved in micellar solutions, the absorption
fraction increased to 56%, suggesting that dissolution/solubilization is one of the limiting
factors affecting absorption (63).
To sum up the problem of curcumin’s low bioavailability: solubilization, absorption,
and metabolism are among the key factors influencing nutraceuticals’ bioavailability;
curcumin is insoluble in water; it is metabolized rapidly in small intestine and liver; the
permeation rate across small intestine epithelium is unknown.
Formulations
Considering the potential health benefit of curcumin and its low bioavailability,
devising effective formulation may be one of the important approaches to achieve better
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bioavailability and thus health promoting benefit. Specifically for curcumin, there are
roughly 8 types of formulations.
Polymer and surfactant micelles. Micelles are formed from amphiphilic compounds
above their critical micelle (aggregation) concentration. The shell of micelles is
hydrophilic while the core is hydrophobic which is able to encapsulate lipophilic
nutraceuticals. In the literature, curcumin has been encapsulated in the micelles formed
from low-molecular-weight surfactant (64-68) and amphiphilic synthetic polymers (6971). Upon encapsulation, alkaline hydrolysis is suppressed (64, 67) and curcumin’s
release from the polymeric micelles is in a controlled fashion (70). Strictly speaking,
curcumin in micelles is in the molecular dispersed form (solubilized) and the whole
structure is thermodynamic stable.
Dispersion. Since it is not water soluble, when curcumin dissolved in water-miscible
organic solvent is added in water, curcumin will form dispersion or precipitation, either
in crystalline or amorphous form (72, 73). With surfactants added in the water, this
curcumin dispersion can be in micrometer or nanometer size(73-75). Curcumin
dispersion has much larger surface than unformulated curcumin powder (crystal usually
in micron or sub-milliliter size). Larger surface increases curcumin’s dissolution,
explained by Ostwald-Freundlich equation:
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where CS is the solubility of the nutraceuticals compound of a given particle size,C S0
is the solubility of the nutraceuticals with a flat interface with water, Mw is the molecular
weight of the nutraceuticals, γ is the interfacial tension between the nutraceutical and
water, ρ is the density of the compound, R is the Universal Gas Constant, T is the
absolute temperature of the system, and r is the radius of the droplet/particle.
With smaller particle size (r), the solubility (Cs) increased exponentially.
Emulsion. Emulsion is a common formulation in food science and food industry.
Specifically for curcumin, the solubility of curcumin in different triglyceride ranges from
a few to tens of mg/mL (76), much higher than that in water. Therefore curcumin is well
suited in a variety of emulsion systems, including regular O/W emulsion (77, 78), selfmicroemulsifying system (4), microemulsion (76, 79), solid lipid particle (56, 80-82).
Study also shows upon encapsulation in emulsions, curcumin has improved oral
bioavailability or in vivo bioactivity (4, 77) .
Molecular complex. Proteins in general have hydrophilic surface and hydrophobic
core. Thus a variety of proteins, such as albumin (83-88), collagen (89), casein (87, 90),
and fibrinogen (88) were used to form molecular complex with curcumin. Using
fluorescence method, the binding constant of curcumin and proteins are usually in the
scale of 10-4 M. After binding, the protein conformation changes. Similarly, cyclodextrins
are able to trap curcumin inside (91-96). It is also found that lecithin (contained various
amount of phospholipids) is also be able to form complex with curcumin and the complex
can enhance curcumin’s oral bioavailability (83, 97-99).
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Liposome. Above a certain concentration, phospholipid is able to form liposomes, a
lipid bi-layer structure, as the cell membrane. Curcumin is able to locate in the membrane
(83, 100-104). It is noteworthy that the composition of liposome affects the loading
capacity

of

liposome

(103,

104).

Liposome

with

higher

percentage

of

phosphatidylcholine (PC) is able to encapsulate more curcumin (103).
Nano- or Micro- particles. Micro-sized or nano-sized particles with entrapped
curcumin are generated by adding curcumin and water-insoluble polymers dissolved in
water-miscible co-solvent into water (with or without surfactant). In this process,
polymer condenses and aggregates during which some of the curcumin is trapped inside
the polymer (105-112). A commonly used polymer is poly(lactic-co-glycolic acid) or
PLGA (66, 105, 107, 108, 112), which is biodegradable and biocompatible and is
approved by US FDA for therapeutic usage (not food usage). In addition to the dripping
method, electrospinning, for instance is also able to generate nanofibers, from
poly(epsilon-caprolactone) and cellulose acetate, with curcumin encapsulated (100, 113).
Conjugation. Strictly speaking, conjugation is not a real method of formulation,
since it changes nutraceuticals’ chemical identity, through chemical/biochemical
reactions. After conjugation, the solubility of curcumin changes greatly and may still
possess many of the original bioactivities (62, 76, 114-116). From a pharmaceutical
viewpoint, these conjugates may be prodrugs, while it may not be accepted in food
science before careful toxicity evaluation.
With the aid of adjuvants. It is found that certain phytochemicals are able to affect
the activity / expression of proteins responsible for metabolism or xenobiotics cellular
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transport (14, 117, 118). Piperine, for example, is a compound found in black peppers
and long peppers, and is able to inhibit the activity of a variety of metabolizing enzymes
(12). It has already been found that adding piperine in curcumin formulation is able to
increase curcumin’s bioavailability (59, 112).
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Table 1. Representative studies of curcumin formulations with increased oral
bioavailability (or in vivo bioactivity or absorption after oral treatment). N.D. not
determined.
Formulation
Molecular
Complex
Molecular
Complex
SMEDDS
Solid lipid
nanoparticle
Liposome
Nanoparticle
Nanoparticle
Dispersion
Dispersion
Dispersion
(emulsion)

Patented Mariva,
Containing lecithin (30%
PC)
Curcumin and
phospholipids Codissolved and dried
57.5% surfactant 30.0%
co-surfactant and 12.5%
oil
Tween-80 stabilized
Glyceryl behenate
Homogenized curcumin in
water + 5% lecithin in
water
PLGA and curcumin codispersion
PLGA solvent codispersion
HPC-ML, SDS, wetmilling
HPMC-AS co-solvent,
freeze drying
PEG, propyleneglycol,
ethanol, dispersion

Maximum
Loading

Bioavailability

ref.

~ 18%

5 folds increase in
curcumin, 24 fold
in curcumin
glucuronide

(99)

~32%

~ 5 folds increase

(98)

2.1%

3.86 folds increase
in absorption

(4)

N.D.

39 fold at 50mg/Kg
dose in rat

(119)

~1.7%

more than 5 folds

(103)

~11.6%

Oral , 9 folds in rat

(112)

Estimated ~
8%

Oral 21 folds in rat

(120)

N.D.

16 folds in rat

(73)

N.D.

12 folds in rat

(73)

N.D.

9 folds in rat

(73)
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Figure 5 Chemical structure of hydrophobically modified starch
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Hydrophobically modified starch
Hydrophobically modified starch (HMS), which was synthesized with waxy maize
and n-octenyl succinic anhydride (n-OSA) (121). HMS is widely used as wall material to
encapsulate flavors in spray drying process (121-125).

Epsilon polylysine
ε-Polylysine (EPL) is a homo-polymer of L-lysine through isopeptide bond between
ε-amino and α-carboxyl groups (Figure 6). In contrast with poly-L-lysine, which is
synthesized by chemists, EPL is generated by bacterium Streptomyces albulus (126, 127).
The biogenic EPL usually has 25-35 lysine monomers. The polydispersity is dependent
on specific bacteria strains and culture conditions (128).
Because of its primary amine groups, EPL is cationic in neutral aqueous solutions.
Like chitosan, another cationic biopolymer, EPL also has antimicrobial activities. It has
been shown that EPL is able to be absorbed onto bacterial surface, causing stripping of
the outer membrane, abnormal distribution of the cytoplasm, and finally death of the
bacteria (129).
The antimicrobial spectrum of EPL is wide. EPL is able to inhibit the growth of both
gram positive (such as Listeria monocyogenes) and gram negative bacteria (such as
Escherichia coli). The minimum inhibitory concentrations of EPL against common food
pathogens are in the range of 5-100 μg/mL (129, 130). Based on absorption, distribution,
metabolism, excretion and toxicity (ADMET) studies, EPL is proved to be safe for
consumption (131, 132). It has been approved as a natural food preservative used in rice
and in traditional Japanese food in Japan and USA (GRAS No. 000135 ) (133).
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Figure 6. Chemical structure of epsilon polylysine.
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EPL could also be used as a dietary agent. It has been shown that EPL is able to
inhibit the enzymatic activity of pancreatic lipase in vitro (134) and that oral consumption
of EPL lowered the triglyceride level in rats’ blood plasma, which further suggested that
EPL could function to suppress dietary fat intake (134).
Chemical modification is an effective way to impart novel properties and functions to
existing materials. EPL has been modified chemically in previous studies. Shima et al.
found that conjugation of derivatives of benzoic acids to EPL caused significant decrease
in its antimicrobial activity (129). EPL was also modified by conjugating with glucose
and dextran through Maillard reaction (135, 136). It was found that the antimicrobial
activity of EPL was almost retained. Furthermore, the dextran-EPL conjugate was able to
stabilize emulsions. The emulsifying capacity of synthesized conjugates was not affected
by high ionic strength but was sensitive to extreme acidic condition (136). The modified
EPL was hydrophilic but not amphiphilic, and the mechanism of stabilizing emulsions
was thought to be the increase of viscosity caused by the high-molecular-weight dextranEPL conjugate.

In vitro digestion to evaluate solubilization of compounds formulated in
lipid-based formulations
Overview
In vitro lipid digestion (lipolysis) is an in vitro assay to predict the in vivo
solubilization of lipophilic compounds in the lipid-based formulations during digestion
(137-140). Catalyzed by lipase, triglyceride is hydrolyzed into 2-monoglycerides and
fatty acids. These lipolysis products, as well as the phospholipids and bile salts in the
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digestion media form micelles and mixed micelles, both of which solubilize the lipophilic
compounds and make them possible to be absorbed (139).
For compounds whose bioavailability is limited by solubilization, but not absorption,
lipid digestion method has been demonstrated to be able to evaluate different lipid based
emulsions and have a good in vitro-in vivo correlation (IVIVC) (141, 142). Lipid
digestion was also used to evaluate the bioaccessibility of tocopherol from sunflower
seed oil bodies (143).
Effects of components in the formulation.
Due to the physicochemical difference of the compounds of interest, the optimal
lipid-based formulations need to be examined experimentally (144). Either long-chain
triglyceride or middle-chain triglyceride may provide the maximum solubilization
capacity after digestion for a specific compound.
Effect of different emulsifiers on the digestion rate was investigated. Β-lactoglobulin
and lysophosphotidylcholine were shown to accelerate the lipid hydrolysis in a model
gastro-intestinal system, while 2-monopalmitin decreased the rate (145). Additives in
emulsion systems also affect the lipolysis rate. Dietary fibers and tea extract slowed down
the lipid digestion (146-148). Chitosan on the surface of emulsion inhibited the lipase
activity because of the cationic charge of chitosan and flocculation of emulsions, while
another coating of pectin restored the lipase activity, maybe due to the neutralization of
the positive charge (149).
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Experimentation procedure
Lipid-based formulations, such as O/W emulsions, are added to the digestion medium
(pH 7.4-7.5), at 37oC and stirred for a certain period of time. Subsequently, pancreatin,
containing protease, amylase and most importantly lipase, is added in to initiate the
digestion. To ensure total dissolution of fatty acids, pH is maintained at 7.4-7.5, by
adding NaOH. After 30 minutes, digestion medium is ultracentrifuged, so that
compounds solubilized in micelles are in the middle aqueous phase, undigested lipids are
on the top layer, and fatty acid calcium salts and undissolved compounds are precipitated
in the pellets (Figure 8).
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Figure 7. Scheme of in vitro lipid digestion. (A) Lipophilic compounds are
dissolved in the O/W emulsion. After lipase digestion, the compounds partition in
the core of (mixed) micelles. (B) Under the catalysis of lipase, triglyceride is
hydrolyzed into 2-monoglyceride and 2 fatty acids. At pH7.5, fatty acids ionize as
salts.

33

Figure 8 Scheme of the three layers after ultracentrifuge of digested formulation.
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CHAPTER 2. ENCAPSULATION OF CURCUMIN IN
MICELLES FORMED BY MODIFIED STARCH
In searching food-grade amphiphilic materials to encapsulate curcumin, I focused on
hydrophobically modified starch (HMS), an abundant and low cost food ingredient
synthesized with waxy maize and n-octenyl succinic anhydride (n-OSA) (121). My
finding was that, following the polymeric micellar encapsulation strategy, HMS is also
able to form polymer micelles and to encapsulate curcumin. In this study, I demonstrated
that HMS micelles greatly increased the water solubility of curcumin. Moreover,
curcumin encapsulated in HMS micellar cores exhibited increased anti-cancer activity in
vitro.

Materials and Methods
Materials. Curcumin was a generous gift from Sabinsa Corporation (Piscataway, NJ),
which contains 85% curcumin, with 11% of demethoxycurcumin and 4% of
bisdemethoxycurcumin (77). It was used without further purification. Hydrophobically
modified starch (HMS) was obtained from National Starch and Chemical Company
(Bridgewater, NJ) with a brand name of Hi-Cap 100. Pyrene, acetone and chloroform
were purchased from Sigma-Aldrich (St. Louis, MO).
Determination of the Critical Aggregation Concentration of HMS. The critical
aggregation concentration (CAC) of HMS was determined by measuring the fluorescence
spectrum of 6×10−7 M pyrene in 1X phosphate buffered saline (1X PBS) containing
different concentrations of HMS (0.01% - 5%). The excitation fluorescence spectrum
from 300 to 350nm was obtained using Cary Eclipse fluorescence spectrophotometer
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(Varian Instruments, Walnut Creek, CA). The emission wavelength was set at 390nm and
the slit openings were set at 5 nm for both excitation and emission. The ratio of the
intensity at 337nm (I337) to that at 334nm (I334) was calculated and plotted against the
common logarithm of HMS concentration. The CAC of HMS was determined as the
corresponding concentration of HMS at the turning point in the plot.
Loading of Curcumin in HMS Solution. Excessive amount of curcumin was mixed
with 1X PBS with 1% HMS and homogenized at 24000 rpm for 10 min with High Speed
Homogenizer (ULTRA–TURRAX T-25 basic, IKA Works, Wilmington, NC) and stirred
on a magnetic stirrer over night at room temperature. On the next day, free curcumin was
removed by high-speed centrifugation and filtration through 0.45μm filter.
Quantification of Curcumin Extracted from HMS Micelles. Equal volume of
chloroform was added to curcumin HMS solution and subsequently vortexed for 10 min
and then stirred on a magnetic stirrer over night. After complete phase separation, the
chloroform phase was diluted 10 times, and the UV-Vis absorbance at 419 nm was
measured with a Cary UV-Vis spectrophotometer (Varian Instruments, Walnut Creek,
CA). The quantity of curcumin was determined according to the calibration curve of
curcumin in chloroform in the concentration range of 1-5 µg/mL.
Lyophilization and Reconstitution. Curcumin HMS solution was frozen at –20 °C
over night and then lyophilized using a Freezone4.5 freeze–dry system (Labconco,
Kansas City, MO). Deionized H2O was used to reconstitute the curcumin HMS solution.
Infrared Spectrum and Fluorescence Spectrum of HMS Encapsulated Curcumin.
The infrared spectrum of lyophilized curcumin HMS was measured by using a Thermo
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Nicolet Nexus 670 FT-IR system with attenuated total reflectance (ATR) accessory
(Thermo Fisher Scientific, Waltham, MA). The fluorescence emission spectra of
curcumin water solution and curcumin HMS solution were determined using a Cary
Eclipse fluorescence spectrophotometer (Varian Instruments, Walnut Creek, CA). The
excitation wavelength was set at 319 nm, and the emission spectra were ranged from 450
nm to 650 nm. The slit openings were set at 10 nm for both excitation and emission.
Synchrotron Small-Angle X-ray Scattering (SAXS). SAXS datasets were collected
from solutions of 10 mg/mL HMS with and without the addition of curcumin at the
BIOCAT undulator beamline 18-ID of APS, Argonne National Laboratory. To minimize
radiation damage during data collection, samples were continuously pumped through a
1.5 mm-wide quartz capillary at 12.5 µl/s for an average exposure time of 0.6 s. The
scattering intensity profiles were obtained by subtracting the average of 15 water-only
profiles from the average of 15 starch-water or curcumin-starch-water profiles, which
were performed with the program IGOR Pro (WaveMatrics), and macros written by the
BIOCAT staff.
Cell Culture and In Vitro Anti-Cancer Activity Assay. Human hepatocellular
carcinoma cell line HepG2 was obtained from American Type Culture Collection (HB8065, Manassas, Virginia, USA) and were cultured in minimum essential medium
(Invitrogen, Carlsbad, California, USA) containing 10% fetal bovine serum (Invitrogen,
Carlsbad, California, USA), 100 units/mL penicillin (Invitrogen, Carlsbad, California,
USA) and 100 µg/mL streptomycin (Invitrogen, Carlsbad, California, USA). Cells were
maintained in incubators at 37 °C under 95% relative humidity and 5% CO2.
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Anti-cancer activity of curcumin was examined by methyl thiazol tetrazolium
bromide (MTT) assay. Briefly, HepG2 cells were seeded in 96-well microtiter plates at a
density of 10,000 cells per well in a final volume of 100 µl medium. After 24 hours, the
cells were treated with a medium containing DMSO-dissolved or HMS encapsulated
curcumin of different concentrations. Other cells were untreated as negative control, or
treated only with DMSO or HMS at the maximum concentration used to dissolve and
encapsulate curcumin, respectively. After 24 hours, cell culture media were aspirated and
cells were incubated with 100 µl MTT solution (0.5 mg/mL in RPMI 1640 medium) for 2
h at 37 °C. Subsequently, MTT solution was carefully aspirated and the formazan crystals
formed were dissolved in 100 µl DMSO per well. Light absorbance at 560 and 670nm
was recorded with Absorbance Microplate Reader (Molecular Devices, Sunnyvale,
California, USA). Relative cell viability was expressed as A560-A670 normalized to that
of the untreated wells. Data were presented as mean ± standard deviation with 8 well
repeats.
Statistical Analysis. Anti-cancer effect of DMSO-dissolved and HMS-encapsulated
curcumin was compared with t-test using SigmaPlot 10.0 software (Systat Software, San
Jose, CA).

Results
Capability of HMS to form polymer micelles.
To demonstrate the ability of hydrophobically modified starch (HMS) to form
micelles, the pyrene fluorescent method was first used to determine the possible critical
aggregation concentration (CAC) of HMS. The fluorescent spectrum of pyrene is
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sensitively affected by its microenvironment. When pyrene is in hydrophilic environment,
one of its excitation peaks is at 334 nm. Once pyrene migrates into hydrophobic
environment, such as the core portion of polymer micelles, this peak shifts from 334 to
about 337 nm Figure 9. By plotting the ratio of the fluorescence intensity at 337 nm to
that at 334 nm (I337/I334) versus polymer concentrations, the CAC of amphiphilic
polymers can be determined(150). As shown in Figure 10, I337/I334 increased with the
increase of HMS concentration. At 0.36%, a turning point appeared, indicating the onset
of the self-assembly of HMS and the CAC of HMS.
Compared with other surfactants and synthetic amphiphilic polymer micelles, HMS
has a relatively high CAC. This may be due to its big portion of hydrophilic
polysaccharide group and low degree of substitution (typically less than 3%) limited by
the food industry regulation.
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Figure 9. Comparison of the excitation fluorescence spectra of pyrene in
hydrophilic and hydrophobic environment
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Figure 10. Determination of the critical aggregation concentration (CAC) of
modified starch

41

Encapsulation of Curcumin in HMS Solution
HSM solution 1% was prepared to encapsulate curcumin in HSM micelles. Curcumin
powder was loaded under high-speed homogenization and stirred on a magnetic stirrer
overnight. After removal of free curcumin, curcumin HMS solution was clear and
yellowish (Figure 11), compared with curcumin water solution as a control (Figure 12).
To quantify the amount of curcumin in the HMS micelles, curcumin was extracted with
chloroform. The concentration of curcumin was calculated using the calibration curve of
curcumin chloroform solution. It is determined that the absolute concentration of
curcumin in filtered HMS solution is 18.4 g/mL. Compared with the estimated water
solubility of 11 ng/mL (62), HMS can at least increase the solubility by 1670 folds.
Curcumin HMS solution was subsequently lyophilized and reconstituted with water.
Lyophilized curcumin HMS solution afforded a yellowish powder with no noticeable free
curcumin powder. After being reconstituted with water, this powder dissolved back to
clear solution very quickly and easily, with no noticeable curcumin precipitates (Figure
2C). Our results suggested that curcumin was indeed trapped in the HMS micelles and
the complex of HMS and curcumin could resist against freeze-drying.
The structure of HMS with or without the addition of curcumin has been studied by
synchrotron small-angle X-ray scattering. The small-angle scattering cross section per
unit volume, I(q), for a starch solution can be written as:
I ( q )  V p (   ) P ( q ) S ( q )
2

(1)
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where  and Vp are the volume fraction and the molecular volume of HMS molecules
respectively; Δ is the X-ray electron density contrast between HMS and water; P(q) is
the form factor; and S(q) is the structure factor. At current HMS concentration, S(q)=1.
HMS is a flexible polymer chain, thus the form factor can be fitted by Debye function
(Higgins & Benoit, 1994), which is written as:

P (q ) 

2
( qR g )

4

exp(

q Rg )  q Rg  1
2

2

2

2



(2)

where Rg is the radius of gyration fitted from the Debye function. Figure 3 show the
X-ray scattering intensity profiles of 10 mg/mL HMS water solutions with or without the
addition of curcumin. Our results showed that 10 mg/mL HMS solution has a slightly
higher intensity at low q than 10mg/mL HMS-curcumin solution. From the fits of
scattering intensity profiles to equation 2, we conclude that, no matter whether there is
curcumin in the 10 mg/mL HMS solutions, the radius of gyration of HMS remained at
14.1 ± 0.1 nm, further suggesting that the addition of curcumin did not perturb the
micellar structure of HMS (Figure 13).
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Figure 11. Photographic images of curcumin in HMS solution (A) and water
loaded with curcumin (B).
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Figure 12.
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Figure 13. Small-angle X-ray scattering intensity profiles of 10 mg/mL HMS
water solution with (empty circles) or without (solid circles) the addition of
curcumin. The solid lines are fits to equation 2.
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Figure 14. FT-IR spectra of HMS (solid line) and HMS loaded with curcumin
(dashed line) in the wavenumber range from 3800cm-1 to 2800 cm-1.
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Interaction between curcumin and HMS
To investigate the interaction between HMS and curcumin, the infrared (IR) spectra
of lyophilized curcumin HMS powder and HMS powder alone were measured. Compared
with that of pure HMS, the IR spectrum of curcumin HMS powder showed a band shift
from 3300 to 3316 cm-1 as evidenced in Figure 14, which was assigned to the vibrational
band of the hydroxyl (-OH) group of HMS. The band shift in the IR is mostly likely due
to the formation of intermolecular hydrogen bonding between HMS and curcumin
Considering that curcumin itself is a fluorescent compound, and the fact that the
fluorescence spectrum of a compound is usually affected by its microenvironment, we
compared the emission spectrum of curcumin in HSM solution with that of curcumin in
water. As shown in Figure 15, the emission peak of curcumin in water was at 542 nm,
while the peak shifted to 531 nm when curcumin was encapsulated in HMS solution. This
result further confirmed that the microenvironment of curcumin was changed upon HMS
encapsulation.
Enhanced in vitro anti-cancer activity of curcumin encapsulated in HMS
By inducing apoptosis, curcumin is demonstrated as a potent anti-cancer agent (151).
To investigate the in vitro anti-cancer activity of curcumin encapsulated in HMS, HepG2
cells were treated, respectively, with DMSO-dissolved curcumin and HMS-encapsulated
curcumin of the same concentrations. After treatment for 24 hours, the cell viability was
determined with MTT assay. As shown in Fig. 6, HepG2 cells treated with DMSO or
HMS alone reveals comparable cell viability to untreated cells, suggesting that at the
concentration used, DMSO and HMS have no cytotoxicity. Furthermore, HMSencapsulated curcumin was more effective than DMSO-dissolved curcumin in anti-
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carcinogenesis. At the concentrations of 0.4, 2, and 10 μg/mL, the anti-cancer activity of
HMS-encapsulated curcumin was significantly higher than that of DMSO-dissolved
curcumin (P<0.001), suggesting that HMS encapsulation is more effective to deliver
curcumin to cancer cells
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Figure 15. Comparison of fluorescence emission spectra of curcumin in HMS
solution (A) and in water (B).
.
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Figure 16. The plot of relative cell viability versus curcumin concentration for
free curcumin (dissolved in DMSO, black bars) and HMS-encapsulated curcumin
(grey bars). Conditions of DMSO alone and HMS alone were expressed as curcumin
at zero concentration. Data was presented as mean ±standard deviation, n = 8.
**Denotes that the differences are statistically significant.

51

Discussion and Conclusion
In this study, curcumin was encapsulated into polymer micelles formed by
hydrophobically modified starch. Upon encapsulation, curcumin showed increased water
solubility. As the peak position shifted in either infrared or fluorescence spectra, it was
suggested that the microenvironment of curcumin was changed upon encapsulation, and
there may be a hydrogen bonding interaction between curcumin and HMS.
Compared with other polymeric micelles used to encapsulate curcumin, the critical
aggregation concentration of HMS is relatively high and the encapsulation capacity of
HMS is relatively low. This may be due to the low degree of substitution (DS) of HMS.
The DS of HMS does not exceed 3%, which is quite different from amphiphilic block copolymers, such as PEO-b-PCL (152). On the other hand, we showed that freeze-dried
HMS encapsulated curcumin could be easily reconstituted. It suggests the structural
stability of HMS-curcumin micelles, which is further evidenced by the constant HMS Rg
with and without curcumin. To the best of our knowledge, this is the first report regarding
this property.
From our results, an increase in curcumin solubility may be due to the combination of
hydrophobic microenvironment of curcumin and hydrogen bonding between modified
starch and curcumin. This hydrogen bond interaction has also been conceived between
curcumin and some of other molecules studied, such as phosphatidylcholine (97). Using
thermodynamic analysis, Began et al. (1999) found that the thermodynamic parameters
for the binding of curcumin to phosphatidylcholine is driven by both entropy and
enthalpy, suggesting that curcumin forms hydrogen bond with phosphatidycholine in
addition to hydrophobic interaction. On the other hand, the extensive research on the
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interaction between curcumin and human serum albumin only suggested the hydrophobic
interaction but no hydrogen bonding (85, 86).
In the literature, different micelle encapsulation formulations of curcumin revealed
variations in in vitro anti-cancer/cytotoxicity activity. Micelles formed by PEO-b-PCL
showed less anti-cancer activity, probably due to the prolonged release profile and the
lack of direct interaction between curcumin and cells (70). Curcumin encapsulated in
mPEG-palmitate nanocarriers, on the other hand, had comparable activities to DMSOdissolved curcumin (75). In contrast, our results suggested the enhanced activity of
encapsulated curcumin. Since HMS is a slightly-modified biomolecule, the interaction
between HMS and HepG2 cells could be the reason of enhanced anti-cancer activity. As
a matter of fact, curcumin – casein micelle complex also revealed a stronger activity than
free curcumin (87).
In summary, I have demonstrated that hydrophobically modified starch is able to self
assemble to form micelles and to encapsulate curcumin into its hydrophobic core. Upon
encapsulation, the water solubility of curcumin increased about 1670 folds and the anticancer activity was also greatly increased. This study suggested that hydrophobically
modified starch could be used as a self assembled biopolymer to encapsulate waterinsoluble bioactives in functional food.
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CHAPTER 3. SYNTHESIS AND CHARACTERIZATION OF
MODIFIED EPSILON POLYLYSINE
The aim of this study is to synthesize and characterize hydrophobically modified EPL,
which is expected to be a surface active amphiphile and is able to be used as an
emulsifier. This study demonstrated that hydrophobically modified EPL(s) are bifunctional molecule: they are amphiphilic and also antimicrobial.

Materials and Methods
Materials. ε-Polylyine (EPL) was purchased from Zhejiang Silver-Elephant Bioengineering Co., Ltd, China and used without further purification, unless noted
specifically. Dimethyl sulfoxide (DMSO), octenyl succinic anhydride (OSA), deuterium
oxide (D2O), sodium bicarbonate (NaHCO3), methanol and agar were purchased from
Sigma-Aldrich (St. Louis, MO). Pyrene was obtained from Alfa Aesar (Ward Hill, MA).
Dialysis membranes (MWCO 1,000Da) were purchased from Spectrum Laboratories, Inc.
(Rancho Dominguez, CA). Escherichia coli (E.coli) O157:H7 (ATCC 43888) was
purchased from MicroBioLogics, Inc. (Saint Cloud, MN). Nutrient broth and 96-well
microtiter plates were obtained from BD Biosciences (San Jose, CA).
Synthesis of hydrophobically modified EPL. 1.5 g EPL was dissolved in 30 ml
DMSO, and different concentrations of OSA were added dropwise under stirring at 35-40
o

C. After 18 h, the whole reaction was dialyzed in 1000 Da molecular weight cut-off

(MWCO) dialysis membrane against 95% EtOH, 0.01% NaHCO3, and deionized water
sequentially, and then lyophilized with a Freezone4.5 freeze–dry system (Labconco,
Kansas City, MO) to obtain the final products.
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Infrared and 1H NMR spectroscopy. The Fourier transform infrared (FT-IR)
spectra of original EPL and modified EPL were measured using Thermo Nicolet Nexus
670 FT-IR system with a Smart MIRacleTM horizontal Attenuated Total Reflectance
(ATR) accessory (Thermo Electron Corp., Madison, WI). Each spectrum was averaged
over 512 scans with 4 cm-1 resolution.
1

H NMR spectroscopy was taken on a Varian 500 MHz NMR spectrometer (Palo

Alto, CA). All of the samples were dissolved in D2O.
Determination of the degree of substitution. The degree of substitution (DS) was
defined as the percentage of the reacted α-amine groups on the lysine monomer in the
EPL molecule. It was calculated as the peak area at 4.0 ppm divided by the total peak
areas at 3.82 ppm and 4.0 ppm from the 1H NMR spectra.
(1)

Determination of the critical aggregation concentration (CAC). The critical
aggregation concentrations (CACs) of modified EPL were determined by measuring the
fluorescence excitation spectra of pyrene in modified EPL solutions (150, 153-155).
Modified EPL was dissolved in deionized water at different concentrations (0.01, 0.02,
0.05, 0.1, 0.2, 0.5, 1, 2, 5, and 10 mg/mL). 1.0 mM pyrene stock solution was prepared in
methanol. 4 μL of this solution was added to glass tubes, and methanol was removed by
purging with nitrogen. Subsequently, 4.0 mL of modified EPL solutions of different
concentrations were respectively transferred to each tube. All tubes were sonicated for 30
min to facilitate pyrene dissolution. Subsequently, the fluorescence excitation spectra of
pyrene from 300nm to 350nm were obtained using Cary Eclipse fluorescence
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spectrophotometer (Varian Instruments, Walnut Creek, CA). The emission wavelength
was set at 390 nm and the excitation and emission slit openings were both set at 5 nm.
The ratio of the intensity at 337nm (I337) to that at 334nm (I334) was calculated and plotted
against the common logarithm of the concentrations of modified EPL. A major change in
the slope indicated the onset of micelle formation and the corresponding concentrations
of modified EPL(s) were determined as the CACs of EPL(s).
Dynamic light scattering (DLS). The mean hydrodynamic diameters and the
corresponding polydispersity of the polymer micelles were determined using DLS-based
BIC 90plus particle size analyzer equipped with a Brookhaven BI-9000AT digital
correlator (Brookhaven Instrument, New York, NY) at a fixed scattering angle of 90o at
25 oC. The light source of the particle size analyzer is a solid state laser operating at 658
nm with 30 mW power, and the signals were detected by a high sensitivity avalanche
photodiode detector. The normalized field-field autocorrelation function g(q,t) is obtained
from the intensity-intensity autocorrelation function, G(q,t), via the Sigert relation:
(1)
where A is the experimentally determined baseline,  is the contrast factor which is
less than 1, due to the fact that only a fraction of dynamic scattering intensity falls within
the correlator window and also the fact that a finite size pinhole is used in the experiment.
For all micelle size measurements, the measured baseline A is in agreement with the
theoretically calculated baseline to 0.01%.
The diffusion coefficient D was calculated according to D=-1q-2, where q is the
amplitude of scattering vector defined as q=(4n/)sin(/2), n is the solution refractive
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index,  is the laser wavelength and  is the scattering angle. The diffusion coefficient D
can be converted into mean emulsion droplet diameter d using the Stokes-Einstein
equation:
(2)
where k is the Boltzmann constant, T is the absolute temperature, and  is the solvent
viscosity.
Cumulant analysis method was used in our size measurements, where g(q,t) was
decomposed into a distribution of decay rate  (= 1/) given by
(3)
The first two moments of the distribution G() are as follows:
(4)
(5)
Where D* is the average diffusion coefficient. The polydispersity term defined in the
Cumulant analysis is:
(6)

Here polydispersity has no unit. It is close to zero for monodisperse or nearly
monodisperse samples, and larger for broader distribution.
Surface tension measurement. 5 mg/mL modified EPL(s) solutions were prepared
in deionized water. The surface tension was measured using the pendant drop method
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with VCA optima surface analysis system (AST Products, Billerica, MA). The surface
tension values were expressed as mean ±standard deviation, with 16 repeats.
Differential scanning calorimetry (DSC). The thermal properties of modified EPLs
were analyzed with a DSC823e thermal analyzer (Mettler Toledo, Columbus, OH). 5.56.0 mg modified EPL(s) samples were sealed in aluminum crucibles and the lid of each
crucible was penetrated to form a small hole. The samples were first heated from 25 to
200 oC with a heating rate of 10 oC/min, subsequently cooled to -120 oC with a cooling
rate of -30 oC/min, and finally heated back to 210 oC with a heating rate of 10 oC/min.
Glass transition temperatures (Tg) were determined by the STARe software associated
with the thermal analyzer. Before DSC analysis, EPL was first dialyzed against deionized
water using dialysis membrane with molecular weight cut-off (MWCO) of 1000 Da, and
then freeze dried.
Determination of the minimum inhibitory concentration against Escherichia coli
(E.coli) O157:H7. Minimum inhibitory concentrations (MIC) of different modified
EPL(s) were determined by microtiter broth dilution method (156). Briefly, 105 CFU/mL
E.coli O157:H7 was cultured in nutrient broth with EPL or modified EPL(s) of different
concentrations (100, 50, 25, 12.5, 6.25, 3.13, 1.56, 0.781 and 0.391 μg/mL). Media
inoculated with E.coli O157:H7 but without antimicrobial compounds were served as
positive control. Media alone was taken as negative control. After cultured for 24 h at 37
o

C, optical absorbance at 600 nm (OD600) of each well was recorded using Absorbance

Microplate Reader (Molecular Devices). MIC of each tested compound was defined as
the lowest concentration of the compound with which bacteria had no optically prominent
growth.

58
Preparation of Oil-in-Water Emulsion 0.1g of M-EPL (OSA-g-EPL8.5) was
dissolved in 10 mL dH2O and 0.1 gram of MCT with trace amount of Sudan III as
indicator was added in. The mixture was first stirred for 5 minutes on a magnetic stirrer
and then homogenized at 24000 RPM for 20 minutes using High Speed Homogenizer
(ULTRA–TURRAXT-25basic, IKAWorks). Prepared emulsion was stored at ambient
temperature.
Measurement of the particle size of oil droplets At certain time interval during
homogenization and storage, the mean hydrodynamic diameters of oil droplets were
determined using DLS-based BIC90 plus particle size analyzer equipped with a
Brookhaven BI-9000AT digital correlator (Brookhaven Instrument) at a fixed scattering
angle of 90o at ambient temperature. Emulsions were diluted with dH2O 20 times before
the measurement. Data were shown as mean ±standard error (n=3).
Cell culture and maintenance HepG2 cell line was obtained from Dr. Mou-Tuan
Huang of Department of Chemistry Biology, Rutgers, the State University of New Jersey.
Cells were maintained in Minimum Essential Medium with 10% Fetal Bovine Serum and
1X penicillin and streptomycin, at 37oC with 5% CO2.
Caco-2 cell line was generously provided by Dr. Judith Storch of Department of
Nutrition, Rutgers, the State University of New Jersey. Cells were maintained in
Dulbecco's Modified Eagle Medium (DMEM) with 10% fetal bovine serum, 1X nonessential amino acids and 1X penicillin and streptomycin, at 37 oC with 5% CO2. Passage
35 to 45 were used in the studies, to keep relatively constant cellular phenotypes (16).
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Cytotoxicity Assay. cytotoxicity assay Cytotoxicity of M-EPLs was investigated
using by MTT method (157, 158). 10,000 HepG2 cells were plated into each well of 96well microplate. On the second day, cells were treated with different concentrations (100,
250, 500, 750 and 1000 µg/mL) of EPL or M-EPLs in culturing medium. After 24-hour
treatment, media were aspirated and cells were treated with MTT for 2 hours.
Subsequently, the formazan salt formed in cells were dissolved in DMSO and optical
density at 560 and 670 nm were recorded with Bio-Tek® Synergy HT Multi-Mode
Microplate Reader. Relative cell viability was calculated as percentage of A560-A670 of
each treatment well compared with that of untreated well. IC 50 referred to the
concentration of M-EPL which caused 50% of relative cell viability.
Cultivation of Caco-2 monolayers and transepithelial electrical resistance
(TEER) measurement across Caco-2 monolayer. To generate Caco-2 monolayer in the
insert filters of 12-well plates, Caco-2 cells were plated in the 0.45 µM polycarbonate
filters of 12-well plate (Corning): 0.5 mL per well with cell density of 0.6 × 106 cells/mL.
In the wells, 1.5 mL culture media was added. Every two days, media inside the filters
and wells were changed. Cells were used after 21-29 days of culture.
On the date of experiment, cell culture media of the two sides of Caco-2 monolayers
were removed carefully to keep intact of the monolayer. Cells were washed with prewarmed Hank’s balanced salt solution (HBSS) plus 25mM HEPES. 0.5mL and 1.5 mL
HBSS + 25mM HEPES were added in the apical and basolateral compartments,
respectively. Cells were incubated in a 37oC shaker at 100 rpm for 20-30mins before
OSA-g-EPL treatment. Initial TEER (t=0) was measured right before adding OSA-g-EPL
to the apical compartment. Subsequently, TEER was measured every 15 minutes till 90
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minutes after treatment. Treatment media were removed and cells were cultured in
regular growth media overnight. On the next day, cells were again incubated in HBSS +
25 mM HEPES for 20-30 minutes, before final TEER was measured.
All the TEER values were measured using EVOM2, Epithelial Voltohmmeter (World
Precision Instruments), with the unit of ohm (Ω). Background TEER was measured on
filters without cells. Final TEER values were calculated and presented as:

Results and Discussions

Synthesis of Modified -Polylysine
To hydrophobically modify a biopolymer containing primary amine or hydroxyl
groups, fatty acid with the aid of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC), acid chlorides and acid anhydrides are often used. In this study, we
chose octenyl succinic anhydride (OSA), because of its long history of use in food
industry, especially in synthesizing the hydrophobically modified starch (152, 159-161).
-Polylysine (EPL) and OSA were reacted in DMSO through nucleophilic reaction
(Error! Reference source not found.). The products were then dialyzed to remove
nreacted OSA (and its possible hydrolysates) and lyophilized to obtain the products
denoted as OSA-g-EPL(s).
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Figure 17 Synthetic scheme of hydrophobically modified ε-polylysine (EPL), or
OSA-g-EPL(s)
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The success of reaction was confirmed by 1H NMR spectroscopy. As shown in Figure
18. 1H NMR spectra of (a) EPL, (b) OSA-g-EPL6.2, (c) OSA-g-EPL8.5, (d) OSA-gEPL12.4, and (e) OSA-g-EPL20.5.Figure 18, the peaks specific to EPL (Figure 18A.)
appeared between 1.2 and 4.0 ppm. Peaks at about 3.82 and 3.12 ppm corresponded to
terminal methine and methylene groups, respectively. In the products (OSA-g-EPL(s),
Figure 18B-D.), peak assignments were as follows:  0.74 (CH3), 1.27 [CH2 (, ,) of
OSA and CH2 () of EPL], 1.46 [CH2 () of EPL], 1.76 [(CH2 (α) of OSA and CH2 (δ) of
EPL], 3.12 [CH2 () of EPL], 3.82 [unreacted methine of EPL], 4.0 [reacted methine of
EPL], 5.2 and 5.4 [H on CH=CH of OSA].
The peak of the methine group of EPL shifted partially from 3.82 to 4.0 ppm when
acylation reaction occurred in the amine groups. This shift indicated the presence of
major functional groups linked to EPL.
The degree of substitution (DS) of EPL can be calculated as the area ratio of the
reacted methine proton ( 4.0) to the total methine proton ( 3.82 and  4.0), or proton on
the double bond ( 5.2 and 5.4) to the total methine proton ( 3.82 and  4.0). In this
study, the former method was used. The DS of OSA-g-EPL(s) at different feed ratios of
OSA to EPL were listed in Table 2. One notices that the DS of OSA-g-EPL(s) increased
with the increase of feed ratio. Once the DS values were determined, the reaction
products were further denoted as OSA-g-EPL<n>, with n indicating the DS value. For
example, in OSA-g-EPL6.2, 6.2% amine groups in EPL were reacted with OSA.
To further confirm the synthesis, infrared spectra of OSA-g-EPL(s) were collected
and compared with that of EPL, as shown in Figure 19. The N–H stretching bands were
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located between 3300–3200 cm−1. With the increase of DS, the position of this band
shifted to larger wavenumbers, i.e., from 3213 to 3224, 3234, 3263 and 3271 cm-1,
suggesting the existence of hydrogen bonding between the N-H group of EPL moiety and
the increasing number of carbonyl (C=O) groups from OSA moieties on the products.
The weak band at approximate 3070-3060 cm-1 corresponded to the overtone of the N-H
stretch band (amide II band) at 1560–1530 cm−1. The intensity of this band was stronger
for OSA-g-EPL(s) than for EPL. The two bands at 2925 and 2859 cm-1 were designated
as C-H stretching. With hydrophobic substitution, the two bands were naturally more
prominent. The band at 1539 cm-1 in the spectrum of EPL corresponded to amide II band
originated from N-H bending. After conjugation, it was intensified as anticipated. The
band at 1390 cm-1 was designated as methyl C-H bending and was increasingly
prominent with the increase of DS.
The results of 1H NMR and ATR-FTIR spectroscopies both confirmed that OSA-gEPL(s) were successfully synthesized by conjugating OSA onto EPL. Subsequently,
thermal properties and self assembly behavior of OSA-g-EPL(s) were analyzed and
compared with those of original EPL.
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Figure 18. 1H NMR spectra of (a) EPL, (b) OSA-g-EPL6.2, (c) OSA-g-EPL8.5, (d)
OSA-g-EPL12.4, and (e) OSA-g-EPL20.5.
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Feed
Tg
CAC
Surface
MIC
DS
o
ratio
( C)
(mg/mL)
Tension (mN/m)
(μg/mL)
10-0
0
133.1
ND
72.3±1.0
12.5
10-1
6.2%
126.1
1.76
40.6±2.1
12.5
10-3
8.5%
94.0
0.64
44.8±2.8
12.5
10-6
12.4%
78.9
0.32
35.6±1.8
12.5
10-10
20.5%
60.6
0.18
39.5±2.2
12.5
Table 2. Summary of degree of substitution (DS), glass transition temperatures
(Tg), critical aggregation concentrations (CAC), surface tension, and minimum
inhibitory concentrations (MIC) of OSA-g-EPL(s).ND, not determined.
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Figure 19. . ATR FT-IR spectra of (a) EPL, (b) OSA-g-EPL6.2, (c) OSA-gEPL8.5, (d) OSA-g-EPL12.4, and (e) OSA-g-EPL20.5. Numbers on the spectra
indicated the wavenumbers of the corresponding peak positions.
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Thermal Properties of OSA-g-EPL(s)
The thermal properties of modified EPL(s) were analyzed by differential scanning
calorimetry (DSC). For comparison, dialyzed EPL sample was also analyzed. From
Figure 20, it was shown that each of the five samples gave a single glass transition
temperature (Tg), and with the increase of DS, Tg decreased from 133.1 oC for EPL to
60.6 oC for OSA-g-EPL20.5 (Figure 20 and Table 2). The decrease of Tg was due to the
plasticizing effect of OSA moieties, since OSA has a much lower melting point and glass
transition temperature (162). It was noteworthy that the dialyzed EPL only showed a
single Tg at 133.1 oC, which was different from what was reported (T g at 88 oC and Tm at
172.8 oC) (126). This may be due to the different chemical constitutions and purification
procedures from different manufacture sources. Meanwhile, it was also noted that before
dialysis, the EPL sample has two T g(s) at 92.6 oC and 165.1 oC (not shown), suggesting
that the salt contents and small-molecular-weight lysine oligomers may interfere with the
DSC results.

68

Figure 20. Differential scanning calorimetry analysis of EPL and OSA-g-EPL(s).
Only the curves from the second heating procedure were shown.
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Self-assembly of OSA-g-EPL(s) in water
It is self-evident that OSA-g-EPL(s) were amphiphilic and would aggregate and form
polymer micelles in aqueous solutions above their critical aggregation concentrations
(CACs). Considering that polymer micelles have been well applied in delivery systems
(163, 164), it is important to investigate whether and above what concentration the OSAg-EPL(s) are able to form polymer micelles. Therefore, the CACs of OSA-g-EPL(s) were
determined with pyrene fluorescence excitation spectra method (154, 163). For instance,
the excitation spectra of pyrene in OSA-g-EPL12.4 water solution were shown in Figure
21A. At low polymer concentration, one peak in the spectrum was at 334nm. With
increase of the OSA-g-EPL12.4 concentration, pyrene migrated into the hydrophobic
micro-domains formed by the polymer aggregate, and the peak shifted gradually to 337
nm. By calculating the ratio of the fluorescence intensity at 337 to that at 334 (I337/I334),
the critical aggregation concentration could be determined. As shown in Figure 21B, 0.32
mg/mL was the onset concentration where I337/I334 started to increase abruptly, and
thus was the CAC of OSA-g-EPL12.4 in deionized water. As shown in Table 2, all of the
OSA-g-EPL(s) molecules were able to form polymer micelles in water. The increase of
the OSA substitution caused decrease of the CAC value, with the lowest CAC being
0.18mg/ml for OSA-g-EPL20.5.
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Figure 21. Determination of the critical aggregation concentrations (CACs) of
OSA-g-EPL12.4.
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Samples
OSA-g-EPL6.2

Effective diameter (nm)
42.0±2.6

Polydispersity
0.359

OSA-g-EPL8.5

110±2.0

0.080

OSA-g-EPL12.4

102.2±0.1

0.089

OSA-g-EPL20.5

72.2±4.2

0.263

Table 3. Summary of the effective hydrodynamic diameters and polydispersity
of OSA-g-EPLs.
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The particle size of the OSA-g-EPL(s) was determined using dynamic light scattering
at the concentration of 5 mg/mL [above the CMCs of all the OSA-g-EPL(s)]. It was
found that the hydrodynamic diameters of the polymer micelles were in the range of 40110 nm (Table 3). The corresponding hydrodynamic radii of hydration were from 20 to
55 nm. The smaller particle size of OSA-g-EPL20.5 may be due to the compact packing
of the hydrophobic core of the polymer micelle.
Interfacial properties of OSA-g-EPL (s)
As amphiphiles, OSA-g-EPL(s) could also form adsorption layers on the air/water
interface and lower the interfacial tension. The air/water surface tension of the OSA-gEPL(s) at the concentration of 5 mg/mL [above CACs of all the OSA-g-EPL(s)] was
measured with pendant drop method and was in the range of 35-40 mN/m, while the
surface tension of original EPL remained at the similar level as pure water (Table 2),
which was consistent with a previous report (136). This result further confirmed the
amphiphilicity of synthesized OSA-g-EPL(s) and suggested that OSA-g-EPL(s) could be
used as emulsifiers in emulsion formulation.
Antimicrobial activity of OSA-g-EPL(s)
A high antimicrobial activity is essential for a bi-functional emulsifier. However,
previous studies suggested that chemical modification to the α-amine groups of EPL
would lower its antimicrobial activity (129, 136). Therefore, to examine the antimicrobial
activities of OSA-g-EPL(s), the minimum inhibitory concentrations (MICs) of OSA-gEPL(s) against E.coli O157:H7 were determined and compared with that of unmodified
EPL. Interestingly, the MICs of all the four OSA-g-EPL(s) remained the same as that of
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EPL, being 12.5 μg/mL (Figure 22). This result suggested that OSA-g-EPL(s) retained
the antimicrobial activity of EPL.
OSA-g-EPL is able to stabilize emulsions.
It was previously shown that OSA-g-EPL is able to lower the surface tension of water,
which suggests that, in principle, it could also lower the interfacial tension between water
and oil and thus stabilize emulsions. In this study, an oil-in-water (O/W) emulsion system
stabilized with M-EPL was prepared and the particle size of the oil droplets during
preparation and storage was monitored. As shown in Figure 23, after 20-mins high-speed
homogenization, the particle size of the oil droplets decreased to about 155 nm. Actually,
5-mins homogenization is already able to make the particle size down to 175 nm. It could
be due to the small fraction of oil (1%) in this system. If the oil fraction increases, more
time/energy is expected to be needed to achieve the same particle size. Original EPL was
not able to stabilize the emulsion systems, phase separation immediately occurred (data
not shown), which corresponded to the previous observation that EPL is not surface
(158).
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Figure 22. Optical absorption at 600nm (OD600) of E.coli O157:H7 versus the
concentrations of EPL, OSA-g-EPL6.2, OSA-g-EPL8.5, OSA-g-EPL12.4, and OSAg-EPL20.5. The minimum inhibitory concentrations of these polymers against E.coli
O157:H7 were all found to be 12.5 µg/ml.
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This model emulsion system made with M-EPL was also stable during storage. After
32 days of storage, the size of the oil droplet increased to about 165 nm (Figure 24) and
only a very thin layer of creaming was noticed on the water surface, suggesting that the
emulsion was fairly stable, even in the absence of any thickeners.
Cytotoxicity of M-EPL increased with the degree of substitution
The safety issue of any synthetic or modified biopolymers is of great concern when
they are proposed to use in food system. The cytotoxicity of M-EPLs with difference
degrees of substitution was examined on HepG2 cells. It was shown that unmodified EPL
has very weak cytotoxicity, its IC50 value was not detected in the tested concentration
range, which is consistent with the in vivo toxicity study (132). The IC50 values of OSAg-EPL8.5, OSA-g-EPL12.4 and OSA-g-EPL20.5 were 574, 443 and 335 µg/mL,
respectively (Figure 25). The cytotoxicity increased along with the increase of the degree
of substitution, suggesting that these cationic emulsifiers might incorporate into the cell
membrane and cause cell death. As a matter of fact, many synthetic emulsifiers used in
food industry have in vitro cytotoxicity (165). More detailed in vivo examination is
needed to address the safety issue
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Figure 23. Formation of OSA-g-EPL stabilized O/W emulsion using high-speed
homogenization. Data are shown as mean ±standard error, n=3.
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Figure 24. Stability of emulsions formed with OSA-g-EPL. Data are shown as
mean ±standard error, n=3.

.
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Figure 25. The cytotoxicity of EPL and M-EPLs on HepG2 cells. Data are shown
as mean ±standard deviation, n=4.
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OSA-g-EPL decreased TEER values through Caco-2 monolayer.
Transepithelial electrical resistance (TEER) is a rapid and convenient method to
evaluate the integrity of Caco-2 cell monolayers. It also provides a prediction of the
paracellular permeation rate of hydrophilic compounds across Caco-2 monolayers, and
suggests a faster absorption in small intestine. Because of the tight junctions between
adjacent cells, TEER value of confluent and differentiated Caco-2 monolayer is much
greater than that of porous supporting polymer membrane (background TEER reading).
In my studies, the background TEER reading was 119 ± 7 Ω×cm2. After 21 days of
culture, at my hand, Caco-2 cell monolayers typically had TEER reading greater than
2000 Ω×cm2, which was higher than that of some other investigators, while was lower
than others. This phenomena was well noticed in the field and was thought to be due to
the different colonies, different passage numbers or different culturing conditions, such as
serum (16).
In the literature, it has been shown that some absorption enhancers increase the
absorption of hydrophilic compounds through compromising tight junctions. One type of
such excipient is chitosan and its derivatives, and the positive charge of chitosan is
thought to interact with the negative charged cell membrane and cause disruption of actin
network and the tight junction (166-171).
Since the modified EPL, OSA-g-EPL still kept most of the primary amine groups of
original EPL, its effect on TEER across Caco-2 monolayers was investigated. As shown
in Figure 26, TEER of untreated Caco-2 monolayers maintained the same through the
experiment, while OSA-g-EPL greatly decreased the TEER reading immediately after the
treatment. Furthermore this decrease was dose-dependent: 10 µg/mL caused about 75%
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decrease of TEER reading after 90-minute treatment, while 20 µg/mL OSA-g-EPL
minimized the TEER to about only 6%.
The effect of OSA-g-EPL on the TEER was also reversible. After removal of
treatment and overnight cultivation in culture media, the TEER reading returned to its
original level before treatment. These results suggest that OSA-g-EPL was able to
transiently and reversibly decrease TEER of Caco-2 monolayer, and may be served as an
absorption enhancer for the paracellular transport of hydrophilic bioactives.
For all the absorption enhancers, toxicity is always a concern. To further investigate
the cytotoxicity of OSA-g-EPL treatment on TEER, two assays were performed right
after treatment and after overnight recovery of Caco-2 cells in culture media. Lactate
dehydrogenase is thought to be a constitutional enzyme in cell cytoplasm. Disruption of
cell membrane, an important outcome of cytotoxicity causes leakage of LDH from
cytoplasm into media. Therefore the amount of LDH leakage could be used as a marker
for cytotoxicity. In the case of OSA-g-EPL treatment on Caco-2 monolayers,
immediately after removal of OSA-g-EPL, the lactate dehydrogenase (LDH) leakage was
measured. It was clearly shown that 25 µg/mL OSA-g-EPL caused substantial leakage of
lactate dehydrogenase out of cells, suggesting disruption of the intact of cell membranes.
This leakage was much mitigated, equaling to about 31 % of cell lysis. On the other hand,
untreated cells have little LDH leakage (Figure 27 A). The increased LDH leakage with
OSA-g-EPL treatment suggests cytotoxicity of OSA-g-EPL, which may caused from its
positive charge disrupting the cell membrane.
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Figure 26. Effect of OSA-g-EPL treatment on the TEER of Caco-2 monolayer. After
90 minutes treatments, OSA-g-EPL was removed. The last data points were measured on
the next day after cultivation in growth media over night
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However, the MTT assay performed on the next day reveals no permanent cell death
caused by OSA-g-EPL treatment, in that cells treated with 10µg/mL OSA-g-EPL had
about the same MTT activity with untreated cells, while cells treated with 25µg/mL
OSA-g-EPL had even higher MTT activity (Figure 27 B). Considering these two
contradictory results together with the finding of recovery of TEER overnight, it may be
concluded that the disruption of cells (TEER decrease caused by actin disorganization
and LDH leakage caused by positive charge of OSA-g-EPL), although temporary and
reversible, suggest some negative effect on Caco-2 monolayers. These results should be
taken into serious account when applying OSA-g-EPL to any food or pharmaceutical
applications.
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Figure 27. Examination of the Cytotoxicity of OSA-g-EPL treatment on Caco-2
monolayers. A. LDH leakage level right after removal of OSA-g-EPL. The LDH
activities in the media were compared to the level of surfactant-lyzed cells. B. MTT
assay measuring the viable cell number after overnight recovery.
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Conclusion
In summary, OSA-g-EPL(s) with different degrees of OSA substitution were
successfully synthesized by conjugating OSA onto the amino groups of EPL molecules,
confirmed by

1

H NMR and ATR-FTIR spectroscopy. Furthermore, they were

demonstrated as bi-functional materials: on one hand, they were amphiphiles, and able to
self assemble to form micelles, lower the surface tension of water and stabilize O/W
emulsions; on the other hand, they retained the antimicrobial activity of EPL. Our results
suggested that OSA-EPL(s) were novel functional ingredients that could be used as
antimicrobial emulsifiers in food industry. Additionally, the cytotoxicity assay of OSA-gEPL(s) revealed that cytotoxicity increases with the increase of degree of substitution, but
the IC50 values for all the compounds were greater than 300 g/mL (300ppm), suggesting
they may be used as food additives.
OSA-g-EPL was also found to be able to decrease the TEER reading of Caco-2
monolayers reversibly, suggesting its potential use as an absorption enhancer of
hydrophilic bioactives. On the other hand, the toxicity of OSE-g-EPL revealed by LDH
leakage assay suggest a cautious use of OSA-g-EPL in food and pharmaceutical
applications before further in vivo safety evaluations.
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CHAPTER 4. ENCAPSULATION OF CURCUMIN IN
MICELLES FORMED BY MODIFIED EPSILON
POLYLYSINE
In the previous section (Section D.2.), it was shown that modified EPLs were
synthesized and they were able to form polymer micelles in dH2O. In this study, the
micelle structures of M-EPLs were analyzed using synchrotron small angle X-ray
scattering (SAXS). Subsequently, three loading methods were compared to achieve the
maximal water solubility of curcuminoids upon encapsulation in the M-EPL-based
polymer micelles. Furthermore, the effects of polymer micelle encapsulation on the
stability against alkaline hydrolysis and the cellular antioxidant activity of curcuminoids
were also investigated.

Materials and Methods
Materials

Curcuminoids

powder

containing

about

82%

curcumin,

15%

demethoxycurcumin (DCur) and 3% bisdemethoxycurcumin (BDCur) was received as a
gift from Sabinsa Corporation (Piscataway, NJ, United States). ε-Polylyine (EPL) was
purchased from Zhejiang Silver-Elephant Bioengineering Co., Ltd., China, and used
without further purification. Octenyl succinic anhydride (OSA), sodium bicarbonate
(NaHCO3), dimethyl sulfoxide (DMSO), and chloroform were purchased from SigmaAldrich. Dialysis membranes (molecular weight cutoff 1000Da) were obtained from
Spectrum Laboratories. Glacial acetic acid, HPLC-grade water and acetonitrile were from
J.T. Baker.

86
HepG2 cells were generously provided by Dr. Mou-Tuan Huang from Department of
Chemical Biology, Rutgers, the State University of New Jersey. Minimum Essential
Medium (MEM), Hank's buffered salt solution (HBSS), RPMI-1640 media, fetal bovine
serum (FBS), phosphate buffered saline (PBS), 100X penicillin and streptomycin, and
0.25% trypsin with ethylenediaminetetraacetic acid (EDTA), L-glutamine, were all
purchased from Thermo Scientific. Insulin, 2',7'-dichlorfluorescein-diacetate (DCFH-DA),
2,2′-azobis (2-amidinopropane) (ABAP), Williams’ Medium E (WME), hydrocortisone
were purchased from Sigma-Aldrich.
Synthesis of modified ε-polylysine (M-EPLs) M-EPL was synthesized according to
our previous paper (158). Briefly, EPL was dissolved in DMSO and different amounts of
octenyl succinic anhydride were added dropwise. After 18-hours’ reaction at about 35-40
o

C, the products were dialyzed and lyophilized. Degree of substitution was calculated

from 1H-NMR spectra of M-EPLs. To prepare the modified EPL for curcuminoids
encapsulation, 10 g EPL and 4.3 mL OSA were used.
Small-angle X-ray scattering (SAXS) measurements SAXS intensity profiles were
collected at the BioCAT, 18-ID beamline, at the Advanced Photon Source, Argonne
National Laboratory. The sample-detector distance was set at 2.592 m to cover a Q range
of 0.006-0.3 Å-1 (with a Mar165 CCD being offset laterally relative to the X-ray beam).
A flow cell of 1.5mm diameter capillary equipped with a brass block (thermostatted with
a water bath) was utilized for holding samples. A MICROLAB 500 Hamilton pump was
applied to load samples to the flow cell at a constant rate (10 μL/s) during X-ray exposure
to minimize radiation damage. The X-ray wavelength was 1.033 Å and a short exposure
period of 1 second was used to acquire the scattering data. The whole experiment was
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kept at room temperature. Fifteen curves were collected for each sample and their
averaged curves were utilized for further analysis. The final SAXS profiles were gained
after subtracting the solvent background. Pair distribution functions were acquired to
obtain the dimension parameters of modified ε-polylysine of different degrees of
substitution.
Encapsulation of curcuminoids into M-EPL micelles Three loading methods were
compared in the aspect of the loading capacity.
(1) Solvent evaporation. Fifty milligrams of M-EPL were dissolved in 10mL distilled
water. Ten milligrams of curcuminoids were dissolved in 5 mL chloroform. The aqueous
solution and chloroform were mixed together and homogenized at 24000 rpm for 10 min
using a high-speed homogenizer (ULTRA–TURRAX T-25 basic, IKA Works). The
coarse emulsion was kept in a chemical hood and stirred over night to evaporate
chloroform. On the next day, the solution was filtered through 0.45 µm filter to remove
curcuminoids precipitate and freeze dried.
(2) Dialysis. Fifty milligrams of M-EPL and 10 mg curcuminoids were dissolved in
10 mL DMSO and then dialyzed against distilled water (dH2O) in a dialysis bag with
molecular-weight-cut-off (MWCO) equal to 1,000. After repeated dialysis, solutions in
the dialysis bag were filtered through 0.45µm filter and freeze dried.
(3) High-speed homogenization. Fifty milligrams of M-EPL were dissolved in 10 mL
dH2O and 10 mg curcuminoids were added in. Subsequently, the curcuminoids
suspension was homogenized at 24000 rpm for 10 minutes and then stirred overnight at
room temperature. On the second day, the solution was filtered and freeze dried (172).

88
To quantify the curcuminoids amount encapsulated in the M-EPL micelle, lyophilized
curcuminoids in M-EPL micelles were dissolved in dH2O at the concentration of 1
mg/mL. Two volumes of HPLC-grade acetonitrile was then added in and mixed before
quantification using HPLC.
In all the following assays, M-EPL encapsulated curcuminoids were obtained using
the dialysis method.
Quantification

of

curcuminoids

using

High-Performance

Liquid

Chromatography (HPLC) An UltiMate 3000 HPLC system with 25D UV-VIS
absorption detector (Dionex) and a Nova-Pak C18 3.9×150mm column (Waters) were
used. Mobile phase solvents were: (A) 2% acetic acid in HPLC-grade water, purged with
helium, and (B) HPLC-grade acetonitrile. All aqueous samples were mixed with two
volumes of acetonitrile and filtered through 0.22µm filter. Fifty microliter samples were
injected into the column. Gradient elution was applied to separate the three curcuminoids:
-2 to 0 minutes, 65% A and 35% B; 0 to 15 minutes, linear gradient from 35% B to 55%
B; 15 to 20 minutes, held at 55% B; and from 20 to 21 minutes, B went back to 35%.
Flow rate was set at 1 mL/min. Detection wavelength was fixed at 420 nm.
Dynamic light scattering M-EPL and freeze dried curcuminoids in M-EPL micelle
were dissolved in dH2O at the concentration of 5 mg/mL and filtered through 0.45 µm
filter. The particle size (hydrodynamic diameter) of the samples were then determined
using dynamic light scattering method (BIC 90plus particle size analyzer, Brookhaven
Instrument) at room temperature. The results were presented as mean ± standard error
(n=3).
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Differential scanning calorimetry (DSC) Curcuminoids powder, curcuminoids and
M-EPL mixture, and curcuminoids encapsulated in M-EPL micelle were analyzed using
differentiation scanning calorimetry with a DSC823e thermal analyzer (Mettler Toledo,
Columbus, OH) to detect the possible curcuminoids crystals. About 10 mg of each
sample were put in the aluminum pan and the lid of the pan was penetrated to form a
small hole. Samples were heated from 25 to 200 oC, at the rate of 10 oC per minute.
Curcuminoids M-EPL mixture contained 5% curcuminoid powder and 95% M-EPL
(w/w), and was grinded for better mixing.
Hydrolysis stability of curcuminoids in M-EPL micelles Freeze dried
curcuminoids in M-EPL micelle sample were dissolved in dH2O at concentration of 1
mg/mL (with about 50 µg/mL curcuminoids). Curcuminoids in DMSO was added to
dH2O to make a 50 µg/mL curcuminoids aqueous dispersion. Both solutions were diluted
10 times into PBS (pH7.4). At different time intervals (15, 30, 45 and 60 minutes), the
solutions were sampled, acidified with HCl and analyzed with HPLC to quantify the
curcuminoids contents.
Cellular antioxidant activity (CAA) assay for free curcuminoids and m-EPL
encapsulated curcuminoids HepG2 cells (Passage 8-18) were regularly maintained in
MEM with 10% FBS, 100 units/mL Penicillin and 100µg/mL Streptomycin. CAA assays
were performed according to the literature (173). Briefly, sixty thousand cells/well were
plated in a 96-well microplate in the CAA growth medium (William Medium E
supplemented with 5% FBS, 10 mM Hepes, 2mM L-glutamine, 100 units/mL penicillin
100µg/mL streptomycin). On the next day, cells were treated with curcuminoids, M-EPL
encapsulated curcuminoids, or M-EPL alone in the treatment medium (WME + 2 mM L-
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glutamine + 10 mM Hepes) with DCFH-FA for 1 hour. Then, cells were washed with
PBS and treated with 600 µM ABAP in HBSS. Emission fluorescence intensity at 528
nm (slits 20nm) with excitation at 485nm (slits 20nm) was recorded every 5 minutes for 1
hour at 37 oC using a Synergy HT multi-mode microplate reader (BioTek). Cells treated
with DCFH-FA and then HBSS+ABAP were used as the positive control (P.C.). Cells
with DCFH-FA then only HSBB without ABAP were used as the negative control (N.C.).
To calculate the CAA value of each treatment, the area-under-the-curve (AUC) for
the plot of fluorescent intensity against time was calculated with trapezoidal method.
Then the CAA value was calculated as

(1)

Subsequently, Fa/Fu was plotted against the concentration of curcuminoids on double
logarithmic scale, where Fa =CAA and Fu=100-CAA.

EC50 was determined as the

concentration where Fa/Fu=1. By linear regression of the data on the plot, this value was
able to be obtained mathematically. The molecular weight of curcumin was used to
calculate the molar concentration of curcuminoids.
Statistical analysis.
One way-ANOVA analysis with Holm-Sidak method was performed using the
SigmaStat software.
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Results and Discussion
Characterization of M-EPL micelles using synchrotron small angle X-ray
scattering (SAXS)
In our previous studies, M-EPLs (or called OSA-g-EPLs) were shown to be able to
form micelles and the critical aggregation concentrations (CAC) of M-EPLs with
different degree substitution were determined (158). In the current work, the micelle
structures of M-EPLs were further investigated using synchrotron small-angle X-ray
scattering (SAXS). Figure 28 displays the SAXS scattering profiles of 5 mg/ml OSA-gEPLs solutions with different degrees of substitution (8.5%, 12.4%, and 20.5%,
respectively). The fitting curves of those SAXS scattering profiles were simultaneously
obtained from the inversed Fourier transform of pair distribution function by Irena
package in Igor Pro software. The critical aggregation concentrations (CACs) for OSA-gEPL8.5, OSA-g-EPL12.4, and OSA-g-EPL20.5 were 0.64 mg/ml, 0.32 mg/ml, and 0.18
mg/ml respectively (158). Therefore, 5 mg/ml was well above the CACs of the micelles
and under that condition OSA-g-EPLs formed micelle aggregates. It was found that at the
low Q region (Q < 0.2 Å-1), OSA-g-EPLs formed large aggregates due to the hydrophobic
interaction from octenyl succinic anhydride (OSA) groups. In the medium Q region
(0.02~0.1 Å-1), all of the SAXS profiles showed a broad peak at Q ~ 0.04 Å-1, which
corresponded to the spacing between micelles. The intensities and the peak positions of
the above peaks depended on the micelle dimensions and the surface charge density of
the micelle. In order to obtain the shape and size information of M-EPLs, pair distribution
function (PDF) curves were obtained from both Irena Package, a tool imbedded in Igor
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Pro software provided by BIOCAT beamline of Advanced Photon Sources (APS) (174)
and GNOM (175).
Figure 29 shows the two PDF curves of OSA-g-EPL12.4 solution generated from
GNOM and Irena package. It is clear that the data obtained from GNOM and Irena
package have negligible difference. Therefore, only one set of dimensional parameters
from Irena package were selected herein for display. As shown in Figure 30, the bell
shape of all three PDF curves indicated the spherical shape of the large micelle
aggregates. However, the dimension parameters of these three OSA-g-EPLs were not
identical.
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Figure 28 Small-angle x-ray scattering profiles of modified ε-polylysine with
different degrees of substitution. The solid line was obtained from the inversed
Fourier transform of pair distribution function (PDF) by Irena package in Igor Pro
software. PDF curves were normalized for better comparison
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Figure 29 Comparison of pair distribution functions of OSA-g-EPL with 12.4%
degree of substitution (DS) generated from either GNOM (empty circles) or Irena
package (solid line).
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lists the dimension parameters of the micelle aggregates, including maximum
dimension (Dmax), radius of gyration (Rg), peak 1&2 positions and micelle number within
a single aggregate. It was found that Dmax, the largest dimension within size distribution,
and Rg, radius of gyration, reached the lowest value for OSA-g-EPL12.4 are 752 Å and
268 Å, respectively. The dimensions of those three OSA-g-EPLs were similar with each
other although their PDF curves were not exactly overlapping. There appeared two peaks
in all three PDF curves of OSA-g-EPLs. From, the first peak located at ~24 Å, was
reasonably relevant to the size of individual micelle. The second peak, located at ~330 Å
with a 15~40 Å shift for large aggregates, corresponded to the average size of OSA-gEPLs micelle aggregate. Therefore, it was thought that the large aggregation was
composed of small global micelles tightly connected with each other within the large
global micelle aggregate. The aggregation number naggregation of micelles in one aggregate
can be calculated through the forward scattering I (Q=0), which was reasonably used in
other amphiphilic structures as well (176). The forward scattering I (Q=0) was obtained
through a Guinier fit of the scattering profile in the low Q range. It was shown that the
aggregation number within one micelle aggregate at 5mg/ml increased from 366 for
OSA-g-EPL8.5 to 1242 for OSA-g-EPL20.5. It suggested that the increase of substitution
degrees caused more micelles to aggregate and form larger particles, which can also be
verified by the PDF curves’ peak shift towards a large value when the degree of
substitution was increased. This result was also consistent with the relatively large
particle sizes determined by dynamic light scattering (158).
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Encapsulation of curcuminoids using M-EPL micelles
The hydrophobic cores of M-EPLs micelles may serve as a microenvironment to
solubilize water-insoluble bioactive compounds and thus increase their water solubility.
In the following section, curcuminoids were used as examples to illustrate the capability
of M-EPL micelles to encapsulate and solubilize water-insoluble bioactive compounds.
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Table 4. Dimension parameters of modified ε-polylysine of different degrees of
substitution

OSA-g-EPL8.5
OSA-g-EPL12.4
OSA-g-EPL20.5

Dmax (Å)

Rg (Å)

Peak 1 (Å)

Peak 2 (Å)

778
752
800

276
268
308

24
24
26

326
311
357

naggregatio
n

366
529
1242
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Figure 30. Pair distribution function (PDF) curves of modified ε-polylysine with
different degrees of substitution (DS): 8.5% (solid line); 12.4% (long dash line); and
20.5% (short dash line).
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Figure 31 Scheme of three loading methods used to encapsulate curcuminoids
into M-EPL micelles: (A) Solvent evaporation - curcuminoids were dissolved in
chloroform and M-EPL was dissolved in distilled water (dH2O). Coarse emulsion
was generated by high-speed homogenization. Subsequently, chloroform was
removed by evaporation; (B) dialysis - curcuminoids and M-EPL were co-dissolved
in DMSO and dialyzed again dH2O to remove DMSO; and (C) high-speed
homogenization (HSH) - HSH was used to break down the curcuminoids crystals,
and the high shear force facilitated curcuminoids dissolution and encapsulation.
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Loading water-insoluble compounds into the hydrophobic core of polymer micelles is
usually controlled by kinetics. Different loading methods usually have different
efficiencies (177). In this study, three loading methods (solvent evaporation, dialysis and
homogenization) were compared to find the best way to achieve the highest loading
capacity (and thus the water solubility) of curcuminoids in M-EPL micelles (Figure 31).
In the solvent evaporation method (Figure 31A), chloroform with dissolved curcuminoids
was homogenized to form a coarse emulsion in the M-EPL solution. As chloroform
evaporated, a fraction of curcuminoids was trapped in the M-EPL micelles. In the dialysis
method (Figure 31B), M-EPL and curcuminoids were both dissolved in DMSO and
dialyzed against dH2O. As the DMSO inside the dialysis bag was replaced by dH2O,
curcuminoids were gradually encapsulated in M-EPL micelles. In the homogenization
method (Figure 31C), a simple high-speed homogenization was used. Under high shear,
curcuminoids crystals were expected to be broken into smaller size, which according to
Ostwald-Freundlich equation, would have greater water solubility and thus be easier to be
encapsulated into micelles. In our previous study, similar method was used to encapsulate
curcumin into micelles formed by hydrophobically modified starch (172)
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Figure 32 Mass percentages of curcuminoids in freeze-dried M-EPL samples
prepared by three loading methods. Data are presented as mean ± standard
deviation (n=3). * denotes statistically significant difference (P<0.05).
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The encapsulated curcuminoids in the three methods were then quantified by HPLC.
As clearly showed in Figure 32, the dialysis method resulted in the highest loading
capacity: in dried samples, curcuminoids accounted for 5.3 ± 1.9 % (w/w), which was
significantly higher than that in homogenization (1.1 ± 0.3 %) and solvent evaporation
methods (0.8 ± 0.4 %). Accordingly, in 1 mg/mL M-EPL micelle solution, the maximal
solubilized curcuminoids concentration was 53 ± 19 µg/mL. Compared with the water
solubility of curcuminoids (11 ng/mL) (62), this represented almost 5,000-fold increase.
The percentages of the three curcuminoid compounds encapsulated in the micelles
were also compared with that of curcuminoids raw materials (Table 5). It was found that
the composition of curcuminoids prepared by dialysis was similar to that of original
curcuminoids powder, while the composition of curcuminoids prepared by either solvent
evaporation or high-speed homogenization had a slightly lower content of curcumin,
suggesting that different loading methods may have weak preference toward selected
curcuminoid components.
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Table 5 Composition of curcuminoids encapsulated from the three loading
methods: dialysis, high-speed homogenization, and solvent evaporation
Curcuminoid
High-speed
Solvent
Raw materials
Dialysis
s compound
homogenization
evaporation
Cur (%)
82.1 ±1.0
82.4 ±1.3
77.7 ±1.0
78.3 ±5.4
D-Cur (%)
14.8 ±0.5
14.8 ±0.9
15.8 ±0.4
13.9 ±1.1
BD-Cur (%)
3.1 ±0.5
2.8 ±0.3
6.5 ±0.6
7.8 ±6.5
Data are presented as mean ±standard deviation (n=3, except for raw materials, n=12).
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Additionally, dynamic light scattering was used to examine the particle size of the MEPL micelles before and after encapsulation of curcuminoids: the hydrodynamic diameter
of pure M-EPL micelle was 74.7 ± 1.0 nm with polydispersity of 0.424, while that of MEPL micelle with curcuminoids was 135.5 ± 1.5 nm with polydispersity as 0.273. The
results suggested that the encapsulation of curcuminoids can cause M-EPL micelles to
associate and form larger micellar aggregates.
Differential scanning calorimetry (DSC) analysis
After micelle encapsulation, curcuminoids were thought to be solubilized in the core
of the M-EPL micelles instead of existing as large crystals. To confirm the encapsulation
and solubilization, DSC analyses were performed to detect curcuminoids crystals in the
samples of curcuminoids powder, curcuminoids/M-EPL mixture, and curcuminoids in MEPL micelles. As shown in Figure 33, curcuminoids powder was in crystal form and had
a melting peak at 178 oC. Our HPLC analysis indicated that the curcuminoids powder
contained about 82% curcumin, 15% DCur and 3% BDCur (w/w, Table 5). The melting
points for curcumin, DCur and BDCur were reported as 184, 172 and 222

o

C,

respectively (178). Therefore, the melting peak of the curcuminoids powder at 178 oC
may mainly arise from the compounded effect of curcumin and DCur. In the curcumin
M-EPL mixture sample, much smaller melting peaks were also noticeable, as indicated
by the arrow in Figure 33A and more apparently in Figure 33B, which showed two small
peaks locating at 178 oC and 182 oC respectively. In contrast, there was no melting peak
detected in the curcuminoids/M-EPL micelle sample, suggesting that curcuminoids were
indeed encapsulated and solubilized in the M-EPL polymer micelle.
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Figure 33 (A) Differential scanning calorimetry (DSC) results of curcuminoids,
curcuminoids/M-EPL simple mixture, and curcuminoids encapsulated in M-EPL
micelle prepared by dialysis method. Arrow indicates the melting peaks of
curcuminoids in the mixture; and (B) Zoom-in DSC curves of simple mixture of
curcuminoids and M-EPL as well as curcuminoids encapsulated in M-EPL micelle
through dialysis in the temperature from 160 to 200 oC.
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The DSC results also suggest that compared with other types of formulations, such as
solid lipid nanoparticle and liposome, this micelle encapsulation system is ready to be
lyophilized and reconstituted.
M-EPL micelle encapsulation stabilized curcuminoids at pH 7.4
It is well known that although curcumin has higher water solubility in basic aqueous
solutions, it undergoes rapid hydrolysis (88, 179-181). In this study, we examined the
effect of M-EPL encapsulation on preventing curcuminoids hydrolysis at pH 7.4. As
shown in Figure 34A, the result suggested that free curcuminoids underwent rapid
hydrolysis, while encapsulation in M-EPL micelles was able to stabilize curcuminoids as
other micelle systems formed by small-molecular-weight surfactants (179, 180).
Since the curcuminoids used in this study contained curcumin, DCur and BDCur, the
stability of each individual curcuminoid compound with and without encapsulation was
examined simultaneously. As shown in Figure 34B, different curcuminoid compounds
had different hydrolysis rate at pH 7.4. Namely, curcumin underwent fastest hydrolysis,
followed by DCur, while BDCur was relatively resistant to the hydrolysis. To our best
knowledge, this was the first time to discover that different curcuminoids showed
different stability against hydrolysis at weak alkaline condition. Since BDCur was
relatively stable and soluble at pH 7.4, its bioactivity and bioavailability compared with
that of curcumin may need further examination.
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Figure 34 Stability of curcuminoids at pH 7.4: (A) The stability of total
curcuminoids for the free curcuminoids versus curcuminoids encapsulated in MEPL micelle through dialysis; and (B) The stability of curcumin,
demethoxycurcumin (DCur), and bisdemethoxycurcumin (BDCur) for their free
forms versus each component encapsulated in M-EPL micelle through dialysis. Data
are shown as mean ±standard deviation (n=3).
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Encapsulated curcuminoids showed elevated cellular antioxidant activity
Curcuminoids, especially curcumin, with their phenolic groups, beta-diketone and
double bonds structure, are well-known antioxidant compounds. Using a recentlydeveloped cell-based method (182), the cellular antioxidant activity (CAA) of
curcuminoids was measured. As shown in Figure 35, the EC50 value of curcuminoids was
determined as 4.4 µM, which was among the most potent natural antioxidants (182).
Furthermore, the CAA values of encapsulated curcuminoids were compared with that of
free curcuminoids at the concentration of 2 µM, at which, the CAA value of M-EPL used
for encapsulation was close to zero (Figure 36). It was clearly shown that encapsulated
curcuminoids had greater CAA value than free curcuminoids, suggesting M-EPL micelle
encapsulation may serve as a good delivery system for curcumin(oids) and other waterinsoluble bioactives. Although it would be ideal to determine the EC50 of encapsulated
curcuminoids, M-EPL at higher concentrations exhibited various antioxidant activities
(not shown) and may interfere with the interpretation of the CAA results for the
encapsulated curcuminoids. Therefore, only the situation where modified EPL has
negligible CAA value was shown and the CAA values of free curcuminoids and
encapsulated curcuminoids were compared.
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Figure 35 Measurement of the cellular antioxidant activity of curcuminoids: (A)
Cellular antioxidant activity (CAA) of curcuminoids at different concentrations;
and (B) Determination of the EC50 of curcuminoids. Data are shown as mean ±
standard deviation (n=3).
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Figure 36 Comparison of the CAA values of free curcuminoids and encapsulated
curcuminoids. CAA values were determined at the curcuminoids concentration of 2
µM. Data are presented as mean ± standard deviation (n=4). ** denoted for very
significant difference (p<0.001, t-test).
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Two mechanisms may be used to explain the enhanced cellular antioxidant activity
upon encapsulation. First, free curcuminoids were technically dispersed from DMSO
solution into the cell media, which may form sub-micron sized particles and have limited
solubility. Encapsulated curcuminoids, on the other hand, were originally in the dissolved
form in the micelle core and may still largely remain soluble form upon dilution in the
treatment media. Therefore, the concentration of dissolved curcuminoids was expected to
be greater in curcuminoids micelle solution than in curcuminoids dispersion. The second
possible mechanism may be the rapid hydrolysis of curcuminoids at weak basic condition.
Treatment media were at pH 7.4, which may cause rapid degradation of curcuminoids, as
shown in Figure 34. On the other hand, encapsulation may stabilize curcuminoids against
hydrolysis. Thus, the curcuminoids amount and the cellular antioxidant activity from the
micelle encapsulation were expected to be greater. On the other hand, these
interpretations did not exclude the possibility that M-EPL had specific interaction with
the HepG2 cells which might facilitate the movement of curcuminoids into/onto the cells.

Conclusion
In summary, modified epsilon polylysine was able to form polymer micelles. From
the SAXS analysis, the M-EPL micelles were spherical and able to further form micelle
aggregates. This micelle system was used to encapsulate curcuminoids. It was
demonstrated that dialysis method generated a higher loading capacity than either the
solvent evaporation or high-speed homogenization method. The micelle encapsulation
was confirmed as no crystals of curcuminoids were detected after encapsulation.
Meanwhile, it was shown that upon encapsulation, curcuminoids were stabilized against
hydrolysis at pH 7.4, and had enhanced cellular antioxidant activity compared with free
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curcumin. This work suggested that M-EPL may serve as a delivery system for
curcuminoids and other water-insoluble nutraceuticals.
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CHAPTER 5. HIGH PERMEATION RATE OF CURCUMIN
THROUGH CACO-2 MONOLAYER BY PASSIVE
DIFFUSION
Curcumin is a polyphenolic bioactive compound found in the spice turmeric, and
possesses many health-promoting benefits, such as anti-cancer, anti-inflammatory, antioxidation and anti-microbial activities (1-5). These benefits of curcumin, however, are
curtailed by its low oral bioavailability (6). Therefore, improvement of curcumin’s oral
bioavailability should be focused in the functional food research.
Solubilization, absorption and metabolism are three important steps that modulate the
oral bioavailability. It is known that low water solubility and rapid metabolism limit the
bioavailability of curcumin. Curcumin is water insoluble. The water solubility is
estimated as no more than 11ng/mL (7). Most of the orally administered curcumin was
found in feces (8, 9). Meanwhile, absorbed curcumin undergoes rapid metabolism. The
major metabolites from oral administration are curcumin glucuronide and sulfate (10, 11).
On the other hand, our understanding about the absorption/permeation mechanism of
solubilized curcumin is still very limited. Two research groups used everted rat intestinal
sac assay to examine the absorption of curcumin (12, 13). The results on the percentage
of intestinal absorption, however, were conflicting. Moreover, the authors neither
examined the absorption mechanism nor provided quantitative results on the curcumin
absorption/permeation rate.
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Caco-2 cell monolayers, in comparison, have been widely used to determine the
permeation rate and to examine the permeation mechanisms of bioactive compounds (14).
Moreover, different studies demonstrated that in vivo absorption could be well predicted
from the apparent permeation rate (Papp) across the Caco-2 cell monolayers (15-17).
Although the Papp obtained from different laboratories are different, there is a general
trend that a high Papp implies high absorption. Generally speaking, Papp > 1 × 10-6 cm/s
means high permeation, while Papp < 1 × 10-7 cm/s implies low permeation (15, 16). At
the same time, the absorption mechanisms can also be examined. By performing two-way
(apical to basolateral and basolateral to apical) permeation experiments and calculating
the rate ratio, the existence of potential active efflux/uptake can be identified. In general,
if Papp(B-A)/Papp(A-B) is greater than 2 or less than 0.5, the active uptake or efflux
mechanisms are suggested respectively. Otherwise, the absorption mechanism may
simply be passive diffusion (18).
Since curcumin is water insoluble and solubilization is the prerequisite of absorption,
many formulations such as protein complexation (19-22) and various lipid-based
formulations (23-27) have been developed to increase the solubilization of curcumin.
Proteins have hydrophobic cores, thus are able to solubilize curcumin. The binding
between proteins and curcumin is strong. For example, the equilibrium constants of
curcumin and different proteins are between 104 and 106 M-1 (19, 21, 22). In comparison,
lipid-based formulations do not solubilize curcumin directly in aqueous solution. Instead,
after lipid digestion, triglycerides in the formulation are hydrolyzed into fatty acids,
which contribute to the intrinsic bile-phospholipids mixed micelles. Consequently,
curcumin that is originally dissolved in the lipid-based formulation is now solubilized in
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the micelle aqueous solution (28). The binding between curcumin and small molecular
weight micelles is much weaker than the protein complexation, with the binding constant
in the magnitude of only 102-103 M-1 (29, 30).
In this study, the permeation rate measurements using Caco-2 cell monolayers have
been carried out to investigate the absorption of solubilized curcumin. The absorption
mechanism was examined by comparing the permeation rates of curcumin in two
opposite directions (apical to basolateral versus basolateral to apical) across the Caco-2
monolayers. Meanwhile, the effect of different solubilization agents, such as dimethyl
sulfoxide (DMSO), bile-fatty acid mixed micelles, and bovine serum albumin (BSA) on
the permeation rates of curcumin was also examined. This research may illustrate the
limiting factors as well as the effect of different formulations on curcumin absorption.

Materials and Methods
Materials.

Curcumin,

which

contains

about

85%

curcumin,

11%

demethoxycurcumin and 4% bisdemethoxycurcumin (26), was obtained from Sabinsa
Corporation, USA. Lucifer yellow and dimethyl sulfoxide (DMSO) were purchased from
Sigma-Aldrich. Glacial acetic acid, HPLC-grade water and acetonitrile were from J.T.
Baker.
Caco-2 cell line was generously provided by Dr. Judith Storch, Department of
Nutrition, Rutgers, the State University of New Jersey, USA. Dulbecco's Modified Eagle
Medium (DMEM), Hank's Buffered Salt Solution (HBSS), fetal bovine serum (FBS),
100X non-essential amino acids, 100X penicillin and Streptomycin, 0.25% trypsin with
ethylenediaminetetraacetic acid (EDTA), 1M 4-(2-hydroxyethyl)-1-piperazineethane-
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sulfonic acid (HEPES) and bovine serum albumin (BSA) were all purchased from Fisher
Scientific. Transwell permeable polycarbonate inserts (0.4µm) and 12-well cell culture
plates were obtained from Corning.
Maintenance of Caco-2 cell culture. Cells were maintained in DMEM with 10%
FBS, 1X non-essential amino acids and 1X penicillin and streptomycin, at 37 oC with 5%
CO2. Cells of passage 35-45 to keep relatively constant cellular phenotypes were used in
this study.
Permeation experiments across Caco-2 monolayers. Procedures for the
determination of apparent permeation rate of curcumin across Caco-2 generally followed
the detailed protocol described previously (18). To generate Caco-2 cell monolayers in
the insert filters of 12-well plates, 0.5 mL Caco-2 cells were plated onto the insert (in the
apical compartment) at the density of 6 × 105 cell/mL. 1.5 mL culture media were
subsequently added in the lower (basolateral) compartment of each well. Media were
changed every two days. Permeation experiments were performed after 21- 29 days of
plating.
In the permeation experiments, 20 µg/mL curcumin in the donor media were obtained
by diluting curcumin DMSO solution, or BSA/mixed micelle solubilized curcumin into
donor media. Two donor media were used as noted in the text: a. HBSS + 25 mM
HEPES, pH 7.4; b. HBSS + 10 mM methanesulfonic acid, pH 6.5. HBSS + 25mM
HEPES + 4% BSA, pH7.4 was used as receiving medium throughout the study. BSA was
added to solubilize permeated curcumin, while the addition of BSA to the receiving
media could mimic the in vivo condition (18). In the permeation direction of apical to
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basolateral (A-B) compartment, 0.4 mL donor media with 20 µg/mL curcumin was added
to the apical compartment and 1.2 mL receiving media were added to the basolateral
compartment. In the direction of B-A, 1.2mL donor media with 20 µg/mL curcumin was
added to the basolateral compartment and 0.4mL receiving media were added in the
apical chamber. Plates were then put in a shaker at 100 rpm and 37 oC. After 15, 30, 45,
60 minutes of permeation, half volumes of the receiving media were removed and the
same volumes of fresh media were replenished.
The removed receiving media were mixed with two volumes of acetonitrile by
vortexing briefly and centrifuged at 16,000g in a bench-top microcentrifuge for 15
minutes. The supernatants were filtered through 0.45 µm filter and analyzed with HPLC
for curcumin quantification.
Cumulative quantity of curcumin permeated at each time interval was calculated and
plotted against time. The initial slope was then used to calculate the apparent permeation
rate (Papp) using the following equation:

(1)

where dQ/dt is the rate of curcumin permeation. A is the surface area of the insert
(1.1cm2), C0 is the initial curcumin concentration.
Quality control of Caco-2 cell monolayers. To ensure the integrity of Caco-2
monolayers, transepithelial electrical resistance (TEER) value and the apparent
permeation rate of lucifer yellow were determined.
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TEER value was measured before each experiment using Evohm2 epithelial
voltmeter (World Precision Instruments), and calculated as
(2)
where TEER(Ω) is the electrical resistance across Caco-2 monolayers directly read from
the Evohm2 epithelial voltmeter, TEERbackground(Ω) is that across the insert only (without
cells). Area(cm2) is the area of the insert, 1.1cm2.
Meanwhile, the permeation rate of lucifer yellow, a paracellular permeation marker
was determined in the direction of A-B (14). Lucifer yellow at 1 mg/mL in donor media b
was added to the apical chamber. Permeated lucifer yellow in the receiving compartment
(with no BSA added, since lucifer yellow is water soluble) was quantified as arbitrary
fluorescence emission intensity at 540nm (with 20nm slits) excited at 430nm (with 10nm
slits). Papp of lucifer yellow was determined using the same equation as curcumin.
Solubilization of curcumin in BSA and in bile-fatty acid mixed micelles.
Solubilization of curcumin in BSA (formation of curcumin-BSA complex) was achieved
by pipetting curcumin DMSO solution into 4% BSA in donor solution b (31) .
Curcumin solubilized in bile-fatty acid mixed micelles were obtained by in vitro lipid
digestion of curcumin organogel (27). Briefly, curcumin organogel was made by
dissolving curcumin in monostearin-medium chain triglyceride organogel, which was
then digested by pancreatic lipase and ultracentrifuged at 50,000 rpm to remove
undigested organogel and precipitated curcumin. The resultant aqueous solution was bilefatty acid mixed micelles with solubilized curcumin, which was further diluted to 20
µg/mL curcumin in donor solution b for permeation experiments.

119
High performance liquid chromatography (HPLC). Curcumin was quantified by
HPLC, using a UltiMate 3000 HPLC system with 25D UV-VIS absorption detector
(Dionex). Nova-Pak C18 3.9×150mm column (Waters) was used. Mobile phase solvents
were: (A). 2% acetic acid in water, purged with helium, and (B). acetonitrile. Fifty
microliters samples were injected into the column. Gradient elution was applied to
separate the three curcuminoids: 0 to 2 min, 65% A and 35% B; 2 to 17 min, linear
gradient from 35% B to 55% B; 17 to 22 min, held at 55% B; 22 to 23 min, B went back
to 35% linearly. Flow rate was set at 1 mL/min. Detection wavelength was 420 nm.
Statistical analysis. One-way ANOVA analysis was performed using SigmaStat with
SigmaStat integration. All the data shown are mean ±standard deviation, n=3.

Results
Development of HPLC method to quantify curcumin
Curcumin, demethoxycurcumin (D-Cur) and bisdemethoxycurumin (BD-Cur) were
three major curcuminoids that co-exist in most curcumin products . The amount of D-Cur
and BD-Cur could account for about 15% or more. Therefore, a sensitive HPLC method
to separate and quantify the three curcuminoids was established first before the
investigation of the permeation mechanism of curcumin.
Figure 37 showed a typical HPLC chromatogram separating the three compounds in
the curcumin samples used in this study. The retention times for BD-Cur, D-Cur and
curcumin were approximately 9.80, 10.32 and 10.95 minutes, respectively. Meanwhile,
since the three compounds had similar mass absorption coefficient (32), the mass
percentages of the three compounds were calculated directly from the peak areas of the
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three peaks: 82.1 ± 1.0 % for curcumin, 14.8 ± 0.5 % for D-Cur, and 3.1 ± 0.5% for BDCur, which is consistent with the previous report (26)
Different standard concentrations (10, 20, 50, 100, 200, 500 ng/mL, 1, 2, 5, 10, 20, 50,
100 µg/mL) of total curcuminoids were analyzed by HPLC to generate calibration curves
for the three curcuminoid compounds. Since the concentration range was broad, four
calibration curves of different concentration ranges were generated for each of the three
compounds and the total curcuminoids (Table 6).
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Figure 37 A typical chromatogram of three curcuminoids analyzed by HPLC.
Fifty microliter injection of 0.2 µg/mL total curcuminoids were shown here.
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Table 6 Summary of the equations of the calibration curves for curcumin, DCur , BD-Cur and total curcuminoids from HPLC.

Curcumi
n

D-Cur

BD-Cur

Total
curcumin
oids

X range
(concentration,
µg/mL)
0.0082 - 0.082
0.082 - 0.82
0.82 - 8.2
8.2 - 82
0.00148 - 0.0148
0.0148 - 0.148
0.148 - 1.48
1.48 - 14.8
0.00062 - 0.0031
0.0031 - 0.031
0.031 - 0.31
0.31 - 3.1
0.01 - 0.1
0.1 - 1
1 - 10
10 - 100

Y range (peak
area, mAU)

Equation

r2

0.0073 - 0.68
0.68 - 6.95
6.95 - 69
69 - 600
0.012 - 0.12
0.12 - 1.24
1.24 - 12.4
12.4 - 122
0.005 - 0.0213
0.0213 - 0.2417
0.2417 - 2.6387
2.6387 - 31.668
0.0847 - 0.8203
0.8203 - 8.4343
8.4343 - 84.158
84.158 - 753.418

Y=8.142X + 0.0027
Y=8.494X - 0.0725
Y=8.412X - 0.2793
Y=7.143X + 16.7867
Y=8X - 0.0002
Y= 8.441X - 0.0176
Y=8.414X - 0.0891
Y=8.22X - 0.3027
Y=6.594X - 0.009
Y=7.904X - 0.0069
Y=8.674X - 0.0682
Y=10.435X - 0.5751
Y=8.094X - 0.0017
Y=8.468X - 0.0971
Y=8.421X - 0.4366
Y=7.404X + 15.9089

0.9975
0.9993
0.9997
0.9993
0.9954
0.9986
0.9996
0.9992
0.9999
0.9968
0.9989
0.9998
0.9974
0.9991
0.9997
0.9997
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Examination of the permeation mechanism of curcumin
Two quality control procedures were performed to confirm that the Caco-2 cell
monolayers were confluent and suitable for the permeation study: A. Only the wells with
the TEER values greater than 300 Ω∙cm2 were used (18); B. the permeation rate of lucifer
yellow, a paracellular transport marker, is expected to be less than 1×10 -6 cm/s (33),
which was determined as 0.10 ± 0.01 × 10-6 cm/s in this study. Therefore, the Caco-2 cell
monolayers were appropriate to be used in the permeation study.
Subsequently, the permeation rate of solubilized curcumin (by DMSO dispersion)
was determined in the direction of A-B, with donor media pH set at 6.5, to mimic the
acidic microenvironment in the small intestine (34). As shown in Figure 38A, over 2% of
curcumin was transported through the Caco-2 cell monolayers in 60 minutes. The
corresponding Papp(A-B) was determined as 7.1 ±0.6 ×10-6 cm/s , which was thought as a
fast permeation rate and implied a fast absorption rate in vivo (15, 16).
The absorption mechanism of curcumin was then investigated by performing
permeation experiments in both A-B and B-A directions with the pH of both donor and
receiving compartments set at 7.4. As shown in Figure 38B, Papp(A-B) and Papp(B-A)
were 8.6 ± 0.8 and 11.5 ± 1.4 ×10-6 cm/s, respectively and the efflux ratio Papp(BA)/Papp(A-B) was calculated as 1.4, which was less than 2, a common cut-off to suggest
an active efflux. Therefore, the mechanism of permeation was suggested as passive
diffusion with no active efflux/uptake involved.
Based on the investigation above, it is suggested that solubilized curcumin was able
to permeate through Caco-2 cell monolayers fairly rapidly and the permeation
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mechanism was passive diffusion. Therefore, the permeation/absorption after
solubilization was not thought as a limiting factor for the oral bioavailability of curcumin,
while solubilization may be the major hurdle for proper absorption. As long as curcumin
is solubilized, it is expected to be able to permeate/get absorbed rapidly.
Effect of different solubilization agents on the permeation of curcumin
Complexation with proteins and encapsulation in micelles are two direct approaches
to solubilize hydrophobic compounds. Since solubilization limited the permeation of
curcumin, the effect of protein complexation and micelle encapsulation on the permeation
rate was examined subsequently.
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Figure 38 Transport of curcumin over time: (A) in the direction of A-B with
donor compartment pH set at pH 6.5; and (B) in the direction of A-B and B-A with
donor compartment pH set at pH 7.4. (C) Apparent permeation rates of dimethyl
sulfoxide (DMSO)-solubilized curcumin in different conditions.

126
As an example of protein complexation, BSA was used to form complex with and
solubilize curcumin. As shown in Error! Reference source not found.A and 4B, adding
SA to the donor media, while solubilizing curcumin, slowed down its permeation. The
permeation rate of BSA solubilized curcumin was only 3.5 ± 0.3 ×10-6 cm/s, significantly
lower (p<0.001) than that for DMSO-solubilized curcumin (7.1 ± 0.6 ×10-6 cm/s).
Meanwhile, the permeation rate of micelle-solubilized curcumin was also determined.
Curcumin organogel was digested by lipase in vitro and the curcumin solubilized in the
bile-fatty acid mixed micelles were used in the permeation assay. The rate for this mixed
micelle - encapsulated curcumin was 10.9 ± 0.5×10-6 cm/s, which was significantly
higher (p<0.001) than that for BSA-solubilized and DMSO-solubilized curcumin. The
observation that different solubilization agents affected the permeated rate may be due to
the different binding constants between curcumin with the solubilization agents. It was
found in the literature that the equilibrium constant of curcumin binding with serum
albumin was in the magnitude of 105 M-1 (19, 31), while the constant of curcumin
binding with micelles were reported to be only in the magnitude of 10 2-103 M-1 (29, 30).
Therefore, it was suggested that solubilization agents may affect the permeation rate of
curcumin and that strong binding between the solubilization agents with curcumin may
decrease the permeation rate.

Discussion
In the present study, the permeation mechanism of curcumin was investigated using
Caco-2 cell monolayers. First, a HPLC method to quantify curcumin separately from
other curcuminoids was developed. Subsequently, the mechanism of passive diffusion for
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the rapid permeation of solubilized curcumin was demonstrated. Finally, the effects of
different solubilization agents on the permeation rates of curcumin were investigated.
In the literature, two groups used everted rat intestine model to examine the
absorption of curcumin and showed conflicting results (12, 13). In Ravindranath and
Chandrasekhara’s work, only about 2.5% curcumin was found in the intestinal tissues
after 3-hour incubation, while Suresh and Srinivasan found that about 40-80% curcumin
was absorbed and argued that the deviated observation with the previous research may be
due to the improved sensitivity of the analytical methods, from thin layer
chromatography to HPLC. In our study, a rapid permeation rate of curcumin across Caco2 monolayers was observed, which is consistent with the latter work and suggests that
absorption of solubilized curcumin may not be the limiting factor for curcumin’s oral
bioavailability.
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Figure 39 Effect of solubilization agents on the permeation of curcumin across
Caco-2 cell monolayers: (A) Transport of curcumin solubilized by dimethyl
sulfoxide (DMSO), BSA and mixed micelles. (B) Comparison of the permeation
rates of curcumin solubilized by DMSO, BSA and mixed micelles. Different letters
(i.e., a, b, c) indicates significant difference.
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Recently, Wahlang et al. also used Caco-2 cell monolayers to investigate the
permeation of curcumin (35). In their research, the permeation mechanism was found as
passive diffusion, which is consistent with what we found here. Different from our
finding, however, Papp(A-B) was determined as 2.9 ± 0.9 ×10-6cm/s, and thus the
absorption rate was considered as low. To compare the detailed experiment methods, we
found that the presence of BSA or not in the receiving solution may represent the biggest
difference between the two studies. In our research, 4% BSA was added to the receiving
solution, which mimicked the in vivo environment better, where the transport of
hydrophobic drug in the circulatory system after absorption is through binding with
plasma proteins (34). Meanwhile, since curcumin is water insoluble, in the absent of BSA,
the partition of curcumin from the Caco-2 cells into the receiving compartments may
significantly decrease the apparent permeation rate, resulting in a higher curcumin
concentration inside the Caco-2 cells, where it is much better solubilized. Actually, in the
paper from Wahlang et al, it was indeed found that curcumin was accumulated inside the
Caco-2 cells over time. Based on these analyses, it is arguable that our conclusion that
curcumin permeated fairly rapidly may reflect better the in vivo situation. On the other
hand, we also admit that compared with some highly permeable compounds, the
permeation rate of curcumin can only be regarded as moderately rapid. However, the key
issue is that we do not think the absorption is the limiting factor and more effort should
be put into improving the solubilization of curcumin.
Technically, it is also noticed that curcumin undergoes degradation under neutralbasic conditions, which may affect its concentration in the donor compartment over time.
Nevertheless, the absorption rate was measured under pH 6.5, and thus the degradation
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may not affect the curcumin concentration significantly. When the absorption mechanism
was investigated, pH 7.4 was used in the donor compartment and degradation was
expected. However, since only the ratio of permeation rates in two opposite directions
were used to draw our conclusion, the impact of degradation should be minimal. On the
other hand, the plots of accumulated curcumin transport over time in Figure 38 revealed a
good linearity and seemed not affected by the concentration change of curcumin.
Metabolism of curcumin may occur during the absorption in the small intestine or
across the Caco-2 monolayers. In our present studies, unfortunately, we were unable to
identify the possible metabolites of curcumin, limited by the lack of proper
instrumentation. If the biotransformation is substantial, the actual permeation rate should
be even higher than the apparent rate reported here, which may further support our
conclusion that solubilized curcumin is able to be absorbed rapidly.
The last part of this research investigated the effect of solubilization agents on the
permeation of curcumin. The results obtained were P app(mixed micelle) > Papp (DMSO) >
Papp(BSA complex). Since only free solubilized curcumin is expected to be able to
permeate across Caco-2 cell monolayers (28), the partition of curcumin from within the
solubilization agents to freely soluble in the donor solution may affect the apparent
permeation rate. Therefore, mixed micelle solubilized curcumin permeated more rapidly
than solubilized BSA, as the binding between micelle and curcumin is much weaker that
BSA. On the other hand, although DMSO, as a versatile solubilization agent, is widely
used in Caco-2 monolayers experiments, after dispersion of curcumin DMSO solution
into the donor medium, the curcumin aqueous solution was in supersaturated state and
some of curcumin may crystallize in the media. Therefore, the concentration of the
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actually solubilized curcumin may be less than 20 µg/mL and thus showed a lower
permeation rate than micelle solubilized curcumin. Based on these analyses, a diagram in
Figure 40 summarizes our understanding of the solubilization and permeation of
curcumin. The apparent permeation rate is directly determined by the free solubilized
curcumin in the media, while solubilization agents, such as mixed micelles, protein
complexes and DMSO dispersion all provide the free solubilized curcumin. After
dispersion of curcumin DMSO solution into aqueous solution, part of supersaturated
curcumin crystallizes, while others remains solubilized. In the case of protein
complexation and mixed micelle encapsulation, free solubilized curcumin is obtained by
partition. Subsequently, free solubilized curcumin permeates across Caco-2 cell
monolayers (or small intestine epithelium in vivo) by passive diffusion into the
basolateral compartment (or into the circulatory system in vivo).
It is possible that the excipients used to solubilize curcumin, such as DMSO, BSA
protein and bile salt-fatty acid mixed micelles might affect the integrity of Caco-2 cell
monolayers. To monitor the confluence of the monolayers, TEER values before and after
the permeation experiments were monitored and no significant decrease was observed for
all of the three excipients, which was consistent with the literature (34). Moreover, since
curcumin was water insoluble, it was thus thought to permeate transcellularly, but not
paracellularly. Therefore, even changes in the TEER values may not affect the
permeation of curcumin.
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Figure 40 Diagram summarizing the solubilization and permeation of curcumin.
Solubilization of curcumin is achieved by dimethyl sulfoxide (DMSO) dispersion,
BSA complexation and mixed micelle encapsulation (generated by lipid digestion of
lipid-based formulations). After dispersion of curcumin DMSO solution into
aqueous solution, part of supersaturated curcumin crystallizes, while others remains
solubilized. In the case of protein complexation and mixed micelle encapsulation,
free solubilized curcumin is obtained by partition. Subsequently, free solubilized
curcumin permeates across Caco-2 cell monolayers (or small intestine epithelium in
vivo) by passive diffusion into the basolateral compartment (or into the circulatory
system in vivo).
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In the aspect of formulation design, based on the results of this work, we suggest that
solubilization should be the primary target for the formulation design and that micelle
encapsulation, with weaker binding with curcumin, may be preferred. Furthermore, it is
also implied that lipid-based formulations are promising in improving the solubilization
of curcumin. In the lipid-based formulations, curcumin is initially solubilized in lipid
phase, and after oral consumption, lipid is digested and turned into mixed micelles which
solubilize curcumin in aqueous solutions and improve the absorption and the oral
bioavailability of curcumin. For instance, in our previous study, it was shown that
curcumin nanoemulsion is able to improve the in vivo anti-inflammatory activity of
curcumin (26).

Conclusion
In summary, a HPLC quantification method was developed to quantify curcumin
separately from other co-existing curcuminoids. Using Caco-2 cell monolayers model, it
was revealed that solubilized curcumin permeated rapidly via the mechanism of passive
diffusion, suggesting solubilization is the main limiting factor for curcumin absorption.
Moreover, it was also suggested that different solubilization agents may affect the
permeation rate: protein complexation slowed down the permeation while micelle
encapsulation accelerated the permeation. This study further implied that lipid-based
formulations are promising in improving the oral bioavailability of curcumin, as they are
able to solubilize curcumin after digestion and also increase the permeation of solubilized
curcumin.
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CHAPTER 6. DEVELOPMENT OF A FOOD-GRADE
ORGANOGEL WITH HIGH BIOACCESSIBILITY AND
LOADING OF CURCUMINOIDS
The objective of this study was to develop an organogel system for high-loading (>
1%) delivery of curcumin with high bioaccessibility, examined by in vitro lipolysis
experiments. In order to achieve high loading and bioaccessibility, we compared different
oils and the effect of different types of additives. In the end, the organogel was
formulated as medium chain triacylglycerols (MCT) with added Span 20 and
monostearin. The curcuminoids loading was about 2.6%, and the percent bioaccessibility
was about 80% in the fasted state.
Organogel-based delivery systems are relatively new in food science. Organogels
were formed by liquid oils trapped by the extensive crystalline networks of
organogelators, such as monoglycerides, fatty acids and fatty alcohols (183). Although
there are already some applications of organogels in dermal and transdermal delivery, the
oral delivery of nutraceuticals using organogel is still very limited.

Materials and methods
Materials Curcuminoids were obtained from Sabinsa Corporation, which contains
about 82% curcumin, 15% D-Cur and 3% BD-Cur. Medium chain triacylglycerols (MCT)
was provided by Stepan Company (Neobee 1053). Coconut oil, Canola oil, and corn oil
were all purchased from a local supermarket. Span 20 (sorbitan monolaurate), Span 40
(sorbitan monopalmitate), Span 60 (sorbitan monostearate) and Span 80 (sorbitan
monooleate) were obtained from Sigma-Aldrich (St. Louis, MO). 1-Monoolein and 1-
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monomyristin was purchased from Spectrum Chemical (New Brunswick, NJ). 1monolaurin, 1-monopalmitin and 1-monostearin (60% min) was acquired from TCI
America (Portland, OR). HPLC-grade water was from Alfa Aesar (Lawrence, KS).
Glacial acetic acid and HPLC-grade acetonitrile were purchased from J.T. Baker
(Phillipsburg, NJ). Lecithin (Phospholipon 85G) was a gift provided by American
Lecithin Company (Oxford, CT). Pancreatin with 8X USP specification and Tris maleate
were obtained from Sigma Aldrich. Sodium taurodeoxycholate (Na TDC) was purchased
from CalBiochem (La Jolla, CA).
Determination of metastable solubility of curcuminoids In 10g oils (MCT, Canola,
coconut or corn oils), 0.5g curcuminoids were added and heated to ~140 °C under stirring
to ensure complete dissolution in oils. After 5 days (120 hr) of storage at room
temperature, oils were centrifuged at 14,000g for 5 min, and then filtered through 0.22
µm filter. One hundred microliters of filtrates were diluted 1000 times in 1:2 (v/v)
distilled water (dH2O)-acetonitrile and analyzed using HPLC.
To determine the metastable solubility of curcuminoids in MCT with other additives,
one gram additives (Span 20, Span 40, Span 60, Span 80 or monoolein) was firstly
dissolved in 10g MCT (under heating if necessary), followed by the addition of 0.5g
curcuminoids as described above.
In vitro lipolysis of curcuminoids in lipids In response to food consumption, the
concentrations of bile salts and endogenous phospholipids in the small intestine lumen
are higher in the fed state than in the fasted state. Accordingly, two lipolysis buffers were
prepared to mimic the different chemical environments in the fasted and fed states (Table
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7). The procedure of in vitro lipolysis experiments was described in the published
literature (184). Briefly, pancreatin preparation was made by mixing 1g pancreatin with
5mL fasted/fed-state buffer, centrifuged and kept on ice. In 9 mL fasted/fed-state buffer,
0.25g lipids with curcuminoids and 1mL pancreatin preparation were added to start the
lipolysis. During the 30-min lipolysis, pH was maintained at 7.50 ±0.02 by adding 0.25N
NaOH and temperature was kept at 37 ±1 oC. The volume of consumed NaOH over time
was recorded throughout the lipolysis experiments.
After 30 min, the whole end products of digestion were ultracentrifuged at 50,000
rpm (Type 60 Ti rotor, about 180,000 g, Beckman Coulter) for 40 min. Subsequently, the
aqueous phase was filtered through 0.22 µm filters. The filtrate was directly used to
measure the particle size of the mixed micelles. After acidified with HCl, the filtrate was
mixed with 2 volume of acetonitrile for HPLC analysis.
Determination of the percent bioaccessibility The percent bioaccessibility was
calculated as:

(1)

The mass of solubilized curcuminoids was the product of the concentration of
solubilized curcuminoids in the aqueous phase after lipolysis and the volume of the
aqueous phase. The mass of curcuminoids in lipid was calculated from the concentration
of the curcuminoids in oil, mass of the oil (0.25g) and the density of the oils. For all the
four oils, 0.92 g/mL was used. The density of 35 mg/mL curcuminoids in MCT + Span
20 was determined as 0.98 ± 0.01 mg/mL. The density of organogel with curcuminoids
was estimated as 1 g/mL.
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Table 7 Recipes of lipolysis buffers in the fasted and fed states
Tris maleate (mM)
NaCl (mM)
CaCl2 ∙2H2O (mM)
NaTDC (mM)
Phosphatidylcholine (mM)

Fasted state
50
150
5
5
1.25

Fed state
50
150
5
20
5
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Determination of the extent of lipolysis The extent of lipolysis was defined as the
percentage of triglycerides digested in the in vitro lipolysis experiments. It was assumed
that there were exclusively triglycerides in the basic oils, and that digestion of one
molecule of triglycerides released exactly two molecules of fatty acids and consumed two
molecules of NaOH. Consequently,

(2)

Where VolNaOH is the volume of NaOH consumed in the lipolysis. The amount of
NaOH used for mock lipolysis (with no lipid added) was subtracted. Conc NaOH is the
concentration of NaOH (i.e., 0.25N). Moletriglyceride of 250 mg lipid was calculated from
the average molecular weight of the triglycerides, which was estimated using the
saponification value of the oil:

(3)

Where MwKOH is the molecular weight of KOH, the mass of which is used to express
the saponification value (SV). SVs used for MCT, Canola, coconut and corn oils were
334, 187, 252 and 190, respectively.
High-performance liquid chromatography (HPLC) An UltiMate 3000 HPLC
system equipped with a 25D UV-VIS absorption detector (Dionex) and a Nova-Pak C18
3.9×150mm column (Waters) was used. Mobile phase solvents were: (A) water with 2%
acetic acid, and (B) acetonitrile. Fifty microliters of samples were injected. Elution
condition was: 0 to 2 min, 65% A and 35% B; 2 to 17 min, linear gradient from 35% B to
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55% B; 17 to 22 min, held at 55% B; 22 to 23 min, B went back to 35% linearly. Flow
rate was 1 mL/min. Detection wavelength was set at 420 nm.
Preparation of curcuminoids organogel Five percent curcuminoids and 10% Span
20 (w/w) were first dissolved in MCT under heating. After 120 h, MCT was filtered to
remove curcuminoids precipitation. Twenty percent (w/w) monostearin was added and
dissolved under heating. The solution was set at room temperature and organogel formed
within a few hours.
Polarized light microscopy.Nikon TE-2000-U inverted microscope equipped with a
CCD camera (Retiga EXi, QImaging) was used to record the images from polarized light
microscope.
Particle size measurement The aqueous phase after ultracentrifugation was filtered
through 0.22 µm filter. Subsequently, the particle sizes (hydrodynamic diameters) of the
samples were determined with dynamic light scattering method using a BIC 90Plus
particle size analyzer (Brookhaven Instrument, NY) at room temperature. The results
were presented as mean ±standard deviation (n=3).
Statistical analysis SigmaPlot 10.0 software with SigmaStat integration (Systat
Software) was used to perform all the statistical analysis. One-Way and Two-Way
Analysis of Variance (ANOVA) tests were followed by Holm-Sidak method, with overall
significance level set at 0.05. Non-normal raw data were first transformed to meet the
requirement of ANOVA analysis.
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Results and discussion
Selection of the basic oils for organogel
To develop a food-grade organogel system for delivery of curcuminoids, the first step
is to choose the proper oil. In this study, four oils, MCT, Canola, Coconut, and corn oils,
were chosen as the candidates. MCT and coconut oils are rich in saturated fatty acids:
MCT exclusively consists of caprylic (C8:0) and capric (C10:0) triglycerides, while in
coconut oil, there are more than 60% of lauric (C12:0) and myristic (C14:0) acids. On the
other hand, Canola and corn oils are highly unsaturated: oleic acid (a monounsaturated
fatty acid, C18:1) is enriched in Canola oil, while there is a high percentage of linoleic
acid (a polyunsaturated fatty acid, C18:2) in the corn oil.
In the literature, the solubility of curcumin(oids) in various oils is very low (4, 76).
However, it is also known that much larger amount of curcuminoids was able to be
dissolved in heated oils and remained soluble in the oil for a relatively long period of
time. Therefore, in this study, the metastable (120 hour) solubility of curcuminoids in
four oils was first determined. As shown in Figure 41, the metastable solubility was all in
the mg/mL magnitude. The highest metastable solubility was in corn oil, which was 16.6
± 3.1 mg/mL and significantly higher than that in the other three oils (One-Way
ANOVA).
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Figure 41 Metastable solubility of curcuminoids in four basic oils. Error bars
show the standard deviation, n=3. Different letters (a or b) indicate significant
difference from One-Way ANOVA.
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In addition to the metastable solubility, the percent bioaccessibility of curcuminoids
after lipolysis was thought to be a more important factor determining the choice of the
basic oil. Therefore, about 1 mg/mL curcumin was dissolved in the four oils and the
percent bioaccessibility of curcuminoids was determined after in vitro lipolysis in both
fasted and fed states (Figure 42A). Different from the results in the metastable solubility,
lipolysis of MCT generated the highest percent bioaccessibility (72.1 ± 6.4% and 72.2 ±
10.1%, in the fasted and fed states, respectively), followed by coconut oil, and then
Canola and corn oils. Meanwhile, the results in Figure 42A also revealed that no
significant difference was detected in the percent bioaccessibility between the fasted state
and fed state (Two-Way ANOVA). These results suggested that oil type played a more
important role than the effect of food consumption.
Furthermore, the composition of the solubilized curcuminoids after lipolysis was also
determined by HPLC (Table 8). It was found that in both fasted and fed states, the
percentage of curcumin, the major curcuminoid, was significantly lower in Canola and
corn oils than that in the original curcuminoids powder (82.1 ±1.0 %, n=12). Since it was
previously shown that among the three curcuminoids, curcumin was most susceptible to
hydrolysis (185), this result suggested that during the process of in vitro lipolysis, some
of the curcuminoids were not fully solubilized and thus not stabilized in the mixed
micelle system, but instead were exposed to the weak alkaline environment and
subsequently hydrolyzed.
In the in vitro lipolysis experiments, the extent of lipolysis of the oils was also
estimated (Figure 42B). It was revealed from Two-Way ANOVA that after 30-min
lipolysis, MCT was digested most completely (i.e., in the fasted state, 78.9 ± 10.5 %; and
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in the fed state, 91.3 ± 7.0 %), followed by coconut oil, then Canola oil and corn oil. In
addition, the extent of lipolysis was higher in the fed state than in the fasted state, which
was consistent with previous results (186).
To investigate the correlation between the extent of lipolysis and the percent
bioaccessibility, Pearson’s Product Moment Correlation test was performed. With the
correlation coefficient of 0.874 and p value of 2.43 × 10 -8, the extent of lipolysis and the
percent bioaccessibility was positively correlated (Figure 42C), suggesting that the
increase of the extent of lipolysis, by emulsification for instance, could improve the
percent bioaccessibility.
The results shown above suggested that, although the metastable solubility of
curcuminoids in MCT was not the highest, the in vitro lipolysis of MCT generated the
highest bioaccessibility. Therefore, MCT was chosen as the basic oil for the preparation
of organogel.
Increase of the curcuminoids loading in MCT
In many scenarios, formulations with high nutraceuticals loading are desired.
Meanwhile, high nutraceuticals loading usually provides great flexibility to downstream
applications. Specifically for curcuminoids, since they are polar compounds and do not
have high solubility in oil intrinsically, it was thought that by incorporating other more
polar additives in the oil, the (metastable) solubility of curcuminoids may be increased.
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Figure 42 Comparison of the lipolysis of curcuminoids in four basic oils. (A) The
percent bioaccessibility of curcuminoids after lipolysis of four basic oils; (B) the
extent of lipolysis of four basic oils; and (C) the correlation of the percent
bioaccessibility and the extent of lipolysis. Data from fasted- and fed-state lipolysis
are combined. The solid line shows the linear regression. Two broken curves
indicate 95% prediction intervals. Error bars in (A) and (B) show the standard
deviation (n=3). Different letters (a or b) indicate significant difference from TwoWay ANOVA.
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Table 8 Percentage of each curcuminoid solubilized after lipolysis in the fasted
and fed states
Oil
Curcumin (%)
D-Cur (%)
BD-Cur (%)
78.1 ±0.4
17.8 ±0.3
4.1 ±0.1
MCT (fasted-state)
26.5 ±8.8 *
30.0 ±0.6
43.4 ±8.4
Canola (fasted-state)
74.1 ±5.7
20.6 ±3.8
5.4 ±1.9
Coconut (fasted-state)
14.3 ±2.6 *
17.1 ±4.9
72.9 ±7.3
Corn (fasted-state)
81.1 ±0.5
18.1 ±0.6
4.3 ±0.4
MCT (fed-state)
19.4 ±4.4 *
26.7 ±1.1
52.4 ±4.6
Canola (fed-state)
77.2 ±4.8
21.3 ±4.2
6.0 ±2.6
Coconut (fed-state)
55.5 ±31.1 *
16.9 ±10.8
28.3 ±19.5
Corn (fed-state)
Data are presented as mean ± standard deviation (n=3). * denotes for significant
difference from the original curcuminoids powder
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In the scale of food science, five food-grade high-HLB-value additives (Span 20,
Span 40, Span 60, Span 80 and monoolein) were added to MCT and the metastable
solubility of curcuminoids were determined. As shown in Figure 43, the metastable
solubility of curcuminoids in MCT + 10% Span 20 was 37.5 ± 2.7 mg/mL, significantly
higher than that with the other additives (One-Way ANOVA). Compared with the
metastable solubility in MCT alone, it increased by about 8.2 folds. Therefore, Span 20
was chosen as the additive in MCT to improve the loading of curcuminoids.
Development of the curcuminoids organogel
In the previous section, it was shown that the incorporation of Span 20 greatly
increased the loading of curcuminoids in MCT. However, since it was only metastable,
after over one-month storage, the precipitation of curcuminoids was significant. To
overcome this problem, an organogel was developed, in which the precipitation of
curcumin was expected to be decelerated substantially.
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Figure 43 Metastable solubility of curcuminoids after adding different additives.
Error bars show the standard deviation (n=3). Different letters (a or b) indicate
significant difference from One-Way ANOVA.
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In the literature, it was already known that the incorporation of monoglycerides, fatty
alcohols and phytosterols in the lipid was able to form organogels (183). Considering the
potential food application of the organogel in this study, monoglycerides, a group of
molecules with GRAS-status, were selected to prepare the organogel. Twenty percent
(w/w) of monolaurin, monomyristin, monopalmitin or monostearin was added to the
curcuminoids MCT-Span 20 oil. Although MCT with 10% of every monoglyceride
formed organogel, surprisingly, only the addition of 20% monostearin in the
curcuminoids oil formed the organogel (Figure 44A). Monolaurin and monomyristin
seemed not to affect at all and incorporation of monopalmitin increased the viscosity
significantly but did not solidify the MCT. These results suggested that the curcuminoids
and Span 20 affected the formation of the crystalline networks of monoglycerides. In the
prepared organogel, there was about 2.6% (w/w) curcuminoids.
As shown in Figure 44A, the organogel formed was not transparent, mainly due to the
extensive crystal formation of monostearin. This statement was supported by the
polarized light microscopy results. Curcuminoids crystals precipitated in MCT were
needle-shaped, as shown in Figure 44C. Under the polarized light microscope, twenty
percent monostearin in MCT revealed extensive birefringence (Figure 44D) and was
similar to that of organogel with curcuminoids (Figure 44B). More important, there were
no apparent needle-like crystals detected in curcuminoids organogel, suggesting that in
the organogel, only monostearin crystallized and solidified MCT.
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Figure 44 (A) The photograph of the developed curcuminoids organogel, as well
as the polarized light microscope images of (B) MCT-monostearin organogel, (C)
curcuminoids precipitates in MCT, and (D) curcuminoids organogel. Scale bar
indicates 100 µm.
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To evaluate the efficacy of curcuminoids in the organogel formulation, the percent
bioaccessibility of curcuminoids were determined on three formulations: curcuminoids in
MCT-Span 20 oil (~ 36 mg/g curcuminoid), curcuminoids in organogel (~ 26mg/g), and
unformulated curcuminoids (~ 35 mg/g curcuminoids powder dispersed in water). As
revealed in Figure 45A, compared with unformulated curcuminoids, MCT-Span 20 oil
and organogel were able to provide much higher bioaccessibility: in the fasted state, it
increased by 107-fold and 100-fold, respectively for MCT-Span 20 oil and organogel;
and in the fed state, it increased by 25-fold and 21-fold respectively. From Two-Way
ANOVA, it was further suggested that there was no significant difference detected in the
percent bioaccessibility between MCT-Span 20 and organogel. Meanwhile, the fastedstate lipolysis provided significantly higher bioaccessibility than fed state, suggesting that
organogel may be consumed before other foods, to ensure a better bioaccessibility. On
the other hand, for unformulated curcuminoids, the fed state may make curcuminoids
more bioaccessible than the fasted state (0.79 ± 0.06 % versus 2.65 ± 0.11, t-test, p <
0.001), which was consistent with the general knowledge that oil-soluble compounds are
better “absorbed” when taken with food.
The extent of lipolysis of organogel was also compared with that of MCT-Span 20 oil
(Figure 45B). Two-Way ANOVA analysis revealed that the extent of lipolysis in fasted
state was higher than that in fed state, which was consistent with the results reported
above. On the other hand, there was no significant difference detected between MCTSpan20 and organogel, which was different from the previous finding (187). This may be
due to the observation that at 37 ⁰C, the gel started to become viscous liquid.
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Additionally, the structure of orgenogels may be further interrupted under mechanical
stress (stirring in vitro and mechanical grinding in the stomach).
To further investigate the structures of the mixed micelles with solubilized curcuminoids
inside after lipolysis, particle sizes of the mixed micelles were determined by dynamic
light scattering (
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Table 9). The sizes of the mixed micelles in the fed state were below 10 nm,
suggesting that there was no aggregation of micelles, while the size in the fasted state was
about 100 nm, suggesting the formation of micelle aggregates or more complex structures.
Since the only difference between the fasted and fed states was the concentrations of Na
TDC and phosphatidylcholine, these results suggested that the component concentrations
in the mixed micelle system had an impact on the micelle structure. Also from the TwoWay ANOVA, the micelle size for organogel was significantly different from that of
MCT-Span 20 oil, which revealed that Span-20 and monostearin (or their digestion
products) also affected the micelle structure. On the other hand, since the bioaccessibility
from either MCT-Span 20 oil or organogel was similar, the micelle structures had
negligible effect on the solubilization process of curcuminoids.
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Figure 45 Comparison of lipolysis of high-dose curcuminoids in MCT-Span 20,
organogel and water dispersion, in the fed and fasted states. (A) The percent
bioaccessibility of curcuminoids after lipolysis, and (B) the extent of lipolysis of
MCT-Span 20 and organogel. Error bars show the standard deviation (n=3).
Different letters (a or b) indicate significant difference from Two-Way ANOVA.
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Table 9 Particle sizes of curcuminoids micelles after lipolysis
Micelle size (diameter,
Polydispersity
nm)
a
a
7.6 ±0.2
0.205 ±0.027
MCT-Span20 (Fed state )
100.6 ±4.4
0.251 ±0.024
MCT-Span20a (Fasted state b)
b
a
7.4 ±0.4
0.196 ±0.028
Organogel (Fed state )
b
b
88.4 ±6.7
0.210 ±0.002
Organogel (Fasted state )
Data are presented as mean ± standard deviation (n=3). Different letters indicate
significant difference within the same factor
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Conclusion
In this study, a new curcuminoids organogel with high loading and bioaccessibility
has been developed. MCT was chosen as the basic oil due to its rapid digestibility and the
high bioaccessibility of curcuminoids. Incorporation of Span 20 greatly increased the
loading. Additionally, monostearin functioned as an organogelator to form organogel and
stabilize the metastable curcuminoids. From statistical analysis, it was revealed that the
bioaccessibility of curcuminoids was not affected by the formation of organogel, and the
fasted state generated a higher bioaccessibility than the fed state. This organogel has the
potential to stand alone for curcuminoids delivery as well as to be used as the oil phase of
emulsions for downstream functional foods application.
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CHAPTER 7. IMPROVING THE ORAL
BIOAVAILABILITY OF CURCUMINOIDS USING
ORGANOGEL BASED NANOEMULSIONS
In previous section, I have demonstrated the development of a food-grade organogel
for curcumin encapsulation and oral delivery. In vitro digestion of the organogel leads to
high percent of curcumin bioaccessibility. Meanwhile, the loading of curcumin in the
organogel is high, achieved by using Span 20 to increase the solubility of curcumin in the
oil and monostearin as the organogelator to stabilize curcumin from crystallization.
Direct oral administration of the organogel may be inconvenient and the in vivo oral
bioavailability of curcumin in the organogel is yet to be examined. Therefore, to continue
our study, this work focuses on development of organogel-based o/w nanoemulsion. Its in
vivo fate after oral administration is examined using in vitro lipolysis assay and Caco-2
cell monolayers model. The oral bioavailability is also investigated using experimental
animals. The present work may provide more convenient solution for oral delivery of
curcumin organogel and also shed light on the absorption mechanism of nanoemulsions

Materials and methods
Materials Curcumin (82% purity, with 15% DCur and 3% BDCur) was provided by
Sabinsa Corporation. Medium chain triacylglycerols (MCT, Neobee 1053) were obtained
from Stepan Company. Modified starch (HiCap 100) was obtained from National Starch.
Whey protein isolate (WPI) was from Davisco Foods International. And 1-monostearin
(about 60% purity) was from TCI America. Lecithin (Phospholipon 85G) was provided
by Lipoid. Pancreatin with 8X USP specification (P7545), sulfatase (S9626) and
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glucuronidase (G7017) were obtained from Sigma Aldrich. Additionally, analytical grade
β-17-estradiol acetate, Tween 20 (Polyoxyethylene (20) sorbitan monolaurate), Span20
(sorbitan monolaurate), and Tris maleate, sodium taurodeoxycholate (Na TDC) and
glacial acetic acid and HPLC-grade acetonitrile and H2O were used in this study.
All the cell culture media and reagents were purchased from Fisher Scientific.
Transwell permeable polycarbonate inserts (0.4µm) and 12-well cell culture plates were
obtained from Corning.
Preparation of curcumin organogel and organogel-based nanoemulsions
Curcumin organogel was prepared as previously described (188), with increased
curcumin loading. Briefly, Span 20 saturated MCT, monostearin and curcumin was
mixed at the ratio of 10:2:1.2 (w/w, about 9% curcumin in organogel), followed by
heating to dissolve curcumin completely and then setting at room temperature.
To prepare curcumin organogel-based nanoemulsions, water, organogel and
emulsifier (modified starch, WPI and Tween 20) were mixed at the ratio of 3:2:1 (w/w)
using mechanical stirrer and then ultrasonicated at about 175W for accumulatively 5 mins.
Particle size measurement Nanoemulsions were diluted 200 times into dH2O and
mixed well. The particle sizes (hydrodynamic diameters) of the lipid droplets were
determined with dynamic light scattering method using a BIC 90plus particle size
analyzer (Brookhaven Instrument) at ambient temperature.
In vitro lipolysis of formulations In vitro lipolysis was performed according to our
previous work (188). Briefly, 0.25g organogels or 0.75g nanoemulsions were digested
using pancreatin under fast state for 30 mins at 37 oC. The pH of the solution was
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maintained at 7.5 by adding NaOH manually. Amount of NaOH added over time was
recorded throughout the digestion. After digestion, the solution was ultracentrifuged and
the amount of curcumin in the aqueous phase was determined using HPLC.
The extent of lipolysis in this pH-stat titration was determined using the consumed
NaOH amount.

...............(1)

To calculate the amount of NaOH required for complete lipolysis, it was assumed that
one molecule of MCT, monostrearin and Tween 20 consumed two, one and one
molecules of NaOH, respectively.
From the HPLC quantification, the percent bioaccessibility of curcumin was
calculated as

........(2)

Determination of the permeation rate across Caco-2 cell monolayers The
procedures for Caco-2 cell monolayers permeation assay followed our previous study
(189). Briefly, Caco-2 cell (passage number 35-45) monolayers were used after 21-29
days of culture. Free curcumin (by DMSO dispersion) and formulated curcumin with the
concentration of 20 µg/mL were added into the apical compartment (HBSS + 10 mM
methanesulfonic acid, pH 6.5). After different time (15, 30, 45, 60 mins), media in
basolateral compartment (HBSS + 25mM HEPES + 4% BSA, pH7.4) were removed and
two volumes of acetonitrile were added before the HPLC analysis of curcumin. The
apparent permeation rate was calculated as
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…………………………………………………………..(3)

Where Papp is the apparent permeation rate, dQ/dt is the mass transport rate, A is the
surface area of the insert; and C0 is the initial curcumin concentration in the apical
compartment (20 µg/mL).
For digested curcumin nanoemulsion, the solution was firstly heated at 95 oC for 5min
to inactivate enzymes in the pancreatin.
High-performance liquid chromatography (HPLC) analysis HPLC quantification
of curcumin was performed using an UltiMate 3000 HPLC system with a 25D UV-VIS
absorption detector (Dionex) and a Nova-Pak C18 3.9×150mm column (Waters). Mobile
phase solvents were: (A) water with 2% acetic acid, and (B) acetonitrile. Elution
condition was: 0 to 2 min, 65% A and 35% B; 2 to 17 min, linear gradient from 65% A
and 35% B to 45% A and 55% B; 17 to 22 min, held at 45% A and 55% B; 22 to 23 min,
mobile phase went back to 65% A and 35% B. Flow rate was 1 mL/min. Fifty microliters
of samples were injected. Detection wavelength was set at 420 nm for curcumin and 280
nm for β-17-estradiol acetate in the pharmacokinetics studies.
Pharmacokinetics analysis on mice Female CD-1 mice (22-26g) were used for the
pharmacokinetics analysis of curcumin. After fast overnight, mice were administrated
with curcumin nanoemulsion or curcumin water suspension at the dose of 240mg/kg by
oral gavage. At different time intervals (0.5, 1, 2, 4, 8, 12, 24 hours), blood samples were
withdrawn by cardiac puncture. After centrifugation at 5000g for 15mins, plasma was
removed and stored at -80oC till HPLC analysis.
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Before HPLC quantification, 150 µL plasma samples were mixed with equal volume
of enzyme solutions (10mg/mL sulfatase and 10µL/mL of glucuronidase in 0.1M sodium
acetate buffer, pH5.0) at 37 oC for 1 hour to convert curcumin sulfate and glucuronide to
free curcumin. Subsequently, 10 ul 1mg/ml β-17-estradiol acetate in ethyl acetate was
added as the internal control (190). After extracted with ethyl acetate for three times and
re-dissolved in 1:2 (v/v) dH2O: acetonitrile, the samples were ready for HPLC analysis.
The areas-under-the curve (AUC) for the plot of the plasma concentration over time
were calculated using trapezoidal method. Cmax and Tmax were directly obtained from the
curves.
Statistics analysis Student t-test, Pearson Product Moment Correlation and One-way
Analysis of Variance (ANOVA) were performed using SigmaPlot 10.0 software with
SigmaStat integration (Systat Software).

Results
In my previous section, food-grade organogel was developed for curcumin oral
delivery with high in vitro bioaccessibility and curcumin loading. In this work,
nanoemulsions based on the organogel were generated; its absorption mechanism was
examined and the oral bioavailability of curcumin in the nanoemulsion was investigated.
Tween 20 was chosen as the emulsifier
To develop curcumin organogel-based nanoemulsions, three common food-grade
emulsifiers, modified starch, WPI and Tween 20, were compared in terms of the in vitro
bioaccessibility of curcumin after lipolysis. As shown in Figure 46A, the in vitro
bioaccessibility of curcumin for organogel and organogel-based emulsions ranged from
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13% to 47 %. From One-way ANOVA, Tween 20 emulsion was able to generate similar
in vitro bioaccessibility as the organogel, while modified starch- and WPI-emulsified
emulsions showed significantly lower bioaccessibility. Therefore, Tween 20 was selected
as the emulsifier to generate organogel-based emulsions.

162

A
60

a

% B io a c c e s s ib ility

50

a

40

30

b

b

20

10

0
o rg a n o g e l

W PI

Tween 20

m o d ifie d s ta rc h

B
60

% b io a c c e s s ib ility

50

40

30

20

10

0
55

60

65

70

75

80

85

% c u rc u m in in c u rc u m in o id s

Figure 46 Selection of the emulsifier based on the percent bioaccessibility after in
vitro lipolysis. (A) Comparison of the percent bioaccessibility of curcumin from
different organogel-based nanoemulsions and the organogel. Different letters
indicate significant difference. (B) Correlation of the percent bioaccessibility with
the percentage of curcumin in the total solubilized curcuminoids. Data are
presented as mean ±standard deviation (n=3).
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Table 10 Percentage of each curcuminoid in the raw material and solubilized
after lipolysis of formulations
Curcumin (%)

D-Cur (%)

BD-Cur (%)

raw material a

82.1 ±1.0

14.8 ±0.5

3.1 ±0.5

Organogel b

78.4 ±1.3

16.4 ±1.0

5.1 ±0.4

WPI emulsion c

65.5 ±2.3

24.3 ±1.1

10.2 ±1.2

Tween 20 emulsion b

76.3 ±1.0

18.0 ±0.7

5.7 ±0.3

modified starch emulsion c

61.0 ±1.6

27.0 ±1.1

12.0 ±0.5

Different letters indicate significant difference in the percentage of curcumin. Data
are presented as mean ±standard deviation (n=3, except for raw material, n=12).
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Since the curcumin raw material used in this study contained D-cur and BD-cur, the
percentage of each of these three curcuminoids was also determined (Table 10). In the
raw material, curcumin accounted for 82% of total curcuminoids, which was higher than
that in all the digested formulations. Following the same trend as the in vitro
bioaccessibility, the percentage of curcumin for organogel was similar to that for the
Tween 20 emulsions, but higher than WPI and modified starch emulsions (One-way
ANOVA). It was also noticeable that in vitro bioaccessibility correlated positively with
the percentage of curcumin among the three curcuminoids (Figure 46B, Pearson Product
Moment Correlation, correlation coefficient 0.984, P Value 0.0164). High percentage of
curcumin corresponded to high in vitro bioaccessibility. Previously, it was demonstrated
that at weak alkaline conditions, D-cur and BD-cur degraded more slowly than curcumin,
leading to decreased curcumin percentage over time (191). Considering the in vitro
lipolysis was performed at pH7.5, it was suggested that different emulsifiers had different
protection effect on curcumin during lipolysis, which resulted in different in vitro
bioaccessibility and curcumin percentage. It was also noticed that the in vitro
bioaccessibility of curcuminoids in organogel was lower than what was reported
previously. The reason may lie in that the curcumin loading in the organogel was
increased significantly from about 3% to 9%.
Since Tween 20 was selected as the emulsifier for organogel-based nanoemulsions,
the diameter of the organogel particle after emulsification was determined using dynamic
light scattering (Figure 47). It was shown that the average particle size (diameter) was
218 nm. The polydispersity was 0.280, suggesting a narrow distribution.
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Lipolysis of nanoemulsions was faster and more complete than that of the
organogel
In the process to determine the in vitro bioaccessibility, the lipolysis titration profile
and the extent of lipolysis over time was also recorded. Although Tween 20
nanoemulsion and organogel were able to generate similar in vitro bioaccessibility, their
lipolysis titration profiles were distinct. As shown in Figure 48A, the initial digestion rate
for nanoemulsion was much higher than the organogel. The reason may lie in the
difference in surface area of the lipid particles. With smaller droplet size, nanoemulsions
have much larger surface area for lipase catalyzed hydrolysis (192). Meanwhile, after 30
minutes digestion, the extent of lipolysis for organogel-based nanoemulsion was also
significantly greater than the organogel (Figure 48B), suggesting that digestion of
nanoemulsions was more complete.
Lipolysis preceded absorption of curcumin in the nanoemulsion
The absorption mechanism for curcumin in the organogel-based nanoemulsion was
investigated using Caco-2 cell monolayers to mimic the small intestine epithelium. There
are two possible mechanisms for curcumin nanoemulsion absorption: (1) Nanoemulsions
are digested by lipase and simultaneously curcumin is solubilized by bile salts-fatty acids
mixed micelles. Subsequently, solubilized curcumin permeates across the epithelium
layer. This represents the classic digestion-absorption route applicable for all the lipidbased formulations; (2) intact nanoemulsions, because of their small size, are able to
directly permeate across the small intestine layer without digestion.
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Figure 48 Comparison of the in vitro lipolysis of the organogel and organogelbased Tween 20 nanoemulsion, in the aspect of (A) the lipolysis profile and (B) the
extent of lipolysis
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Figure 49 Determination of the curcumin permeation rate in unformulated form,
intact nanoemulsion and digested nanoemulsion. (A) The cumulative fractions of
curcumin transported from the three formulations. (B) The cumulative fraction of
curcumin transported from the intact nanoemulsion only, showing the increasing
permeation rate. (C) Comparison of the permeation rate of curcumin from the three
formulations
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To illustrate the absorption mechanism of curcumin in the organogel-based
nanoemulsion, permeation experiments across Caco-2 cell monolayers were performed.
The curcumin permeation rates for unformulated curcumin (by DMSO dispersion), intact
nanoemulsion and digested nanoemulsion were compared (Figure 49A). It was shown
from One-way ANOVA that curcumin from the digested nanoemulsion had the highest
permeation rate, followed by unformulated curcumin. In contrast, curcumin in the intact
nanoemulsions permeated most slowly. Although these results alone could not exclude
the possibility that intact nanoemulsions were able to permeate directly across the Caco-2
cell monolayers, it still suggested that the major absorption mechanism for curcumin
nanoemulsion was the digestion-absorption route. Furthermore, to closely look at the
permeation curve for curcumin from the intact nanoemulsion, the slope of the curve
increased as a function of time (Figure 49B) and the TEER value did not change
significantly (not shown), suggesting that the available curcumin in the donor
compartment increased over time, which may result from the release of curcumin from
the lipid phase of the nanoemulsion to the aqueous phase. This result further confirmed
that digestion-absorption was the major mechanism for curcumin absorption from
nanoemulsions. Before its absorption, curcumin may need to be solubilized in the
aqueous phase, either by digestion of the lipid phase or diffusion from the nanoemulsion.
The permeation rate for unformulated curcumin was determined as 8.4 ± 0.5 × 10-6
cm/s in this study, which was similar to what we reported previously (7.1 ± 0.7 × 10-6
cm/s (189), Student’s t-test, p>0.05).
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Improved oral bioavailability of curcumin in nanoemulsions
To directly investigate the oral bioavailability of curcumin in organogel-based
nanoemulsion, pharmacokinetics analysis was performed on mice after oral
administration with curcumin water suspension or curcumin nanoemulsions. Since no
curcumin was detected in the plasma for unformulated curcumin, all the plasma samples
were treated with glucuronidase and sulfatase to convert curcumin glucuronide and
sulfate back to curcumin before the HPLC quantification. As shown in Figure 50A, the
curcumin plasma concentration for the nanoemulsion was apparently higher than that for
unformulated curcumin. From the plot of concentrations over time, the C max for
unformulated curcumin was only 2.0 ± 1.1 µg/mL, and in contrast the Cmax for
nanoemulsion was 36.7 ± 6.5 µg/mL and was 18-fold higher than that of unformulated
curcumin. The AUC0-∞ for unformulated curcumin was 25.8 µg/mL∙h, while the AUC0-∞
for curcumin nanoemulsion was 242.3 µg/mL∙h, which represented more than 9-fold
increase in the oral bioavailability (Error! Reference source not found.).
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Table 11 Pharmacokinetic parameters of curcumin formulations after oral
administration
AUC 0-∞
Formulation

dose (mg/kg)

Cmax(µg/mL)

Tmax (h)
(µg/mL∙h)

free curcumin

240

2.0 ±1.1

1

25.8

240

36.7 ±6.5

1

242.3

curcumin
nanoemulsion
Data for Cmax are presented as mean ±SEM (n=4).
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Figure 50 Plasma concentrations of curcumin, after enzyme treatment, from
unformulated curcumin and curcumin nanoemulsion. (A) compares the curcumin
plasma concentrations from both formulations. (B) shows only the concentration
from unformulated curcumin
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Discussion
In this work, organogel-based nanoemulsions were developed for encapsulation and
oral delivery of curcumin. Tween 20 was selected as the emulsifier based on the in vitro
bioaccessibility from lipolysis experiments. Using Caco-2 cell monolayers model, it was
suggested that digestion-absorption may be the major absorption mechanism for
curcumin. Meanwhile, in vivo pharmacokinetic analysis confirmed that the oral
bioavailability of curcumin in the nanoemulsion increased significantly compared with
unformulated curcumin.
Solubilization and metabolism are two main hurdles for the oral bioavailability of
curcumin. The organogel-based formulation developed here targeted the solubilization, as
the selection of formulation composition was based on in vitro bioaccessibility of
curcumin after mimicked digestion (in vitro lipolysis assay). The effect of formulations
on curcumin metabolism needs to be addressed by comparing the ratio of curcumin to its
metabolites between oral administration of formulated and unformulated curcumin.
However, the plasma concentration of curcumin from unformulated treatment was too
low to be detected and we had to enzymatically convert the major curcumin metabolites
back to curcumin for bioavailability comparison. Therefore, No conclusions were drawn
on the effect of formulation on the curcumin metabolism.
On the other hand, it is not expected that the formulation would affect the curcumin
metabolism, especially the first-pass hepatic metabolism. In some scenarios, lipid-based
formulation would enable the encapsulated highly lipophilic (clogP > 5) compounds to
escape the first-pass metabolism (139). Since the clogP value of curcumin is only 3.2
(PubChem, CID969516) and the lipid phase does not consist of long-chain triglyceride, it
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is not expected that curcumin delivered using the nanoemulsion will be incorporated in
chylomicrons and escape the first-pass metabolism (139). Therefore, the increased oral
bioavailability from formulation may largely be attributed to the increase in the
solubilization.
The absorption mechanism of the nanoemulsion was examined using in vitro Caco-2
cell monolayer model. It was demonstrated that the permeation rate of curcumin was
significantly higher for the digested nanoemulsion than the intact nanoemulsion,
suggesting that the classic digestion-absorption route was still the primary absorption
mechanism for curcumin in the nanoemulsion. However, more detailed in vivo
experiments are needed to examine whether intact nanoemulsions are able to permeate
across the gut wall, since only in the in vivo experiments the interaction of the
nanoemulsion with the mucus layer and the M cells can be examined (193).
Meanwhile, this work only examined the permeation rate of Tween 20 stabilized
nanoemulsions. Since the coating of the lipid droplet may affect the interaction with
Caco2 cells and/or the epithelium lining the digestive tract, the effect of the surface
properties of the nanoemulsions on the permeation rate and mechenism still remains
elusive.

175

Figure 51 Scheme of the absorption and metabolism of unformulated (crystalline)
curcumin and curcumin nanoemulsion. After orally administered, curcumin
crystallines are solubilized in the mixed micelle solutions, which may be time and
energy consuming. On the other hand, in curcumin nanoemulsion, lipolysis of the
lipid phase of the nanoemulsion contributes to the mixed micelles and
simultaneously, curcumin is solubilized inside the micelles. By passive diffusion,
solubilized curcumin permeates across the small intestine and is carried to the liver
before entry into the systemic circulation. Metabolism of curcumin may occur
during the absorption in the small intestine (intestinal metabolism) and in the liver
(hepatic metabolism).
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Based on the results in this work, the in vivo destiny of orally administered curcumin
nanoemulsion and unformulated curcumin was compared in Figure 51. Inside the
digestive tract, nanoemulsions undergo rapid digestion (lipolysis) and turn into free fatty
acids and monoacylglycerols, both of which contribute to the mixed micelles in the small
intestine lumen. Along with the lipolysis, curcumin that originally solubilized in the lipid
phase is gradually partitions in the mixed micelles. Subsequently, curcumin permeates
across the small intestine epithelium by passive diffusion. After bypassing the liver,
curcumin enters the systemic circulation and become bioavailable. Metabolism of
curcumin may involve the intestinal metabolism and hepatic metabolism. In comparison,
the absorption and metabolism of unformulated curcumin may be the same as the
curcumin nanoemulsion. The key difference is that unformulated curcumin (crystalline)
needs to be solubilized in the mixed micelle solution, which may be time and energy
consuming. As we previously demonstrated, the extent of solubilization is very limited
(188). Moreover, the pH of the major portion of the small intestine is neutral and weak
alkaline, under which, curcumin undergoes rapid degradation (191). Therefore, the
difference in the curcumin solubilization results in the difference in the oral
bioavailability.

Conclusion
In this work, organogel-based nanoemulsions were developed for encapsulation and
oral delivery of curcumin. The nanoemulsions revealed fast rate and high extent of
digestion. The major absorption mechanism of curcumin in the nanoemulsion may be the
classic digestion-absorption. Furthermore, the oral bioavailability of curcumin in the
nanoemulsion showed 9-fold improvement from the unformulated crystalline. This study
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demonstrated the application of organogel-based nanoemulsions in the oral delivery
system for lipophilic compounds, and provided a practical food-grade formulation for
curcumin delivery in functional foods.
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CHAPTER 8. INVESTIGATION OF THE CYTOTOXICITY
OF FOOD-GRADE NANOEMULSIONS ON CACO-2 CELL
MONOLAYERS AND HEPG2 CELLS
Generally speaking, food-grade nanoemulsions are oil-in-water emulsions with oil
droplet size (diameter) less than 200 nm. Because of this feature, they have better
stability, optical transparency and larger surface area. As an emerging delivery system,
nanoemulsions have shown to improve the oral bioavailability of hydrophobic bioactives
(77, 194). As an important application of nanotechnology in food science, nanoemulsions
draw many attentions and are expected to have broader application in food science.
On the other hand, the toxicity associated with nanoparticles represents one of the
major concerns for nanotechnology. Many nanoparticles, such as carbon nanotubes and
metal oxide nanoparticles, have been found toxic in vivo (195-197). However, to our best
knowledge, there are so far no studies addressing the toxicity of food-grade
nanoemulsions.
Compared with other types of nanoparticles, food-grade nanoemulsions have many
unique features, such as safety of the components, digestibility, and exclusively oral
administration. All the components in the nanoemulsions are either generally considered
as safe (GRAS) or food additives. The common oil phase, triacylglycerols, and many
emulsifiers, such as lecithin, modified starch, and proteins undergo digestion in the
gastrointestinal tract. The exposure organs for food-grade nanoemulsions may be limited
to the digestive system. Meanwhile, micron-sized emulsions are widely used in food
industry and regarded safe.
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The small intestine and the liver are two very important organs in the digestive
system. During digestion and absorption, nanoemulsions could directly interact with the
small intestine epithelium. After absorption in the small intestine, it is possible that intact
nanoemulsions could be transported to the liver via portal vein. Therefore, the possible
toxicity of nanoemulsions needs to be examined on these two organs.
Human cancer derived cells lines can be used to examine the in vitro toxicity
(cytotoxicity). Caco-2 cells are derived from human colon cancers. After about 3-weeks’
culture, they differentiate to polarize, generate microvilli on the apical side of the cell
membrane and form tight junctions between adjacent cells (198). Because of these
characteristics, Caco-2 cell monolayers are usually used to mimic the small intestine
epithelium, and the permeability of bioactives across Caco-2 cell monolayers is used to
predict the absorption in vivo (16). Meanwhile, HepG2 cells are derived from human
liver cancer and are commonly used for in vitro assessment of the hepatic toxicity (199,
200).
In the present study, the possible cytotoxicity of food-grade nanoemulsions were
investigated by using two in vitro cell culture systems and comparing with micron-sized
emulsions with the same composition. To mimic the exposure of the small intestine to the
nanoemulsions, Caco-2 cell monolayers were treated with nanoemulsions and the cell
membrane leakage and tight junction integrity were examined. To investigate the toxicity
on the liver, HepG2 cells were treated with nanoemulsions and micron-sized emulsions
and the cell proliferation/viability rate were compared. These studies may provide the
first set of evidence for the possible toxicity of food-grade nanoemulsions.
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Materials and methods
Materials Medium chain triglyceride (MCT) was provided by Stepan Company
(NEOBEE 1053). Modified starch was obtained from National Starch (HiCap 100).
Tween 20 was purchased from Fisher Scientific. Whey protein isolate (WPI) was from
Davisco Foods Internationals (BiPro).
Dulbecco's Modified Eagle Medium (DMEM), Minimum Essential Medium Eagle
(MEM), Hank's Buffered Salt Solution (HBSS), fetal bovine serum (FBS), 100X nonessential amino acids, 100X penicillin and streptomycin and bovine serum albumin (BSA)
were all purchased from Fisher Scientific. Transwell permeable polycarbonate inserts
(0.4µm) were obtained from Corning.
Preparation of micron-sized and nanoemulsions. Ten gram emulsions consisted of
8.5g dH2O, 1.0g MCT and 0.5g emulsifiers (modified starch, Tween 20 or WPI) were
briefly mixed by magnetic stirring. To prepare micron-sized emulsions, the mixture was
homogenized at 6500 rpm for 5 mins with a high speed homogenizer (ULTRA–
TURRAX T-25 basic, IKA Works). Nanoemulsions with the same compositions were
generated by ultrasonication at about 175W for accumulatively 5 mins.
Measurement of the oil droplet size of emulsions Photographs of diluted micronsized emulsions and nanoemulsion were taken with Nikon TE-2000U inverted
microscope. The surface-averaged diameters of micron-sized emulsions were determined
by using ImageJ software to analyze nine photographs. Particle size of nanoemulsions
was measured with DLS-based BIC90 plus particle size analyzer equipped with a
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Brookhaven BI-9000AT digital correlator (Brookhaven Instrument) at a fixed scattering
angle of 90o at ambient temperature.
Maintenance of Caco-2 and HepG2 cell culture Caco-2 cells (passage 35-45) were
maintained in DMEM with 10% FBS, 1X non-essential amino acids and 1X penicillin
and streptomycin. HepG2 cells (passage 7-17) were cultured in MEM with 10% FBS, 1X
penicillin and streptomycin. Cells were incubated at 37oC with 5% CO2.
Generation and treatment of Caco-2 cell monolayers To generate Caco-2 cell
monolayers, 0.5 mL 6 × 105 cell/mL Caco-2 cells were plated onto the inserts (apical
compartment) of 12-well plates. Subsequently, 1.5 mL culture media were added in the
lower compartment of each well. Media were changed every two days. Cytotoxicity
experiments were performed after 21- 29 days of plating.
Before the experiments, Caco-2 cell monolayers were washed with and kept in HBSS
(0.5ml in apical compartment and 1.5ml in basolateral compartment) for 20-30 mins at
37oC before the treatment.
Five microliters micron-sized emulsions or nanoemulsions were directly added in the
apical compartment to make 1-100 dilution. Then the Caco-2 cell monolayers were kept
in a platform shaker set at 100rpm at 37oC for 2 hours.
Lactate dehydrogenase leakage assay After treatment of Caco-2 cell monolayers
with nano- and micron-sized emulsions, 50 uL media from the apical chamber was
removed and the lactate dehydrogenase (LDH) leakage was determined using

the

fluorescence intensity at excitation 560nm and emission 590 nmusing CytoTox-ONE™
Homogeneous Membrane Integrity Assay kit (Promega). One-hundred-time diluted
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emulsions in HBSS were used as the negative control. Cell lysates of the Caco-2 cell
monolayers were used as the positive control. Percentage of relative LDH leakage was
calculated as:

..........(1)

Where FI stands for fluorescence intensity with excitation 560nm and emission 590
nm, described in the commercial kit.
Measurement of transepithelial electrical resistance (TEER) Right before the
emulsion treatment, the TEER across Caco-2 cell monolayers was measured using the
Evom2 epithelial voltmeter (World Precision Instrument). After treatment, Caco-2 cell
monolayers were washed with and incubated in HBSS for 20-30 mins, before the posttreatment TEER measurement.
Changes in TEER were expressed as % relative TEER.
...........................................(2)

MTT assay on HepG2 cells The MTT assay on HepG2 cells were performed as
previously published (172). Briefly, cells were plated at the density of 1000 cell/well and
treated with different dilutions of nanoemulsion or micron-sized emulsions (from 1:100
to 1:1600) for about 24 hours, followed by incubation with MTT and UV-Vis absorption
measurement.
Statistics Analysis One-Way and Two-Way analysis of variance (ANOVA) was
performed using SigmaPlot 10.0 with SigmaStat integration (Systat software).
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Results
In this work, the possible cytotoxicity of nanoemulsions was examined by comparing
the cellular response to the treatment of nanoemulsions and micron-sized emulsions,
assuming micron-sized emulsions are not toxic.
Generation of micron-sized emulsions and nanoemulsions
To investigate the size effect of food-grade emulsions on the cytotoxicity, three
micron-sized emulsions and nanoemulsions with the same compositions were prepared
by high speed homogenization and ultrasonication, respectively. Modified starch, Tween
20 and whey protein isolates (WPI) were chosen to represent different types of
emulsifiers. As shown in Figure 52 and Table 12, for all the micron-sized emulsions, the
particle size (diameter) of the oil droplets was between 5-10 µm. In comparison, the
average oil droplet size in the nanoemulsions was less than 200 nm, representing about
50-fold reduction. In Figure 52, the photographs for the nanoemulsions only showed the
oil droplets in the “tail” region of the particle size distribution, and the majority of nanosized oil droplets were not able to be visualized with optical microscopy.
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Table 12 Summary of the particle size of prepared nanoemulsions and micronsized emulsions
micron-sized emulsion

nanoemulsion

D2,0 (µm)

diameter (nm)

polydispersity

modified starch

10.3 ±1.0

155 ±1.4

0.272 ±0.002

tween 20

5.7 ±0.8

168.2 ±0.7

0.303 ±0.014

WPI

8.7 ±0.9

172.7 ±1.8

0.271 ±0.009

Data for micron-sized emulsion are presented as mean ± standard deviation, n=9.
Data for nanoemulsion are shown as mean ±standard error, n=3.
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Figure 52 Micrographs of micron-sized emulsions and nanoemulsions made with
modified starch, Tween 20 and WPI, respectively
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Examination of the cell membrane integrity on Caco-2 cell monolayers
Caco-2 cell monolayers were treated with micron-sized emulsions and nanoemulsions
to mimic the exposure of the small intestine epithelium to the emulsions. After treatment,
the cell membrane integrity was examined by detecting LDH leakage (Figure 53). For
untreated Caco-2 cell monolayers, less than 3% of cells had cell membrane rapture
throughout the experiment procedures. For the monolayers treated with nanoemulsions
and micron-sized emulsions, there were about 3 – 6 % cells with LDH leakage. From
One-Way ANOVA, it was revealed that there was no significant difference in the LDH
leakage between untreated cells and most of the emulsion treatment, except for the
nanoemulsion made with modified starch. More importantly, no significant difference
was detected between all the three pairs of micron-sized emulsions and nanoemulsions,
suggesting that nanoemulsions did not possess more cytotoxicity on the Caco-2 cell
monolayers than regular micron-sized emulsions.
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Figure 53 LHD leakage of untreated Caco-2 cell monolayers, or treated with
different micron-sized emulsions or nanoemulsions. Data are presented as mean ±
standard deviation (n=3). Different letters indicates significant difference (p<0.05).
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Investigation of the tight junction integrity in the Caco-2 cell monolayers
After well differentiation, tight junctions form between adjacent Caco-2 cells, similar
to that in the small intestine epithelium. Disruption of the tight junction may make the
cell monolayer more permeable for water-soluble (toxic) compounds, which should be
avoided in normal physiological condition. In this study, the TEER values of Caco-2 cell
monolayers treated with nanoemulsions were compared to that with micron-emulsions
and untreated. As shown in Figure 54, One-Way ANOVA revealed that compared with
no treatment, modified starch and WPI emulsions caused TEER decrease, and that Tween
20 emulsion had no apparent effect on the tight junction integrity. These observations are
consistent with other groups’ finding that some types of emulsifiers and surfactants may
interrupt the tight junctions (201, 202). More importantly, comparing the three
nanoemulsions with the corresponding micron-sized emulsions respectively, there was no
significant difference in terms of the TEER change. With the assumption that regular
micron-emulsions are considered safe, nanoemulsions did not display additional
disruption on the tight junctions.
Together with the results on the LDH leakage in the previous section, it was
illustrated that compared with micron-sized emulsions, no elevated toxicity was detected
for nanoemulsions on Caco-2 cell monolayers, suggesting that nanoemulsions may not be
toxic to the small intestine epithelium.
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Figure 54 Relative TEER of untreated Caco-2 cell monolayers, or treated with
different micron-sized emulsions or nanoemulsions. Data are presented as mean ±
standard deviation (n=3). Different letters indicates significant difference (p<0.05).
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Figure 55 Cytotoxicity of nanoemulsions on HepG2 cells. Data are presented as
mean ±standard deviation (n=4).
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Examination of the cytotoxicity on HepG2 cells
To examine the possible toxicity of the nanoemulsions on the liver, HepG2 cells were
used as a model and treated with micron-sized emulsions and nanoemulsions of different
dilutions (Figure 55). From Two-Way ANOVA, it was revealed that nanoemulsions
made with modified starch and WPI caused less cell proliferation/viability than the
corresponding micron-sized emulsions (p=0.0105 and p=3.21×10-5, respectively). On the
other hand, Tween 20 nanoemulsion did not affect the cell proliferation/viability more
than its micron-sized counterpart (p=0.231).

These results suggested that different

emulsifiers may affect the toxicity of nanoemulsions, and more in vivo studies are
required to examine the hepatotoxicity of nanoemulsions.

Discussion
In this work, three nanoemulsions were manufactured and their possible toxicity was
examined in vitro. It was found that compared with micron-sized emulsions,
nanoemulsions did not affect the cell membrane and tight junction integrity of Caco-2
cell monolayers. However, nanoemulsions formed by modified starch and WPI were
found to affect the proliferation/viability of HepG2 cells.
The aim of this work was focused on food-grade nanoemulsions. The exposure routes
of the nanoemulsions were thus limited to the digestive tract, especially the small
intestine considering its large surface area, and possibly the liver, where the digested and
absorbed food was carried to for possible metabolism and storage. Based on these
considerations, Caco-2 cell monolayers and HepG2 cells were chosen to mimic the small
intestine epithelium and the liver hepatocytes, respectively. Meanwhile, micron-sized
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emulsions were prepared in parallel and served as the control, since it was generally
accepted that regular (micron-sized) emulsions did not bear toxicity to the human body.
In the two experiments on Caco-2 cell monolayers, nanoemulsions did not reveal
apparent toxicity on Caco-2 cell monolayers, suggesting that nanoemulsions may not bear
significant toxicity to the small intestine. Actually, it was expected that food-grade
nanoemulsions undergoes digestion once ingested along other foods and since its very
large surface area, it is digested much faster than regular micron-sized emulsions (192).
In the in vivo scenario, only a small portion of intact nanoemulsions may have the chance
to interact with the small intestine epithelium directly. This interaction, in the mimicked
in vitro environment as shown in this study, did not reveal apparent toxicity.
In terms of the hepatic toxicity, it was shown here that modified starch- and WPIstabilized nanoemulsions affected the proliferation/viability of HepG2 cells, while Tween
20 stabilized nanoemulsions did not reveal significant difference compared with micronsized emulsions. The reason for this difference in the emulsifiers was still unknown. One
hypothesis is that modified starch and WPI are both (modified) biological molecules and
may interact with cell membrane through specific receptors while Tween 20 is synthetic
and contains multiply polyethylene glycol (PEG) moieties which may prevent/decrease
the interaction with cells, as shown in the case of PEGylated proteins and PEGylated
quantum dots nanoparticles (203, 204). On the other hand, although nanoemulsions
formed with modified starch and WPI showed increased cytotoxicity on HepG2 cells, the
in vivo implication is still unclear, since there is so far no evidence showing that intact
food-grade nanoemulsions are able to permeate through the epithelium layers lining the
digestive tract and be transported to the liver.
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Although in real practice, nanoemulsions are usually used as delivery vehicles for
lipophilic compounds, only empty nanoemulsions were used here, considering the
possibility that bioactives may act on cells and thus make it hard to interpret the results.
To really address the toxicity issue of the nanoemulsion-encapsulated bioactives, in vivo
experiments are required and the adverse effect caused by increased oral bioavailability
of the bioactives should be carefully examined (205, 206).

Conclusions
The possible toxicity of food-grade nanoemulsions was examined in vitro, using
Caco-2 cell monolayers and HepG2 cells to mimic the response of the small intestine
epithelium and the liver, respectively. It was found that, compared with micron-sized
emulsions with the same compositions, nanoemulsions did not reveal significantly more
toxicity on Caco-2 cell monolayers and that nanoemulsions made with modified starch
and whey protein isolate affected the proliferation/viability of HepG2 cells. These results
suggested that nanoemulsions may not affect the small intestine epithelium and that the
hepatic toxicity of nanoemulsions may need further investigation in vivo.
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SUMMARY AND FUTURE WORK
Nutraceuticals are natural bioactive compounds that have many health-promoting
properties. Functional foods with incorporated nutraceuticals provide extra health benefit
beyond basic nutrition and represent an emerging trend in food science and industry.
However, the oral bioavailability of many nutraceuticals is unfortunately low, leading to
insufficient concentrations in vivo to perform the bioactivities that usually shown in vitro.
My Ph.D. research focuses on the improvement of the oral bioavailability of
polyphenols, using curcumin as an example. Curcumin enriched in turmeric has
antioxidant, anti-cancer and anti-inflammatory activities. However, its oral bioavailability
is low due to water insolubility and rapid metabolism. Using in vitro Caco-2 cell
monolayers model, I demonstrated that permeation of solubilized curcumin is fast and via
passive diffusion, suggesting that solubilization limits its absorption. Subsequently, my
effort was put onto solubilization of curcumin through food-grade formulations using
nanotechnology. On one hand, biopolymer-based micelles were generated from modified
starch and self-synthesized modified epsilon polylysine. Upon encapsulation, the water
solubility of curcumin was greatly increased and curcumin was stabilized against alkaline
degradation. Moreover, the in vitro anti-cancer and cellular antioxidant activities of
curcumin were also enhanced. On the other hand, I developed food-grade curcumin
organogel with high loading and in vitro bioaccessibility. Furthermore, based on the
organogel, nanoemulsions were generated and revealed increased digestion rate , extent
of digestion, and improved oral bioavailability on mice. Additionally, to illuminate the
mechanism of the nanoemulsion absorption, my in vitro results suggested that the major
mechanism may still be the classic digestion, solubilization and permeation, not direct
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uptake/permeation of intact nanoemulsions. Moreover, the toxicity of nanoemulsions was
examined in vitro. Three tested nanoemulsions did not show significant toxicity on Caco2 cell monolayers, which suggested that nanoemulsions may not affect the integrity of the
small intestine epithelium.

The exploration of science is endless. Many aspects of this study still need to be
further investigated. For the newly synthesized MEPL, its toxicity is still elusive. The
application in emulsification is not yet fully investigated. M-EPL with high degree of
substitution may need to be examined further since it may have much lower CAC.
The organogel system may need to be further optimized in terms of organogelator and
the process of making emulsions. After the emulsion is prepared, the nanoscale structure
of the organogel needs to be investigated more.
Probably, the toxicity caused by the nanoemulsion formulation is the most important
question that remains to be addressed. The increased concentration, altered metabolism of
phytochemicals in the body and the nanoscale formulations themselves may all likely
cause toxicity to human body, and need to be carefully examined.
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