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ABSTRACT OF THE DISSERTATION

DELIVERY OF NUTRACEUTICALS USING NOVEL PROCESSING

METHOD AND EMULSION-BASED FORMULATIONS WITH

ENHANCED DISSOLUTION, BIOACCESSIBILITY AND

BIOAVAILABILITY

By MUWEN LU

Dissertation Directors:

Dr. Qingrong Huang and Dr. Chi-Tang Ho

Encapsulation and controlled-release of active food ingredients, such as oil-soluble
flavors, preservatives, vitamins, and nutraceuticals, are important applications in food and
nutrition that can be attained with nanotechnologies. Functional foods refer to foods that
have a potentially positive effect on health beyond basic nutrition; such as regulating

blood glucose and cholesterol level, preventing inflammation and cancer, and
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cardiovascular protection. Capsaicin (CAP, trans-8-methyl-N-vanillyl-6-nonenamide)
and quercetin (QC, 3,3'4',5,7-pentahydroxyflavone) are food-grade nutraceuticals with
many health-related beneficial functions, including anti-cancer, anti-inflammation,
anti-oxidation, cardioprotection and anti-obesity activities. However, as hydrophobic
compounds, their low water solubility greatly limits the in-vivo bioavailability. To
overcome these problems, novel processing methods and emulsion-based delivery

systems were used in my research to enhance the bioavailability of nutraceuticals.

In the first part of this work, the wet-milling technologies were used to increase the
quercetin (QC) dissolution and bioaccessibility by reducing the particle sizes to around
340 nm with a saturation solubility of 28.78 £ 0.31 pg/mL, about eleven times higher
than coarse quercetin. The addition of hydrophobically modified starch could help reduce
the particle size by working as a stabilizer to prevent the agglomeration of QC
nanosuspensions after wet milling. An in-vitro digestion model-TNO model, which was
used to mimic the digestion process in the upper GI tract, had determined an increased

bioaccessibility of quercetin for the formulated nanoparticles.

In the second part of this study, a lipid-based nanoemulsion system was developed
towards the encapsulation of capsaicin (CAP) in order to increase CAP stability,
dissolution, bioaccessibility, and reduce the gastric mucosa irritations caused by free
unformulated CAP crystals. Oil samples (medium-chain triacylglycerol (MCT), corn oil
and canola oil) were used to dissolve the CAP and evaluated by in-vitro lipid digestion

test. Lipolysis results showed that MCT system had both the highest bioaccessibility of
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CAP and the largest extent of lipolysis. Sucrose stearate S-370 was chosen as the gelator
to form the CAP-loaded organogel. After the addition of Tween 80 as the emulsifier and
processing of ultrasonication, the organogel-derived nanoemulsion was formed with
CAP’s loading of 80 mg/ml and emulsion droplet sizes of 168 nm. Animal studies using
male rats showed that the acute gastric mucosa irritation caused by CAP was alleviated

effectively.

Moreover, the CAP-loaded nanoemulsion (C-NE) was further proved to have an
enhanced anti-obesity effect compared with free unformulated CAP water suspensions. .
C-NE demonstrated an enhanced effect in controlling the HFD-induced weight gain
compared to free unformulated CAP water suspensions. MCT, which was contained in
the wall material of C-NE, might work synergistically with CAP as a weight-loss agent
due to its ability to increase fat oxidation and energy expenditure. Serum biochemical
evaluations showed that C-NE had an anti-hyperlipidemic potential with low toxicity for
rats. Histological sections of liver and adipose tissues proved the inhibitory activity of
C-NE on HFD-induced hepatic steatosis and HFD-induced adipocytes hypertrophy,
which was effective in a dose-dependent manner. Gastric mucosa irritation test showed
that chronic applications of C-NE alleviated the inflammations in rat stomach tissues

caused by CAP.
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CHAPTER 1. INTRODUCTION

Nanotechnologies in recent years have been applied to the encapsulation and processing
of active food ingredients, such as oil-soluble flavors, preservatives, vitamins, and
nutraceuticals. Functional foods refer to foods that have a potentially positive effect on
health beyond basic nutrition; such as regulating blood glucose and cholesterol level,
preventing inflammation and cancer, and cardiovascular protection. Moreover, certain
nanotechnology-based consumer products have already been introduced on the market.
As the development of food science and technology, novel functional foods are in need to

meet the requirement from consumers all over the world.

Generally speaking, oral administration and dermal/transdermal penetration are most
common and convenient methods for food and drug administration. However, the
bioavailability for most hydrophobic compounds is very low due to their limited water
solubility, which results in insufficient concentration of bioactive compounds to produce
effective therapeutic functionalities. Therefore, various delivery systems for
nutraceuticals are designed and applied to carry higher amounts of active ingredients into
our circulation system than pure compound to better perform their beneficial

bio-functions.

In the past decade, technologies that are designed to increase the solubility of
nutraceuticals have been strongly desired, because more than 40% of the promising

compounds are reported to be categorized as poorly soluble (/). To address this issue,



many “solubilization tools” have been developed and evaluated. Among them, the
high-shear beads milling technique in aqueous medium has been adopted in many
researches to disintegrate micro-sizes drug into nano-sized particles since its preparation
process is simple and the suspension to be orally administered to animals could be

directly prepared (2, 3).

FUNCTIONAL FOODS AND NUTRACEUTICALS

Nowadays, with the development of modern science and technology, consumers are more
willing to spend money on functional foods due to the beneficial effects of their effective
component. According to the Institute of Food Technologists (IFT), functional foods are
defined as “foods and food components that provide a health benefit beyond basic
nutrition” such as conventional foods; fortified, enriched or enhanced foods; and dietary
supplements (4). And FDA gives the definition as “the rate and the extent to which the
therapeutic moiety is absorbed and becomes available to the site of drug action”. Those
foods could provide essential nutrients beyond quantities necessary for normal

maintenance, growth and development.

The functional food market in the US has grown 31% from 2006 to 2011, with beverages
leading the charge, according to a report from Leatherhead Food Research (5). Functional
beverages mainly gained attention by health-conscious consumers, driving sales to an
estimated 18.6 billion U.S. dollars by 2015 (Figure 1). And in 2018, it is forecast to

reach the value of $41,292.6 million, an increase of 52.7% since 2013.



Retail sales in billion U.S. dollars
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Figure 1. United States functional beverage market value: $ million, 2006-2015.

NUTRACEUTICALS

Nutraceuticals, similar to functional foods, have no official definition according to US
law. The word “nutraceutical” is composed of “nutrients” and ‘“pharmaceutical”.
Nutrients are defined as “traditional vitamins, minerals, essential fatty acids for which
recommended intakes have been established and other components that include
phytonutrients or bioactives present in foods for which a physical or physiological effect
has been scientifically documented or for which a substantial body of evidence exists for
a plausible mechanism, but for which a recommended intake and function have not been
definitively established” (4). And a pharmaceutical drug is a drug used to diagnose, cure,
treat, or prevent disease (6). Taken together, the nutraceuticals are applied to products
that range from isolated nutrients, dietary supplements and herbal products, specific diets

and processed foods such as cereals, soups, and beverages, which have very potent



bioactivities, such as anti-oxidant, anti-obesity, anti-inflammation, and anti-cancer effects,

etc.

BIOAVAILABILITY OF NUTRACEUTICALS

According to the nutritional sciences, the term bioavailability is defined as the fraction of
nutraceutical or bioactive compound ingested that is eventually available for use in
physiological functions or storage (7). According to Figure 2, the overall bioavailability
of nutraceuticals that are consumed with food is affected by three processes:

bioaccessiblity, intestinal transport and metabolism (§).

For nutraceuticals that can be easily dissolved in water, they will be solubilized into the
juices of the gastrointestinal tract. However, for those that has very low water solubility,
certain emulsifiers and surfactants are in need so as to form micelles or mixed micelles in
the small intestine lumen. The fraction of nutraceuticals that are released from the food

matrix and get absorbed by the GI tract can be calculated as bioaccessibility.

After getting absorbed by small intestine, nutraceuticals will go through intestinal
transport and enter systematic and general circulation through two routes: water-soluble
compounds will diffuse through the epithelium into the portal vein, being transported into
liver. In order for water-insoluble compound to be permeated through epithelium, they
may be carried by micelles or mixed micelles. If the sizes of micelles are too large to
enter the portal vein, they will go directly into lymphatic system and avoid the hepatic

metabolism in liver (9).



The metabolism refers to the whole range of biochemical processes, which include the
process of oxidation, reduction and so on. It is mainly composed of two parts: intestinal
metabolism, which is occurring in the intestinal epithelium; and herpetic metabolism
occurring in liver. After the metabolism, all nutraceuticals will reach the systematic and

general circulation system (/0).
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Figure 2. A schematic representation of the process in which nutraceuticals in foods

become bioaccessible.



As the orally-ingested nutraceuticals are passing through the GI tract, their efficacy for
the disease prevention can be limited by several factors, such as low water solubility,
large particle sizes, short residence time in the GI tract, instability to changing
physiological environments, low diffusion rate across the epithelial walls, and
susceptibility to rapid metabolic transformation, etc. (/7). To increase the bioavailability
of nutraceuticals, various approaches have been used when designing delivery systems to
overcome the limiting factors. According to Ting, the frequently-utilized approaches
include protection of labile compounds, extension of gastric retention time, increase of
the solubility and control/release properties of nutraceuticals, enhancing the intestinal
permeability and modulation of metabolic activities (/0). Most of them are designed to
increase the concentration of effective component in the systematic circulation by
enhancing the intestinal absorption. In the next section, the common delivery systems

aiming to improve the bioavailability are summarized and evaluated.

COMMON DELIVERY SYSTEMS TO ENHANCE THE ORAL
BIOAVAILABILITY IN VIVO.

As foods are ingested through oral administration, the nutraceutical needs to go through
mouth, stomach, small intestine before it enters the systematic circulation and gets
excreted by colon. During this process, the physiochemical environment such as the
change in pH, enzymatic activities and ionic strength (0.1 mol/L in stomach and 0.14
mol/L in small intestine) (/2) will influence the solubility, dissolution, stability,
bioavailability and efficacy of bio-active compounds based on their chemical structure.

To avoid the negative effects from the physiochemical environment of the digestive



system and enhance the bioavailability of nutraceuticals, various delivery systems are
developed to ensure a high concentration of active ingredients reaching the systematic

circulation.

LIPID-BASED DELIVERY SYSTEMS

Phospholipids are a class of lipids that are a major component of cell membranes, which
is composed of a hydrophilic head containing a phosphate group and two hydrophobic
fatty acid tails (/3). As they are naturally occurring compounds, the lipid-based delivery
systems for nutraceuticals can be more biocompatible and biodegradable when passing
through the digestive system, ensuing a higher loading and enhanced bio-efficacy of

bioactive compounds. Examples of lipid-based delivery systems are listed as follows.

Liposomes have been used as carriers of hydrophilic and hydrophobic drugs, which
contain phospholipid bilayer structures (/0). This chemical structure of liposome allows
it to encapsulate the hydrophilic compounds in the center with polar phosphate groups
and encapsulate lipophilic compounds in the phospholipid bilayers. It has been proved by
researches that liposomes protect the nutraceuticals from the physiochemical degradation
and enzymatic activities, and enhance the permeability through the intestinal epithelial

cells (14, 15).

Phytosomes are phospholipid complexes that have a similar structure to liposomes.
However, the active ingredients are bound to the phospholipid structure instead of being

simply encapsulated in the core of the carrier. Compared with liposomes, phytosomes



have a higher loading capacity and stability against the physiochemical environment and
metabolic activities. It has been used as carriers of many popular herbal extract including
curcumin isolated from turmeric (/6) and epigallocatechin-3-gallate (EGCG) extracted

from green tea (/7), etc.

EMULSION-BASED DELIVERY SYSTEMS

Emulsions are composed of two originally immiscible aqueous solutions, usually oil and
water, stabilized by the surface active molecules. Many researches have demonstrated the
efficacy of emulsions in improving the aqueous solubility, enhancing the stability against
bio-degradation and permeability across the small intestine of nutraceuticals. In most
cases, the emulsion-based delivery system can increase the oral bioavailability of
poorly-water-soluble compounds by increasing the dissolution, protection from the
physiochemical environment, prolonging the residence time in the gastro-intestinal tract

and controlling the metabolic process.

Among all emulsion-based delivery systems, the nanoemulsions and microemulsions are
usually produced through nanotechnology with particles sizes lower than 100 nm. Due to
the nano-scale particle sizes, the solubility in the body fluid has been increased
effectively as well as the uptake of nutraceuticals in the GI tract. In an experiment
conducted by Choi Ah-Young, et al.(/8), they applied chitosan-/alginate-based
nanoemulsions in the delivery of capsaicin, a lipophilic compound. The pharmacokinetic
study proved that area under the curve (AUC) increased in a nano-size-dependent manner:

as particle size reduces, the AUC will increase, showing that the nano-emulsions could



significantly enhance the bioavailabilty of capsaicin compound.

Solid-lipid nanoparticles (SLN), which were developed at the beginning of the 1990s,
have also been used in food, cosmetic and pharmaceutical industries for encapsulation of
hydrophobic compounds (7/9). A solid-lipid nanoparticle is typically consists of lipid
droplets suspended in aqueous buffer stabilized by an emulsifier layer at the lipid/water
interface with particle sizes between 10 to 1000 nm(20). Compared with liposomes or
phytosomes, SLN has its advantages such as flexibility in modulating the control-release
of the compound and protection against the chemical degradation of the active ingredient
in the GI tract. Emulsions developed using the SLNs have a more sustained release
profile and delayed peak time than the liquid-lipid emulsions during pharmacokinetic
studies. In a study conducted by Hailong Yu, ef al. (21), an organogel system was first
developed by dissolving curcumin into medium chain tryglyceride oil with monostearin
working as the gelator. Later, he added water and emulsifier into the semi-solid gel to
produce an organogel-based nanoemulsion. Physiochemical characterization studies of
this nanoemulsion demonstrated an improved loading capacity, stability and efficiency
during lipid digestion process. Moreover, biological studies also revealed an enhanced
permeation rate across Caco-2 cell monolayers and increased oral bioavailability by
9-fold compared with unformulated curcumin. To sum up, SLN is an alternative carrier
system to lipid-based delivery systems and polymeric nanoparticles to enhance the oral

bioavailability of nutraceuticals.



10

OTHER DELIVERY SYSTEMS

Chemical modification methods have been utilized to form bio-reversible conjugates of
active compounds and their carrier systems to enhance the bioavailability and
bio-efficacy of nutraceuticals. Examples such as demethylation of tangeretin (22) and
acetylation of EGCG (23) have proved the increased bioactivities of chemically-modified
nutraceuticals compared with the original compound. According to Ting (/0), the
chemical modification method is effective in improve the aqueous solubility, gastric

stability, cell permeabilities and oral bioavailability of active ingredients.

In addition, physical modification methods, mostly nanotechnology-based processing
methods, are also useful in decreasing the particle sizes of nutraceuticals into nanoscale,
thereby increasing the cellular uptake and transport through the epithelial cells and
enhancing the oral bioavailability. Those nanotechnology-based processing mthods
include solid dispersions prepared by spray-drying (24), freeze-drying (25), or hot melt
extrusion; complex formation with water-soluble excipients, self-emulsifying
drug-delivery systems (SEDDS), and so on. In a research conducted by Niwa, et al.(3),
they used mechanical milling process in aqueous buffer solutions combined with spray
freeze drying process for particle size reduction of compound phenytoin. By reducing the
particle size of the compound, an increase in surface area of powdered phenytoin results
in faster dissolution rates, effective redispersing properties and higher plasma
concentration during pharmacokinetic study compared with coarse phenytoin compound.
Through the nanotechnology-based processing method, nanodispersions can be produced

with increased gastric lumen solubility and dissolution rate, higher membrane
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concentration gradient and better oral bioavailability in vivo.

QUERCETIN

CHEMISTRY OF QUERCETIN

Flavonoids were polyphenolic compounds rich in fruits, vegetables and plant-derived
beverages such as tea and red wine (26). They have a structure of 15-carbon skeleton,
which consist of two benzene rings connected by a short three carbon chain. Flavonoids
can be divided in to 6 major subtypes, including flavonols, flavones, flavanones,

flavan-3-ols, etc, which are listed in Table 1.

Table 1. Major subtypes of flavonoids.

Group Examples

Flavonol Isorhamnetin, Kaempferol, Myricetin, quercetin

Flavone Apigenin, Luteolin

Flavanone Eriodictyol, Hesperetin, Naringenin

Flavan-3-ol Catechin, EGCG

Theaflavin Theaflavin

Anthocyanidins Cyanidin, Delphinidin, Malvidin, Pelargonidin, Peonidin, Petunidin

Quercetin  (QC, 3,3',4',5,7-pentahydroxyflavone) as one of abundantly consumed

flavonoid has a chemical structure shown in Figure 3. According to recent researches,
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quercetin has many biological activities, including antioxidative (27), anticarcinogenic
(28), anti-arthritic (29, 30), anti-inflammatory, anti-proliferative and anti-atherosclerotic
effects (32). The molecular formula for quercetin is C;5H;¢0O7, which includes 2 phenyl
groups and a heterocyclic ring. It has a molecular weight of 302.24 g/mol, and melting
point of 316 °C. It is practically insoluble in water, which greatly limits the

bioavailability in vivo.

OH
OH

HO O

OH
OH O

Figure 3. Chemical Structure of Quercetin.

In order to improve its bioavailability, researchers attempted various encapsulation
methods to increase its dissolution rate. According to Kakran (2), QC nanocrystals have
been fabricated by means of three methods, including high-pressure homogenization, wet
bead milling, and cavi-precipitation. The smallest nanocrystals were fabricated by wet
bead milling with a saturation solubility of 25.59 + 1.11 pg/mL, about nine times higher
than coarse QC. Niwa (3) also reported that the technique of wet-milling and spray &

freeze-drying processes could enhance the dissolution for poorly water-soluble drugs.
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IN VIVO PHARMACOKINETICS

The in vivo pharmacokinetics studies of quercetin using animal models have been carried
out by various researches. According to Bagad et al. (31), they used male Wistar albino
rats to study the pharmacokinetics and biodistribution of quercetin. Before the test, the
rats were fasted overnight at a temperature of 25°C + 2°C and relative humidity of 50% -
60%, allowed free access of water ad libitum. During the test, the rats were fed with
quercetin suspensions at a dose of 50 mg/kg body weight via oral gavage. Plasma and
tissue samples were taken from those rats for pharmacokinetics analysis using HPLC.
The mean quercetin concentration - time profiles in the plasma after oral administration
are shown in Figure 4, and the corresponding pharmacokinetics parameters are

summarized in Table 2.

After oral administration of free quercetin solution in rats, the maximum plasma
concentration (Cpax) was achieved at 6 hours with the concentration of 11.26 + 0.09
png/mL. Plasma concentration declined rapidly after 6 hours, demonstrating the quick

distribution and metabolism of quercetin in the circulation system.

The result of in vivo tissue distribution study was shown in Figure 5 (3/). The maximum
concentrations of quercetin in the heart, liver, kidney, and spleen were 18.88 + 2.09,
21.44 £ 3.97, 43.67 £ 2.28, and 19.44 + 1.35 pg/mL, respectively. And the values for

pharmacokinetics constants are demonstrated in Table 3.
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Figure 4. Mean (= SD) plasma concentration-time profile of quercetin after oral
administration of free quercetin suspension at 50 mg/kg dose to rats.

Table 2. Pharmacokinetic parameters of oral administration of free quercetin in rats.

Parameters Free quercetin

Cinax (ng/mL) 11.26 +0.09
Tmax (h) 6

ti2 (h) 6.09+1.71
AUCy241 (ng-h/mL) 3,786.4 +£ 324 .4
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Figure 5. Tissue concentration-time profiles of quercetin after oral administration of free

quercetin suspensions.

Table 3. Pharmacokinetics parameters of tissue distribution of quercetin after oral

administration of quercetin suspensions to rats with dose of 50 mg/kg body weight.

Tissue Cmax (ng/mL) AUCqotal (ng- h/mL)
Brain
Heart 18.88 £2.09 124.29 £+ 60.40
Liver 21.44 +397 24891 £11.36

Kidney 43.67 +£2.28 603.66 +35.23
Spleen 19.44 + 1.35 284.09 +27.66




CAPSAICIN AND ITS ANALOGUES
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Peppers are popular around the world, which are often used as food additives to provide

the hot and pungent taste. Capsaicinoids are flavor compounds in red chili peppers,

mainly composed of capsaicin (C), dihydrocapsaicin (DHC), nordihydrocapsaicin

(n-DHC), Homocapsaicin (h-C) and homodihydrocapsaicin (h-DHC) (32) (Table 4).

Among these, capsaicin and dihydrocapsaicin contribute to around 80% to 90% of the

total pungency in most chili peppers (33). Altogether, more than 20 capsaicinoids have

been found in different pepper species (34). Capsaicinoids are biosynthesized in the

placenta of the fruits by condensation of vanillylamine and medium chain length fatty

acids (35).

Table 4. Chemical structures of capsaicinoids.

Capsaicinoid Name Abbreviation Molecular Chemical Structure
Formula
Capsaicin C CsH7NO; HO
H
\O N M
(trans-8-methyl-N-vanillyl-6-nonenamide) o
Dihydrocapsaicin DHC CsHyoNO3 HO
H
\O]@\/N M
(8-methyl-N-vanillyl-nonanamide) o
Nordihydrocapsaicin n-DHC C7H,7NO3 HO
H
\ODVN
(7-methyl-N-vanillyl-octamide) M
Homocapsaicin h-C CoH29NO; HO

(trans 9-methyl-N-vanillyl-7-decenamide)




Homodihydrocapsaicin

(9-methyl-N-vanillyl-decamide)

h-DHC

CioH3NO;

BIOLOGICAL PROPERTIES OF CAPSAICIN AND MECHANISMS
Anti-cancer

Researches that were conducted on the anti-cancer and anti-tumor effects of capsaicin
had demonstrated that capsaicin could induce apoptosis in cancer cells as well as
suppress carcinogenesis in prostate, skin, breast, colon, lung and human bladder (36-41).
According to F. Ziglioli et al (42), apoptosis in prostate cancer cells was triggered
through two pathways: direct pathway (transient receptor potential vanilloid type 1
(TRPV-1) receptor-independent pathway) and indirect pathway (TRPV-1
receptor-dependent pathway). In the direct pathway, capsaicin was working as the
coenzyme Q antagonist in controlling of the electron transport, resulting in an excess
amount of reactive oxygen species (ROS). Consequently, cell damage and apoptosis
mechanism was activated. In the indirect pathway, capsaicin interacted with receptor
TRPV-1, which contained an ionotropic channel with regulatory functions of Ca’",
leading to the accumulation of Ca®" within cancer cells and finally to the precocious and
late elements of apoptosis. Moreover, Kim et al discovered that the apoptosis triggered
by capsaicin was selectively happening in malignant cell lines instead of normal cell lines
(43), the mechanism of which could be partially explained by different endoplasmic
reticulum stress in malignant cells and normal cells in responses to the stimulation of

capsaicin (44).
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While most anti-cancer researches focused on mechanisms of capsaicin-induced
apoptosis, only a few studies were concentrated on signaling pathways of
capsaicin-induced cell cycle arrest. Experiments conducted by Kathleen C. Brown et al.
revealed that capsaicin could induce G1 arrest in human small cell lung cancer cell lines,
demonstrating an anti-proliferative effect in both cell culture models and mice models

(45).

Anti-oxidation

Anti-oxidation activities of capsaicin had been proved by previous researches both in
vitro and in vivo (46-48). The in vitro study using serum lipoproteins proved that
capsaicin and dihydrocapsaicin increased the lag time before initiation of low-density
lipoprotein (LDL) oxidation and decreased the oxidation rates, thereby reducing the lipid
oxidation (49). Another study in human umbilical vein endothelial cells (HUVECsS)
demonstrated that capsaicin inhibited ROS generation and caspase-3 activation induced
by oxidized low-density lipoprotein (oxLDL) (50). The oxidation of LDL was in
relevance with the pathophysiology of atherosclerosis. Therefore, the antioxidant
compound capsaicin could prevent cardiovascular diseases by protecting against

oxLDL-induced endothelial dysfunctions.

In vivo, a reduction of oxidative stress in the liver, lung, kidney and muscle was reported
in mice models after oral administration of capsaicin for 3 days (3 mg/kg body mass per

day), showing that capsaicin could be an effective antioxidant in lowering oxidative
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stress even when consumed for a short time (57). Experiments conducted by Bencsik et
al. indicated that capsaicin could modulate the oxidative damage via reducing the
formation of nitric oxide (NO) and peroxynitrite (ONOQO") as well as increasing the
superoxide dismutase (SOD) activities (52). Similar results could be found in the study
by Hassan et al., who revealed that capsaicin could protect the liver against carbon
tetrachloride (CCly) - induced toxicity in rats by working as an antioxidant to reduce the

production of free radicals and suppress the caspase-3 activities (53).

Therefore, the mechanism for antioxidative effects of capsaicin can be summarized as
reducing the production of ROS and promoting the activities of antioxidant enzymes such
as superoxide dismutase (SOD), catalase (CAT) and glutathione-S-transferases (GSTs),

etc.

Pain relief

Capsaicin has been used to alleviate pain from neuropathic and musculoskeletal disorders,
such as postherpetic neuralgia, diabetic neuropathy, osteoarthritis, and rheumatoid
arthritis during topical applications (54). As was mentioned previously, after capsaicin
binds to the TRPVI, intracellular Ca®" content will increase and inflammatory
neuropeptides (substance P) will be released (55). Through this calcium-dependent
process, neurons and nerve terminals are damaged and desensitized to further painful
stimuli, leading to the analgesic effects or even the degeneration of nociceptive fibres

(56). The reader is referred to several excellent reviews on this subject (54, 57, 58).
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As an analogue to capsaicin, resiniferatoxin (RTX) can also activate TRPV1 and cause a
large, prolonged increase in the intracellular Ca®*. The excess amount of accumulated
calcium will induce cytotoxicity and even apoptosis, resulting in the elimination of
TRPV1-expressing neurons or cells (59). This process can be regarded as an alternative

mechanism of pain relief.

In brief, capsaicin exerts analgesic effect by binding to the vanilloid receptor TRPV1 and
regulating voltage activated calcium channels. Therefore, by understanding its
mechanism of analgesics, we can develop capsaicin analogues and TRPV1 antagonists to

better help with pain relief in the future.

Cardioprotection

Cardioprotective effects of capsaicin in animal models have been proved by studies
performed during topical application, oral administration and intravenous injections.
Researches by Jones, W.K. showed that topical application of capsaicin cream could
result in significantly reduced infarcts following a 45-min coronary occlusion (60),
demonstrating a cardioprotective activity in mice. Beneficial cardiovascular effects in
rats of metabolic syndrome were also observed by feeding them 0.5mg/kg - 1.0mg/kg
body weight of capsaicin together with regular diets (67). Those beneficial functions
include heart rate variability improvement, increased vascular sympathetic drive and
increased a-index (spontaneous baroreflex sensitivity). In addition, Gross et al. also
reported that rats receiving capsaicin intravenously with doses ranging from 0.1 mg/kg to

1 mg/kg could reduce myocardial infarct sizes via TRPV1 channel (62).
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In order to find out the mechanism of capsaicin’s cardioprotective effects, Ma, L. et al
proved that TRPV1 activation by capsaicin could reduce vascular lipid accumulation and
ameliorate atherosclerosis in mice evoked by a high-fat diet through a calcium-dependent
pathway (63). Therefore, the stimulation of TRPV1 by capsaicin could increase cytosolic
calcium and therefore change cholesterol transporters expression, leading to enhanced
cholesterol efflux and reduced cholesterol uptake into vascular smooth muscle cells,

which lowered the major risk factor in the pathogenesis of atherosclerosis.

Anti-obesity (Weight reduction)

Consumption of chili peppers is known to increase the energy expenditure. And capsaicin
as an active component in chili peppers has been proved to have thermogenic and
anti-obesity properties (64-67). Reinbach et al. studied the effects of capsaicin on appetite,
energy intake, body weight and heart rate in humans for six weeks (64). Results
suggested that capsaicin could reduce the energy intake as well as help weight loss by

relatively suppressing hunger and sustaining satiety.

To understand the mechanism underlying the weight reduction effect, Joo et al. fed the
rats on a high fat diet with capsaicin and performed proteomic analysis to elucidate its
molecular action in white adipose tissue (67). Results revealed that proteins related with
lipid metabolism, redox regulations, and signal and energy transduction were
significantly altered on the treatment of capsaicin, suggesting possible mechanism of

anti-obesity effect of capsaicin.
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Therefore, beneficial biofunctions of capsaicinoids have been reported with respect to
anti-inflammation, anti-cancer, analgesic, cardioprotective, anti-oxidation and
anti-obesity activities, which mainly function through activating the transient receptor
potential vanilloid (TRPV) superfamily of cation-channel receptors (36, 57). However,
direct ingestion of capsaicin can be lethal at a certain amount. Oral LD50 values of
capsaicin are 161.2 mg/kg for rats and 118.8 mg/kg for mice. To alleviate its gastric
mucosa irritation effects, many encapsulation methods have been employed with

enhanced stability, bioaccesbility and bioavailability (68-70)

EXTRACTION METHODS

Various extraction methods of capsaicinoids from hot peppers have been developed
during the past few decades. When designing an extraction process, the first step is the
selection of appropriate solvent that can result in a high yield of desired compound.
Among all solvents that have been used for extracting capsaicinoids, methanol, ethanol,
acetonitrile and water are most common (77). In addition to the solvent selection
procedure, there are many other influencing parameters to be considered in order to
achieve high extraction efficiency, such as the temperature, extraction time, volume of
solvent, quantity of sample, the repeatability and reproducibility of the methods. The
extraction techniques that have widely been employed by researches include maceration
(72), magnetic stirring (73), enzymatic extraction (74), microwave- (75) and
ultrasound-assisted extraction (76), Soxhlet (77), supercritical fluid (78) and pressured

liquids extraction (79). In this section, common extraction methods for capsaicinoids
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have are reviewed and discussed.

Enzymatic treatment

Enzymatic processes have been proposed to increase yield and selectivity during
extraction from fruits (80). In a study conducted by Santamaria et al, various
commercially available enzymes were used to soften the tissues in Capsicum peppers and
increase the extraction yield by 7%, with the final recovery of 80% of capsaicinoids (74).
Enzymes used in this research include Olivex (mainly pectinase), Celluclast (mainly
cellulase), Viscozyme L (mainly carbohydrase), and Peczyme 5XAL (mainly pectin
esterase and arabanase). The treatment took place at 50 °C, required 7 h of agitation in a
rotary shaker at 120 rpm, and the ratio of chili powder to water was 1:50. Later, a similar
treatment method was adopted by Desikacharya et al. using Extrazyme (mainly pectinase
and multiple carbohydrases) and Energex (mainly glucanase), which increased
capsaicinoid extraction yield by 32% (&17). In this case, the temperature was controlled at
37 °C for 12 h, and the ratio of chili powder to water was 1:1. Based on the treatment
methods stated above, Salgado-Roman et al proposed a noncommercial enzymatic
treatment using the enzymatic extracts derived from Rhizopus nigricans (82). After the
enzymatic degradations, the chili fruit was dehydrated in a vacuum oven and later got
milled. Then powdered samples were extracted in a Soxhlet system with tetrahydrofuran
at 60 °C. A higher extraction yield above 85% was achieved for capsaicinoids, which
demonstrated a more potent cellulose activity of this noncommercial enzymatic extract to

soften the cell walls and facilitate the degradation of the cells.
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Ultrasound-assisted extraction (UAE)

The ultrasound-assisted extraction (UAE) technique is effective due to the phenomenon
of cavitation occurring when an ultrasonic wave is passing through the organic solvent,
producing energy to enhance the mixing and penetration of solvent into the sample
matrix (76). The application of UAE provides many advantages, such as the reduction of
solvents, temperature and time for extraction, which is very important for the extraction

of thermolabile and unstable compounds (§3).

Barbero et al have developed a rapid and reproducible UAE method for capsaicinoids
from three varieties of peppers in Spain using 25 mL of methanol as solvent at a
temperature of 50 °C for 10 min (/). The quantificative analysis using HPLC is listed in

Table 5.

Soxhlet extraction (SOX)

The soxhlet process is a traditional method that is widely applied to extract the oil from
organic matrix, which is used when the desired compound has limited solubility in a
solvent while the impurities are insoluble in this solvent (77). Bajer et al. extracted
capsaicinoids from many chili samples using SOX method with methanol as solvent and
an extraction time of 2 h (84). The extraction result is listed in Table 5. Same SOX
method was used in a study by Liu ef al. (85), in which extraction of 1.0 g of Capsicum

annuum sample was performed with 50 mL methanol for 2 h. Though SOX is the
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conventional method for extraction, it has disadvantages such as relative longer
extraction time, higher energy consumptions and lower yields of capsaicinoids compared

with other extraction methods, such as UAE, MAE and PLE.

Supercritical fluid extraction (SFE)

Supercritical fluids are substances at pressures and temperatures above their critical
values, which are strong solvents for non-polar compounds (86). After pressure is
adjusted to ambient pressure, the supercritical fluids will return to the gas phase and
evaporate without leaving solvent residues. Supercritical fluids extraction (SFE) has been
used as an alternative to traditional extraction method during extraction of bioactive
compounds with the advantage of moderate temperatures, reduced energy consumptions
and high purity extracts (§7). Carbon dioxide CO; is frequently used as the supercritical
solvent for extraction of capsaicinoids due to its low cost, nontoxicity, non-flammability,

inertness and high extraction capacity (78, 88, 89).

Santos et al. (90) extracted capsaicinoids from malagueta pepper (Capsicum frutescens L.)
using SFE assisted with ultrasound with CO, as solvent at pressure, temperature and flow
rate of 15MPa, 40 °C and 1.673x<10™ kg/s, respectively. The enhanced SFE rate was
achieved when ultrasound power was applied at 360 W during 60 min (Table S). Later in
2016, Dias et al. performed a similar SFE test on dedo de moga pepper with (25 MPa,
40 °C, 600W and 80 min) and without (25 MPa, 40 °C) application of ultrasound (§7).
The CO, flow rate was kept constant at 1.7569x10" * kg/s. Results showed that global

yield of SFE was successfully increased. In summary, the application of ultrasound can
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increase the SFE yield of capsaicinoids from peppers, which can work as an alternative

for traditional extraction techniques that use toxic organic solvents.

Pressurized liquids extraction (PLE)

The operation of pressurized liquid extraction (PLE) is often conducted at high
temperature and pressure, enabling high solubility of compound in the solvent while
keeping the solvent below its boiling point, and therefore resulting in a high penetration
of the solvent into the sample matrix (79, 91). Many researches have adopted the PLE
method in the extraction of capsaicinoid from hot peppers (84, 85, 92). Barbero et al.
developed a PLE method with the extraction solvent of water, methanol and ethanol,
temperature of 200 °C and pressure of 100 atm. The result was analyzed by HPLC-MS.
According to an experiment conducted by Liu ef al. (85), three capsaicinoids (C; DHC;
n-DHC) were extracted from dried Capsicum annuum samples through PLE method with
methanol as the solvent; temperature at 100 °C and pressure at 1500 psi, combined with
LC-MS/MS as the quantitative analysis method. Pressurized hot water extraction (PHWE)
method was also used to extract capsaicinoids from ten chili samples following the
procedures reported by Bajer et al (84). In this assay, water was selected as the
environmentally friendly solvent and heated to 200 °C at pressure of 20 MPa. The
quantitative analysis was performed by HPLC-MS. They also compared extraction
efficiency of three capsaicinoids (C, DHC and n-DHC) through different extraction
methods (UAE, MAE, PLE and SOX) and found that highest yields were achieved using

PLE (Table 6).
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Microwave-assisted extraction (MAE)

The technique of microwave-assisted extraction (MAE) is developed through the
combination of microwave and traditional solvent extraction, which applies the energy
generated through microwave radiation to heat the solvents and increase the kinetic of
extraction. MAE has been employed for extraction of capsaicinoids from peppers in
many studies (75, 93, 94). According to Williams et al (75), capsaicinoids yield through
MAE method doubled and extraction time was significantly shortened compared with
traditional reflux and shaking flask extraction methods. MAE conditions for extraction of
capsaicinoids from fresh pepper samples was optimized by Barbero et al (93). In this
study, extraction conditions of 125 °C extraction temperature, 0.5 g triturated pepper in
25 mL solvent (ethanol), 500 W of power and 5 min extraction time was found the
optimum. The authors also compared the extraction efficiency of commonly used
methods such as magnetic stirring, and confirmed that MAE is a much faster method.
Chuichulcherm et al (94) made a comparison of three different extraction techniques
(SOX, MAE and UAE) (Table 7). The amount of capsaicinoids derived from SOX, MAE
and UAE methods at each optimum condition were 5.243, 5.282 and 4.014 mg/g dried
chili, with the extraction time of 300, 20 and 20 min, respectively. The results showed
that MAE method generated highest amount of capsaicinoids with 20 min extraction time
and medium energy consumption, while SOX gave the highest energy consumption with
extraction time of 300 min. The UAE method had the minimum energy consumption per

capsaicinoids and shortest extraction time among three methods.

Table 5. Quantification of capsaicinoids extracted from peppers through different
extraction methods. Capsaicin (C), dihydrocapsaicin (DHC); nordihydrocapsaicin
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(n-DHC); homocapsaicin (h-C); homodihydrocapsaicin (h-DHC). n.d.: not detected;

Method Solvent Conditions Pepper C DHC n-DHC h-C h-DHC Unit Refs
Temp: 50 °C; Cayenne 448 + 28 265+ 15 94+ 6 301 47+2 umol/k
UAE Methanol Time: 10 min; g of | (71)
Pressure: fresh
1 atm (14.696 pepper
psi). Bolilla Redondo | 370 +23 190+ 11 40+3 n.d. 20+1
pepper
Bollila Largo pepper 275+ 17 122+7 25+2 n.d. 14+1
SOX Methanol Time: 2h; Trinidad Scorpion 42.88+0.403 | 18.09+0.16 0.42+0.03 | n.d. n.d. g/kg of | (84)
Pressure: Moruga fruit dried
1 atm (14.696 Yellow Bedder fruit 2.49+ 0.09 2.53 +£0.09 0.29+0.02 | n.d. n.d. ground
psi). Ring of Fire fruit 1.74 +0.06 1.73+0.04 0.51+0.02 | nd. n.d. sample
Jamaican Hot Red | 2.08 +0.08 1.17+0.06 0.20+0.02 | n.d. n.d.
fruit
Yellow Habanero fruit | 0.54 + 0.02 0.41+0.02 0.027+0.01 | n.d. n.d.
Tabasco fruit 3.19£0.03 2.50 +0.09 0.94+0.04 | nd. n.d.
Chiltepin fruit 0.29 +0.02 0.22 +0.02 0.07+£0.01 | n.d. n.d.
Bhut Jolokia spice 8.50 £ 0.07 5.74 £0.05 0.18+£0.02 | n.d. n.d.
Trinidad Scorpion 20.42 +£0.09 12.26 £0.07 0.45+0.02 | nd. n.d.
Moruga spice
Fatalii Red spice 10.64 £0.10 3.06 £ 0.09 0.10£0.01 | n.d. n.d.
Ethyl Time: 6 h; Malagueta pepper | 2.16£0.20 1.20+0.09 0.10£0.01 | n.d. 0.04+0.003 | g/kg of | (90)
acetate Temp: 25°C; (Capsicum fiutescens dried
Dichlorome L) 2.27+0.30 1.22+0.17 0.10+£ 0.015 | n.d. 0.04+ 0.006 | sample
thane
Ethyl ether 1.76 £0.12 0.97 +0.07 0.08+ 0.003 | n.d. 0.03+ 0.006
Hexane 1.88+0.17 1.05+0.09 0.09+ 0.015 | n.d. 0.03+ 0.004
SFE Cvarb.on Temp: 40°C; Dedo de moga pepper | 0.88+0.11 0.37+0.04 0.06+0.01 | 0.04+0.00 | 0.01+0.00 | g/kg of | (87)
dioxide Pressure: raw
25 MPa materia
(3625.94psi) !
Cvarb.on Temp: 40°C; Biguinho peppers (C. | 0.30+0.01 0.075+0.007 | n.d. n.d. n.d. g/l'<g of | (89)
dioxide Pressure: chinense) dried
15 MPa (2175.57 ground
- sample
psi)
Temp: 50°C; Biguinho peppers (C. | 0.22 +.0.001 0.042 +0.001 | n.d. n.d. n.d.
Pressure: chinense)
15 MPa (2175.57
psi)
SFE+US | Carbon Ultrasound power: | Dedo de moga pepper | 0.94 +0.09 0.39+0.04 0.06+0.00 | 0.04+0.00 | 0.01+0.00 | g/kg of | (87)
dioxide 600W; raw
Temp: 40°C; materia
Time: 80 min; 1
Pressure:
25 MPa

(3625.94psi)




29

Carbon Ultrasound power: | Malagueta pepper 193 + 1.01 0.07+ n.d. 0.03 g/ | (90)
dioxide 360W; (Capsicum fiutescens | 0.05 0.03 0.021 +0.003 kg of
Temp: 40°C; L) raw
Time: 60 min; inaterla
Pressure:
15 MPa (2175.57
psi)
PLE Methanol; Temp: 200 °C; Long marble pepper 369.8 +23.3 190.1 +10.9 403+2.7 n.d. 19.7+0.9 umol/’k | (92)
Ethanol; Pressure: g of
Water 10 atm (146.96 Round marble pepper | 2752+ 173 | 1225270 | 25317 | nd. 14507 | fresh
psi) pepper
Methanol Temp: 100 °C; Capsicum annuum | 0.75 0.34 0.13 n.d. n.d. g/kg of | (85)
Pressure: 1500 psi | samples 1.17 0.68 0.14 n.d. n.d. dried
0.73 0.32 0.064 n.d. n.d. pepper
0.56 0.24 0.047 n.d. n.d.
1.49 0.89 0.19 n.d. n.d.
Water Temp: 200 °C; Trinidad Scorpion 46.45 £ 0.41 15.54 +£0.16 0.30+0.02 | n.d. n.d. g/kg of | (84)
Pressure: Moruga fruit dried
20 MPa (2900.75 | Yellow Bedder fruit 3.96 £ 0.09 3.10 £ 0.09 0.50+0.03 | n.d. n.d. ground
psi) Ring of Fire fruit 1.86 £ 0.06 1.82 £0.04 0.61 £0.03 | n.d. n.d. sample
Jamaican Hot Red | 2.55+0.08 1.35+0.05 0.26 £0.02 | n.d. n.d.
fruit
Yellow Habanero fruit | 0.74 +0.03 0.51+0.02 0.02+0.01 | n.d. n.d.
Tabasco fruit 3.94+0.04 2.70 + 0.09 1.07+0.05 | n.d. n.d.
Chiltepin fruit 0.31 +0.02 0.22 +£0.02 0.08+0.01 | n.d. n.d.
Bhut Jolokia spice 9.13+£0.08 4.83 +£0.08 0.22+0.02 | nd. n.d.
Trinidad Scorpion 20.26 £0.21 10.57 +0.10 0.52+0.03 | n.d. n.d.
Moruga spice
Fatalii Red spice 12.40 £0.10 3.12+0.09 0.14+0.01 | nd. n.d.
MAE Ethanol Temp: 125°C: Cayenne 451.6+32.8 265.4+18.1 93.8+6.6 29.6+1.7 469+2.4 pmol/kf (93)
Time: 5 min % h 0
Pressure: Long marble pepper | 378.8+243 | 1856+ 103 | 403+27 | nd 189+08 r:S -
1 atm (14.696 psi) pepp
Round marble pepper | 265.2+16.8 132.4+ 8.0 232+14 nd 153+0.6

Table 6. Extraction efficiency (%) of capsaicinoids from Capsicum annuum sample using

different extraction methods (26) Capsaicin (C), dihydrocapsaicin (DHC);
nordihydrocapsaicin (n-DHC).

Extraction method | C DHC n-DHC

UAE 85.26 + 1.35 89.46 + 1.31 86.72 + 1.31

MAE 86.36 £ 1.12 88.26 + 1.21 87.46 +1.27

PLE 98.31 +1.46 9727 +1.13 9791+ 1.05

SOX 88.31 +1.03 87.32+1.22 1.13
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Table 7. Energy consumption to capsaicinoids ratio of Capsicum frutescens Linn using
different extraction methods. (37)

Extract | Extracti | Energy Capsaicinoid Energy consumption per
ion on time | Consumption (mg/g dried | capsaicinoid (kJ/mg)
method | (min) (KJ) chili)

UAE 20 102 4.014 25.411

MAE | 20 384 5.282 72.700

SOX 300 21600 5.243 4119.779

BIOAVAILABILITY OF CAPSAICINOIDS

Absorption and Metabolism

The absorption, distribution, metabolism and elimination of capsaicinoids (mainly
capsaicin and dihydrocapsaicin) have been reported for a long time (95-99). According to
Kawada et al (99), about 85% capsaicin and dihydrocapsaicin were rapidly absorbed
from stomach and small intestine after administration in male Wistar rats. The
absorbance efficiency of 1mM capsaicin in stomach, jejunum and ileum was 50%, 80%
and 70%, respectively; indicating that absorption of capsaicin was higher in the small
intestine than in the stomach. They suggested that a small amount of dihydrocapsaicin
was hydrolyzed to vanillylamine and 8-methyl nonanoic acid when passing through the
epithelial cells of the jejunum after absorption. The majority of capsaicin and
dihydrocapsaicin were metabolized in the liver after being transported via the hepatic

portal vein. In a similar study, Donnerer et al.(95) examined the metabolism and



31

absorption of capsaicinoids in the anaesthetized male Sprague-Dawley rats through
intragastric administration. They reported that capsaicin and dihydrocapsaicin were
almost completely metabolized in the liver before entering the systematic and general
circulation. Recently, Kuzma et al (96) analyzed the intestinal absorption and metabolism
of capsaicinoids in male Wistar rats using ex vivo perfusion of standard Capsicum
extraction through proximal jejunum. Results showed that capsaicinoids were fast
absorbed in jejunum and metabolized into capsaicin glucuronide and dihydrocapsaicin
glucuronide by the UDP-glucuronyltransferse (UGT) enzymes, which were then excreted
back into the intestinal lumen. While hepatic metabolism of capsaicin and
dihydrocapsaicin had been illustrated in previous studies, this study reported for the first

time the detailed intestinal metabolism of two capsaicinoids.

The hepatic metabolism of capsaicin was described in a work by Chanda et al (/00), in
which the biotransformation of capsaicin in rat, dog, and human hepatic microsomes and
S9 fractions was examined. 5 primary metabolites were detected after incubations. Major
side chain-hydroxylated metabolites of capsaicin included 16-hydroxycapsaicin and
17-hydroxycapsaicin. 16,17-dehydrocapsaicin was produced by oxidation of capsaicin or
dehydration of the hydroxylated metabolites. Vanillylamine was generated by hydrolysis
of the amide bond of capsaicin, part of which was further metabolized to form vanillin.
Metabolism of capsaicinoids by cytochrome p450 enzymes was also reported by Reilly et
al (101, 102). 5,5-capsaicin, part of which was further metablized were also capable of

oxidizing capsaicin to produce free radical intermediates.
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The in-vitro and in-vivo metabolism of dihydrocapsaicin in rats was studied by Kawada
et al. (99). 48 hours after the oral administration of dihydrocapsaicin in male Wistar rats
at a dose of 20 mg/kg body weight, the unchanged dihydrocapsaicin (8.7% of total dose)
and its metabolites were detected in urine, which included vanillylamine (4.7%), vanillin
(4.6%), wvanillyl alcohol (37.6%) and vanillic acid (19.2%). In addition, 10% of
unchanged dihydrocapsaicin was also identified in feces. The in vitro study was
performed  using  cell-free  extracts of rat liver, which  contained
dihydrocapsaicin-hydrolyzing enzymes to transform dihydrocapsaicin to vanillylamine
and 8-methyl nonanoic acid. The vanillylamine was further transformed to vanillin in

Situ.

The pharmacokinetics study of capsaicin in human subjects has also been studied and
evaluated. When taken orally, capsaicin is absorbed in stomach and whole intestine, and
metabolized in liver. The absorption and first-pass metabolism of capsaicin after oral

administration in humans is demonstrated in Figure 6 (A).

In 2009, Chaiyasit et al, investigated the human pharmacokinetics of orally
administrated Capsicum frutescens, which contains 26.6 mg of pure capsaicin (/03). He
reported that the peak plasma concentration of capsaicin was 2.47 + 0.13 ng/ml, half-life
t12 was 24.9 = 5.0 min. Ty was 47.1 + 2.0 min, which was in correspondence to the Tpax

in rats (0.75 = 0.35 h) as was shown in Table 8.
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Figure 6. (A) Absorption and first-pass metabolism of capsaicin after oral application in
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humans; (B) Proposed biotransformation pathway for capsaicin after first-pass
metabolism in liver

Tissue distribution and elimination

The study of in vivo tissue distribution and subsequent elimination after oral
administration of capsaicin to Wistar male albino rats (30 mg/kg of body weight) were
carried out by Suresh et al (98). During each time internal at 1 h, 3 h, 6 h, 1d,2d, 4d
and 8 d following the oral gavage of capsaicin, six rats were sacrificed and serum were
separated from blood samples for HPLC analysis. Liver, kidney and intestine were
excised for distribution study. Urine and faecal samples were collected for elimination
study. According to the tissue distribution result in Table 8, the highest concentration
was shown at 1 h in blood and intestine, 3 h in liver and 6 h in kidney. The total
concentration of 24.4% of administered capsaicin was seen after 1 h, which was reduced
to 1.24 % in 24 h and 0.057 % in 48 h. After 96 h, no capsaicin was detected in all

tissues.

The elimination result of orally administered capsaicin is shown in Table 9. Within 4
days, the amount of capsaicin excreted in faeces and urine was 6.34 % and 0.095%,
respectively. Therefore, about 94% of capsaicin was absorbed through oral administration.
After 5 days, no capsaicin was detected in urine and faeces. This result was consistent
with previous bioavailability study (99), which proved that 85% of capsaicinoids were

quickly absorbed from the GI tract following oral administration .
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Table 8. Tissue distribution of orally administered capsaicin in rats at dosage of 30
mg/kg body weight (n = 6) (98).

Time Serum Blood Liver Kidney Intestine

(h) (pg/ml) (pg/total (ug  /whole | (ng/whole (ng/whole
blood) tissue) tissue) tissue)

1 1.90+£0.18 | 11.11 +|24.7+2.1 3.61£0.32 1057.0 = 157.0
1.05

3 1.47+0.09 |8.59+0.53 |44.7+3.37 5.71+£0.33 700.2 +£42.2

6 093+0.10 |4.85+0.59 | 14.8+1.50 6.73 £ 0.45 249.3 £24.0

24 0.05+0.01 |0.29+0.06 |8.71+2.55 3.35+0.45 43.5+3.75

48 0.006 + 1 0.035 + | 0.60 +0.03 0.48 £0.09 1.14+£0.21

0.001 0.006
96 0.00 0.00 0.045 +0.005 | 0.00 0.72 +£0.01
192 0.00 0.00 0.00 0.00 0.00

Table 9. Elimination of orally administered capsaicin in rats at dosage of 30 mg/kg body

weight (n = 6) (99).

Day Feces Urine
1 174.0+11.3 4.05+0.45
2 99.8 +5.03 0.225 +£0.035
3 11.3+1.25 0
4 0.375+0.032 0
5 0 0
Total 285.5 4.275
(6.34% of administered dose) (0.095% of administered dose)
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ENCAPSULATION METHODS FOR CAPSAICIN

Encapsulation is a process to entrap different amount of active agents within a thin film
of polymer that forms a solid wall (104, 105). The encapsulation of capsaicin not only
provides a better control release property than coarse compound, but also relieves the
irritation by preventing the direct contact between capsaicin and human skin, oral and
gastric mucosa. Currently, capsaicin content during topical application is either 0.025%
or 0.075% within the cream, patch or gels. The research advances concerning the

encapsulation of capsaicin are discussed in this section.

Encapsulated capsaicin for transdermal delivery systems

Dermal and transdermal applications played an important role in the delivery of drugs.
According to statistics, approximately 33% of drugs in clinical trials were designed for
topical applications (106, 107). Transdermal delivery systems for capsaicin was proved to
have several advantages over oral delivery systems because of the reduction in abdominal
irritations, avoidance of first-pass metabolism in liver and increase in the solubility as a
lipophilic drug (/08). Delivery systems of capsaicin for skin penetration had been
investigated in formulations such as gels, lipid vesicles, microemulsions, nanoemulsions

and nanocapsules.

Formulated gels

Cubic phase gels containing capsaicin were designed by Peng et al. (109) using glycerol
monooleate (MO), propylene glycol (1,2-propanediol, PG) and water with capsaicin

concentration of 2.5mg/g. The internal structure and transdermal control-release
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mechanisms of cubic phase gels were investigated, indicating that sustained capsaicin
release relied on the water migration through water channels and drug diffusion within
the swelling matric system simultaneously. This capsaicin encapsulated cubic phase gel
could be applied to pain relief after incision with an enhanced skin penetration and
continued release of drug reaching the target site.

Hydrogels were produced and found to possess control-release property, tissue
compatibility and permeability by Kim et al. (110). Nanoencapsulated capsaicin
hydrogels were later designed using various kinds of polymers, for example, chitosan,
Pluronic F-127 and carboxymethyl cellulose, etc (711, 112), which presented a reduced
in vivo skin irritation and enhanced in vitro skin permeation compared with
commercialized capsaicin formulations, indicating that those capsaicin hydrogels had the
potential to be further developed into drugs with sustained release properties during

topical application.

In order to find out the proper percentage of capsaicin within hydrogels that was both
safe and efficient for patients during topical therapy, researchers tried and evaluated
various capsaicin concentrations in recent years. Brodsky et al. (113) conducted a
randomized, double-blind and placebo-controlled experiment on the efficacy of 0.1%
capsaicin hydrogel patch in alleviation of chronic myofascial neck pain. According to the
result, although the difference between capsaicin group and placebo group was not
obvious, application of 0.1% capsaicin hydrogel patch did relieve the neck pain
effectively. In addition, the capsaicin content in treatment of painful diabetic neuropathy

(PDN) was also studied by various scholars. Previous researches on the concentration of
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0.075% demonstrated moderate efficacy for PDN with burning sensation. Kulkantrakorn
et al. (114) tried a capsaicin content of 0.025%, which was later proved to be safe and
well tolerated for patients with PDN. However, no analgesic effect could be observed in

this clinical trial.

Organolgels containing 0.05% capsaicin were explored by Allen Jr (/175). Ketamine HCI,
ethanol, lecithin and Pluronic F127 20% gels were added and used as anesthetic,
antimicrobial preservative, emollient and solubilizing agent, separately. Finally, all
ingredients got thoroughly mixed using a shear-mixing technique. This type of organogel

applies to relieving orofacial neuropathic pain.

Lipid vesicles

Capsaicin-loaded flexible membrane vesicles (FMVs) and liposomes were prepared using
thin-film hydration method by K. Raza et al. for the study of topical delivery of capsaicin
(116). Physiochemical characters of two formulations were evaluated in transmittance,
entrapment efficiency, deformability, stability, skin permeation and compatibility, and
pharmacodynamics efc. Results showed that even though both vesicles had lower skin
penetration than conventional formulations, the analgesic effect was enhanced and skin

irritation was reduced.

Analogous to liposomes, noisomes had closed bilayer structures that were formed
through the self-assembly of nonionic amphiphiles in aqueous media (/17).

Capsaicin-loaded niosomal formulations were prepared by Tavano et al. using Tween 80
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and Span 80 with certain HLB values (//8). Noisomes were in the size range of
162-576nm and encapsulation efficiency (EE) range of 39.42- 86.71%. The diameter
increased with surfactant hydrophilicity and formulations’ surface energy; and EE was
dependent on the ratio between surfactant. Therefore, results indicated that niosomes

could be used to promote the transdermal delivery of capsaicin.

Besides liposomes and niosomes, solid-lipid nanoparticles were also exploited as
potential drug carrier systems. Desai et al. designed a novel biodegradable lipid-polymer
hybrid nanoparticle, encapsulating capsaicin and anti-TNFa siRNA (siTNFa), both of
which are anti-inflammation agents, to treat chronic skin inflammatory diseases (//9).
Enhanced skin permeation was observed by using fluorescently labeled siRNA.
Moreover, both capsaicin and siTNFa were successfully delivered to the deeper dermal
milieu. Similar efficacy was achieved by another capsaicin-loaded nano-lipidal carrier
(NLCs) (120), illustrating that solid-lipid nanoparticles could be a new pharmaceutical

delivery system with a wide application spectrum.

Microemulsions and nanoemulsions

Microemulsions were homogenous liquid mixtures of water, oil and surfactant, frequently
with a cosurfactant. As amphiphilic compounds, surfactants could enhance the skin
permeation during dermal and transdermal delivery of microemulsions. Different 0.75%
capsaicin microemulsion formulations were prepared using water, ethanol, isopropyl
myristate, Tween 80 and Span 80 with different HLB values ranging from 10-14 (/18). In
vitro Franz diffusion cells that were used to explore the percutaneous permeation

demonstrated that capsaicin microemulsions had an enhanced transdermal delivery
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compared with conventional drugs, which was partly affected by HLB values and ratios
of Tween 80/Span 80. Similarly, another capsaicin microemulsion was made using

soybean oil as the oil phase, a mixture of water and glycerol as liquid phase, Span 80 as

surfactant and ethanol as cosurfactant (/2/). The microemulsion system was proved to

be an efficient vehicle for topical application of capsaicin.

Compared with microemulsions, nanoemulsion system had much smaller particle sizes,
better solubilization for hydrophobic compounds, higher thermodynamic stability and
skin penetration ability (/08, 122). Jee Hye Kim, et al. developed a capsaicin o/w
nanoemulsion using Tween 80 and Span 80 as surfactant and water as liquid phase (/23).
Skin penetration experiments were conducted using Franz diffusion cells, which showed
that capsaicin nanoemulsion with a droplet size of 62.98 nm could successfully penetrate

all skin layers from the stratum corneum to the dermis.

Coacervation method based nanocapsules

A simple coacervation method for encapsulation of capsaicin was established by Wang,
et al. (105). During the process, gelatin was used as the wall material and glutaraldehyde
as a cross-linking reagent. The physiochemical properties of formulated nanocapsule
were evaluated, demonstrating an improved melting point and thermal stability. Besides,
the mean particle size was controlled at around 100 nm. The successful synthesis of
capsaicin nanoparticles could be mainly attributed to the cross-linking reaction between
gelatin and glutaraldehyde, which resulted in the formation of nanocapsule shell. Apart

from that, the process conditions, such as high shearing force, low gelatin viscosity and
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addition of tannins, also helped in the formation of the nanocapsule. Later on, this
technique was developed into a complex coacervation method by synthesizing the gelatin
and acacia to form a shell for capsaicin encapsulation (/24). Compared with the simple
coacervation method, the addition of acacia improved the interfacial activity and
controlled release property of nanocapsulated drug. This technique was also expected to

reduce the irritation, enhance the biocompatibility and biodegradation of capsaicin.

Encapsulated capsaicin for oral administration

Oral administration for food and drugs was the most traditional and widely used method
due to its convenience and high bioavailability. However, direct oral ingestion of
capsaicin would provoke irritations to the stomach, such as abdominal pain and burning
diarrhea owing to its intensely pungent flavor. Therefore, encapsulation methods for oral
delivery of capsaicin were developed to not only reduce the irritation, but also ensure the

high bioavailability.

Liposomes, micelles and colloidal nanocapsules

In 2014, a capsaicin-loaded liposome was successfully prepared by Zhu et.al. using
cholesterol, sodium cholate and isopropyl myristate with particle sizes ranging from
50-60 nm (/25) with the highest loading of 15 mg'mL™". This formulated liposome
demonstrated an improved solubility, stability and dissolution rate as well as relieved
gastric mucosa irritation caused by capsaicin in rats. The alleviation in the irritation was

mainly due to the high EE (81.9 +2.43 %), which prevented the immediate contact
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between capsaicin and the gastric mucosa. Finally, the liposomal nanoformulation was
proved to have an advanced oral bioavailability for capsaicin oral administration, which

would also be a promising delivery system for poorly water-soluble drugs.

Different to liposomes that had lipid bilayer structures, micelles were closed lipid
monolayers with a hydrophilic head in contact with water and hydrophobic tail in the
interior. Zhu et al. later designed a mixed polymeric micelle using a thin-film dispersion
method (/26). This capsaicin-loaded micelle was composed of polyvinylpyrrol- idone
(PVP)/sodium cholate/phospholipid mixed micellar system with the capsaicin content
around 3.70 mg/mL, EE around 92.3% and particle sizes below 50 nm. The irritation test
proved that the nanoformulation had reduced the irritation of capsaicin due to high EE,
which prevented its adherence to gastric mucosa. More importantly, the in vivo
bioavailability study revealed that formulated micelles had enhanced the oral
bioavailability of capsaicin due to reduced particle sizes and increased solubility in
gastrointestinal tract. Consequently, this nanoformulated micelle demonstrated an

improved oral bioavailability and reduced irritation on gastric mucosa.

Goycoolea et al. designed a novel colloidal capsaicin nanocapsule containing an oily core
of lecithin and hydrophilic shell of chitosan for transmucosal drug delivery with the EE
of 72-96% and particle size of 150-200nm (/27). By studying the biophysical properties
and colloidal stability, they concluded that both the molecular weight and the degree of
N-acetylation affected the EE of capsaicin. Besides, the major forces to incorporate the

chitosan to the capsaicin nanoparticles were electrostatic attractions between —NH>"
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groups in chitosan and phospholipidic heads of lecithin, as well as hydrophobic
interactions between hydrophobic parts of polysaccharide and lipid. This formulation
could be utilized as a nanocarrier for transport of capsaicin both in vitro and in vivo, as

well as a regulator for TRPV receptors in body tissues.

Microemulsions and Nanoemulsions

A capsaicin-containing microemulsion with the concentration of 8 mg/mL was developed
by Zhu, et al in 2014 (128), which was prepared by dissolving capsaicin into
medium-chain triglycerides (oil phase) and Cremophor EL. After addition of absolute
ethanol as cosurfactant, water was added to the mixture under agitation until a clear and
transparent system was achieved. This microemulsion had demonstrated an enhanced
stability, higher dissolution rate as well as significantly increased oral bioavailability
through pharmacokinetic study. In the meantime, reduced gastric mucosa irritation was
also observed in rats compared with free capsaicin after oral administration. Therefore,
this formulation was effective in orally carrying capsaicin into the digestive system with

less irritation to stomach.

In addition to microemulsions, nanoemulsion delivery systems had also been widely used
to enhance the oral bioavailability of lipophilic compounds in the food and
pharmaceutical industry, which were often prepared by high-pressure valve
homogenizers or microfluidizers (/29). Double and triple-layer nanoemulsions were
prepared through self-assembly emulsification method (/30). By adding alginate and
chitosan into single-layer capsaicin nanoemulsions, double-layer nanoemulsions were

made. And the triple-layer emulsions were formed based on the electrostatic interactions
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between the carboxylic groups of alginate and the amine groups of chitosan. The particle
sizes of the nanoemulsions that contained alginate and chitosan were 20 nm or smaller.
Physiochemical characterizations demonstrated that this capsaicin-loaded emulsion
system had reduced particle sizes and enhanced stability compared with other food
delivery systems. A pharmacokinetics study was conducted using rats (/8). And results
demonstrated that nanoemulsions had a relative bioavailability of 131.7 times higher than

unformulated capsaicin emulsion with prolonged half-life and decreased distribution.

Nanoparticles

A biodegradable polymeric vehicle for oral delivery of capsaicin was made through
CAP-containing methoxy poly (ethylene glycol)-poly (e-caprolactone) nanoparticles
(CAP/NPs) (131). Characterization results showed that this nanoparticle had small size of
82.54£0.51 nm, high drug-loading capacity and stability. After oral administration in rats,
there was an increased amount of capsaicin detected in the serum compared with the raw
capsaicin suspension. Apart from that, the irritation in gastric mucosa was significantly
reduced. The capsaicin nanoparticles showed an increased bioavailability through oral

delivery.

SUMMARY

In this brief review, common extraction methods for capsaicinoids were examined,
including enzymatic pretreatment, UAE, SOX, PLE, SFE and MAE. Recently, combined

methods have been developed to further enhance the extraction yields of capsaicinoids
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and reduce the energy consumption, such as SFE assisted by ultrasound, and

multiple-stage extraction methods, etc.

Bioavailability of capsaicinoids were reviewed and explained. After oral administration,
capsaicin and dihydrocapsaicin are absorbed in the GI tract and almost completely
metabolized in the liver. Biological studies have shown that capsaicinoids has
anti-inflammation, anti-cancer, anti-oxidation, pain-relief, cardioprotective and
anti-obesity effect. Therefore, these nutraceuticals can be further developed into
multi-functional foods with great potential in the food industry. However, how to reduce
the extreme pungency and enhance the bioavailability of capsaicinoids should be a major

focus in the future work.
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CHAPTER II. FABRICATION OF QUERCETIN-LOADED

NANOFORMULATIONS THROUGH WET-MILLING PROCESS
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PROJECT TITLE: IMPROVING QUERCETIN DISSOLUTION AND
BIOACCESSIBILITY THROUGH WET-MILLING TECHNIQUE

ABSTRACT

Quercetin (QC) is a common bioflavonoid with very low water solubility and dispersity,
which limits its oral bioavailability and beneficial functions in vivo. In order to overcome
these drawbacks, the wet-milling technology was used to disintegrate micron-sized QC
crystals into nanoparticles. Hydrophobically modified starch (HMS) was added to the
formulation in the same ratio of QC dihydrates before processing, which acted as the
stabilizer to prevent the agglomeration of the particles. Then nanodispersions were
spray-dried and freeze-dried separately after wet milling. The physicochemical
characteristics of formulated QC were measured through Dynamic Light Scattering
(DLS), Fourier Transform Infrared Spectroscopy (FTIR), Dissolution Test and Powder
X-ray Diffraction (PXRD). In addition, a TNO gastro-Intestinal Model (TIM-1) was
utilized to show the improved in vitro bioaccessibility of QC formulation compared with
unformulated suspension. This study suggested that wet-milling technique combined with

spray-drying or freeze-drying treatment would be an excellent processing method for the
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development of QC-based functional food products with enhanced solubility, dissolution

and bioaccessibility.

INTRODUCTION

Flavonoids were polyphenolic compounds rich in fruits, vegetables and plant-derived
beverages such as tea and red wine (26). Quercetin (QC, 3,3',4",5,7-pentahydroxyflavone)
as one of abundantly consumed flavonoid had been reported to have many biological
activities, including antioxidative (27), anticarcinogenic (28), anti-arthritic (29),
anti-inflammatory, anti-proliferative and anti-atherosclerotic effects (30). However, the
poor water solubility of QC limits its bioavailability. In order to improve this situation,
researchers attempted various encapsulation methods to increase its dissolution rate.
According to Kakran (2), QC nanocrystals have been fabricated by means of three
methods, including high-pressure homogenization, wet bead milling, and
cavi-precipitation. The smallest nanocrystals were fabricated by wet bead milling with a
saturation solubility of 25.59 + 1.11 pg/mL, about nine times higher than coarse QC.
Niwa (3) also reported that the technique of wet-milling and spray & freeze-drying
processes could enhance the dissolution for poorly water-soluble drugs. In addition,
hydrophobically modified starch (HMS), which was synthesized from waxy maize and
n-octenyl succinic anhydride (n-OSA), is widely used as wall material to encapsulate
flavors in spray-drying process (/32). Therefore, in this research, HMS was added as a
stabilizer to prepare the QC formulation. Then the combination of wet-milling technique
and different drying methods in processing QC formulations was studied. The
formulated QC nanoparticles were proven to have an increased water solubility, enhanced

rate of dissolution and increased bioaccessibility.
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MATERIALS AND METHODS

Materials.

Quercetin dehydrate (purity 85%) was purchased from VWR Scientific (Seattle, WA,
USA). Hydrophobically modified starch (HMS) with the brand name of Hi-Cap 100 was
obtained from National Starch and Chemical Company (Bridgewater, NJ, USA). HPLC
grade-methanol and acetonitrile were purchased from Sigma-Aldrich Company (St. Louis,

MO, USA). Milli-Q water (18.3 MQ) was used in all experiments.

Hydrophobically modified starch (HMS)

Hydrophobically modified starch (HMS) is synthesized from waxy maize and n-octenyl
succinic anhydride (n-OSA). It is widely used as wall material to encapsulate flavors in

spray-drying process (/32). Its chemical structure can be found in Figure 7.

Therefore, in this research, HMS was added as a stabilizer to prepare the QC formulation.
Then the combination of wet-milling technique and different drying methods in
processing QC formulations was studied. The formulated QC nanoparticles were
proven to have increased water solubility, enhanced rate of dissolution and increased

bioaccessibility.
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starch

Figure 7. Chemical structure of hydrophobically modified starch.

Preparation of formulated QC Microdispersions.

QC micro-sized formulations were prepared by dispersing 15 g of QC dehydrate and 15 g
of HMS in 300 mL-deionized water. The suspension was under agitation overnight at

room temperature.
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Wet-milling Processing.

This high-shear beads milling machine is developed by the company NanoSystems
(Collegeville, USA). The media mill consists of milling chamber, milling shaft and
recirculation chamber as depicted in Figure 8. The milling media is composed of glass,
zirconium oxide or highly cross-linked polystyrene resin. As the mill starts to run, the
drug, stabilizer and milling media rotate at a very high sheer rate, producing excessive
energy and sheer forces to disintegrate microparticulate drug into nano-sized particles. A

cooling system is attached to the recirculation chamber to control the temperature.

This wet-milling technique is efficient in producing uniformed particle sizes in nano scale,
as well as prevents the agglomeration and precipitations by processing at a liquid

environment (i.e. water, buffer solutions, etc.).
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Figure 8. A schematic representation of wet milling process

The formulated QC suspension was fed to a milling chamber before being milled. The

wet-milling machine (MiniCer, NETZSCH-Feinmahltechnik GmbH, Staufen, Germany)

was used in this research to disintegrate the microsized QC crystals into nanoparticles.

During the milling process, Yttrium-stabilized zirconium oxide grinding beads with a

diameter of 0.8-1.0 mm performed as the milling media. As the mill started running, the

formulation was under agitation of grinding beads at the speed of 3100 rpm and recycled

by a pump at the speed of 100 rpm. The milling temperature was controlled at 20 °C by a

cooling system. Samples were collected every 5 minutes for particle size analysis.



52

Spray-drying.

150 mL of wet-milled QC nanodispersions were spray-dried in the model Pulvis GB22
fluid bed spray dryer (Yamato, Santa Clara, CA). The drier conditions were: drying air
flow 0.43-0.45 m’/min, inlet temperature 110 °C; outlet temperature 200 °C; air pressure
6 bar; aspirator 100%. Each preparation was carried out in triplicate (/33). All

spray-dried QC powders were then collected from the filter chamber and stored at 4 °C.

Freeze-drying.

The remaining 150 mL of wet-milled QC nanodispersions were frozen overnight and
freeze-dried using the freeze dryer (Freezone 4.5, Labconco, Kansas City, MO, USA),
open to the system and under vacuum until all moisture was removed and a dry solid
mass remained (/34). Then dried powders were stored in 50 mL sterile centrifuge tubes

at 4 °C until further evaluation.

CHARACTERIZATION
Particle Size Measurements

The particle size of the wet-milled QC dispersions were measure by dynamic light
scattering particle size analyzer (Model 90 Plus, Brookhaven Instrument Corp., Holtsville,

NY, USA) at a fixed scattering angle of 90° and temperature of 25.0 °C. Each time, 5 puLL



53

of dispersed samples were collected from the recirculation chamber during the
wet-milling process within a certain time interval and diluted by 5 mL distilled water. All

samples were measured in triplicate to ensure accuracy.

Fourier-Transform Infrared Spectroscopy (FT-IR)

Infrared absorption spectra of pure QC, HMS and formulated QC powders were recorded
using a Thermo Nicolet Nexus 670 FT-IR system with attenuated total reflection set-up
(ATR-FTIR) (Thermo Fisher Scientific, Waltham, MA, USA) (/35). Absorption spectra
at a resolution of one data point every 4 cm™ were obtained in the region between 4000
and 600 cm™ using a clean crystal as the background. 512 repeated scans for each sample
were collected. All experiments were carried out at room temperature. The absorption
spectra were averaged and smoothed, and their baselines were calibrated with the Spectra

Manager software. The ATR crystals were cleaned with organic solvent (acetone).

Loading Capacity

20 mg of QC-loaded formulation powders were dissolved in 10 ml methanol and diluted
by 10 times. Then the dispersion was filtered by a 0.45 um filter and the drug
concentration was measured using HPLC at 370 nm. Absorbance values of the solution

were used to calculate the drug-loading capacity according to the following formulae

(136):
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Total mass of QC in the formulation

% Loading Capacity = X 100% .

Total mass of the formulation

Solubility Studies

The solubility of QC formulations in Milli-Q water was determined by using an
incubating orbital shaker (VWR Scientific, Cornelius, OR, USA). Saturated solutions of
QC formulation were prepared by dispersing an excessive amount of formulated QC
powders into distilled water. Then solutions were collected into 40 ml capped vials to
avoid evaporation and shaken at 25 °C for 1 day. After the equilibrium was reached,
suspensions were filtered through a 0.45 pm filter and analyzed by HPLC. Experiments

were carried out in triplicate.

Dissolution Studies

The dissolution rates of pure QC dihydrate powders, wet-milled pure QC dihydrate
powders, QC/HMS (1:1) physical mixtures and wet-milled QC formulations were
measured using flow-through cell USP apparatus 4 (SOTAX Corporation, Westborough,
MA, USA). 10 mg of powdered samples were introduced into the dissolution medium
containing 400 mL of DI water at 37+0.5 °C at a speed of 3 mL/min. Samples were
collected from the reservoir every 5 min within an hour and analyzed through HPLC at

370 nm. All studies were carried out in triplicate.
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X-ray Diffraction on Powder (PXRD)

The X-ray diffraction patterns of pure QC, spray-dried QC and freeze-dried QC were
analyzed using a D/M-2200T X-ray powder diffractometer (Ultima+, Rigaku) with nickel
filtered Cu Ko radiation (A=1.54056 A). The scanned radiation was detected in the
angular range of 5° to 40° (20) with a step of 0.02° (20) per second. Graphite

monochromator was used and the generator power settings were at 40 kV and 40 mA

(137).

TNO intestinal model (TIM-1)

The dynamic, computer-controlled in vitro gastrointestinal model TIM-1 (TNO, Zeist,
The Netherlands) was used to mimic the human upper gastrointestinal tract using four
compartments, which are stomach, duodenum, jejunum, and ileum (738, 739). The
temperature of water, pH conditions and secretion of digestive fluids are controlled by

computer programs to resemble the human physiological gastrointestinal conditions.

Figure 9 shows a schematic representation of TIM-1 system. As can be seen from this
figure, the top compartment represents stomach, where the sample solutions can be
injected and mixed with gastric acid, lipase and pepsin. The following section is the small
intestine divided into 3 parts: duodenum, jejunum, and ileum, where the sodium
bicarbonate (NaHCO3) is secreted to neutralize the pH, and bile & pancreatic enzymes
are added to digest the fat, carbohydrate and proteins. At the end of this system (H), the

undigested components are collected as efflux for further analysis. By far, the TIM model
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is recognized as one of the most sophisticated and precise model for evaluate the

bioaccessibility of nutraceuticals through oral administration.

In this research, the TIM-1 system is used to mimic the digestion process of quercetin,
and compare the difference in bioaccessibility of free quercetin and formulated quercetin

nanoparticles.

Figure 9. A schematic representation of TIM-1 in vitro dynamic gastrointestinal model

system.

Samples were fed into the system and tested for 5 hours. Suspensions containing same
content of quercetin (0.1%) were prepared by dissolving coarse QC and formulated QC

powders into the DI water respectively. The QC bioaccessibility was analyzed by



57

collecting dialysates from jejunal and ileal filtrates at 30, 60, 90, 120, 180, 240 and 300
minutes. Bioaccessible QC nanoparticles were able to pass through the hollow fiber
filtration device (Spectrum Milikros modules M80S-300-01P, with 0.05 pum pore size)
and got absorbed in the jejunum and ileum. In the meantime, ileal efflux samples were
also collected, which represented the percentage of compound that would theoretically be
delivered to the colon. Samples obtained from TIM-1 were immediately stored at -20 °C
until HPLC analysis. The experiments were performed in duplicate and samples were

analyzed in triplicate.

For HPLC analysis, 400 uL of sample was inoculated with an internal standard (Morin,
10 ng/mL) was then extracted by mixing with 600 uL of ethyl acetate and centrifuge at
16000 g for 30 min at room temperature. After centrifuge, the 400 uL of supernatant was
obtained and mixed with equal amount of DMSO for use in HPLC analysis. The percent

cumulative bioaccessibility of QC was calculated using equation below:

Total mass of solubilized QC

X 100%

% Bioaccessibility =
% Yy Total mass of QC in original samples

Quantitative Analysis of QC using high-performance liquid chromatography (HPLC)

Quercetin was quantified by an automated high-performance liquid chromatograph
system (Dionex, Sunnyvale. CA, USA). The system consists of a quaternary solvent
delivery system, an UV—vis diode array detector and an automated injection system. The

column used in this study is Supelco's RP-Amide C18, 15 cm x 64.6 mm, 3 um
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(Bellefonte, PA, USA). The mobile phase consists of (A) acetonitrile and (B) 0.2 %
acetic acid in water (HPLC grade). 10 pL samples were injected each time and then
eluted under gradient conditions: 0-2 min, 40% A and 60% B; 2-8 min, linear gradient
from 40 to 55% A; 9-12 min, linear gradient from 55 to 70% A; 12-13 min, linear
gradient from 70 to 90% A; 14-6 min, held at 90% A; 17-18 min, A went back to 40%
linearly; 19-20 min, held at 40% to balance the column. The flow rate was set at 1.0
mL/min and the eluent was detected with UV wavelength at 370 nm. Different standard
concentrations (5, 10, 15, 20, 40, 60, 80 and 100 pg/mL) of QC were dissolved in
methanol and analyzed using the HPLC to generate the calibration curve. Each

measurement was carried out in triplicate.

RESULTS AND DISCUSSION

Effect of the wet-milling process on particle sizes of QC

In this research, the wet-milling technique was used to produce QC nanodispersions.
According to Figure 10, the average particle size decreased from approximately 1.1 pm to

340 nm after the processing.
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Figure 10. Change in particle size and polydispersity of formulated QC dispersion as a

function of time.

The reduction of the particle size was mainly owing to the intense shear forces during the

wet-milling process. Apart from that, the modified starch also functioned as the stabilizer

to prevent the agglomeration of QC particles due to its hydrophobic property. In 2008,

Pongpeerapat (/40) proposed a formation mechanism of colloidal nanoparticles.

According to his theory, the adsorption behavior between two hydrophobic molecules

helped the stabilization of the ground mixture. Therefore, the hydrophobically modified

starch would adsorb to the hydrophobic surface of dispersed QC nanoparticles, reducing

the contact between QC themselves. Therefore, the hydrophobically modified starch
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might effectively contribute to the reduction of particle size of the nanodispersion after

the milling process.

FTIR spectroscopy

The FTIR spectra of HMS, pure QC dihydrate powder and formulated QC powder were
shown in Figure 11. There were many FTIR bands in the fingerprint region from 1700 to
700 cm™: 1618 cm ™', 1339 cm ™', 1664 cm ', 1450 cm ™', 1262-1168 cm 'and 1130-1014
cm ' (141) (142). The band at 3100-3500 cm ' of the pure QC powder was attributed to
QC—OH stretching. In the physical mixture this band shape did not change and peaks at
3323 and 3405 cm ' could still be identified. However, the formulated powders showed
broad peaks at 3000-3600 cm ' that were similar to the bands of HMS powders. It might
be the intermolecular hydrogen bonding between QC and the HMS that led to the
broadening of this peak, which disrupted the QC crystalline structure. Besides, most of
the characteristic peaks of both HMS and pure QC powders could be found in formulated
ones, though with less intensity. Apart from that, no new peak or band shift was found in
the FTIR spectra for formulated ones, reflecting that there might be no covalent
interactions between the pure QC and HMS powders. These results indicated that neither
wet-milling process nor addition of modified starch would influence the chemical

properties of QC significantly.
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Loading Capacity and Solubility Studies

The excess amount of the wet-milled QC powder was dispersed into distilled water and
gently agitated for 1 day at room temperature to reach full saturation. According to the
HPLC analysis, the water dispersity of the formulated QC was 28.78 + 0.31 pg/mL.
Compared with the pure QC’s water solubility of 2.63 pg/mL at 25 °C (/43), this
formulation can enhance the water solubility by approximately eleven times. Besides, the
loading capacity of the formulation powder was 48.74% after calculation, which
theoretically should be 50%. This result demonstrated that quercetin and HMS were well

mixed; and there was almost no loss in the amount of quercetin during processing.

Dissolution Studies

The dissolution rate of pure QC powders, wet-milled pure QC powders, physical
mixtures of QC and HMS with the ratio of 1:1, and the formulated QC powders were
shown in Figure 12. The wet-milled QC referred to powders that only went through the
wet-milling and drying process without the addition of HMS. For the dissolution
processes of different solutions, only about 1.09% of the coarse QC was dissolved after
one hour. While the dissolution rate of wet-milled pure QC was stable around 5.37%,
which was slightly higher than the original one. Compared with pure QCs, both physical
mixtures and formulated powders had higher dissolution rates of 36.86% and 98.76%,
respectively. Therefore, the addition of modified starch can function as a stabilizer to
increase the solubility. The significant increase of the formulated QC powder in

dissolution rate might be attributed to the formation of soluble complex of QC and starch.
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Figure 12. Dissolution profiles of coarse pure QC, wet-milled pure QC, physical mixture
and wet-milled QC formulations.

The PXRD Analysis

The powder X-ray diffractogram of pure QC, wet-milled pure QC and formulated ones
were illustrated in Figure 13A. The characteristic peaks of pure QC samples
corresponded to the one in the Cambridge Structure Database (CSD), which included
some characteristic peaks of 20 at 10.68°, 12.42°, 16.15°, 24.46°, etc. The percent
crystallinity of spray-dried and freeze-dried samples containing amorphous starch were

determined by subtraction of pure QC pattern from normalized starch containing pattern.
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As is shown in Figure 13B, the area under the difference curve between the pure QC
pattern and freeze-dried QC pattern was proportional to the total weight ratio of
amorphous starch, which was measured by the Peak Paint Cursor function in MDI
program JADE7. The pure QC curve compared very well with the amorphous starch
background-subtracted curve of the freeze-dried QC samples, as was shown in Figure
13C. The area under the difference curve between the background-subtracted pattern and
manually determined background-containing pattern was proportional to the weight ratio
of QC crystals in the freeze-dried samples. Using this method, the percent crystallinity of
freeze-dried and spray-dried QC samples calculated were 50.2% and 52.3%, respectively,
which was consistent with the weight ratio of QC in the formulated samples. This result
implied that the 1-hour wet-milling process didn’t reduce the level of crystallinity of QC

particles.

Furthermore, based upon the peak widths B for 12 intense low angle peaks on different 0
positions corresponding to single reflections, the crystallite sizes and strain information
were computed using the Fit Peak Profile routine in JADE7. During this process, we used

the Williamson- Hall plot (144):

KA )
Bxcosf = F-l_ 4 xexsing

Where B is the peak width; 0 is the Bragg angle; K is the Scherrer Constant; A is the
X-ray wavelength; D is the crystallite size; and ¢ is the strain. B*cos0 was plotted with
respect to sinf for the peaks of quercetin in each samples (Figure 13D). Strain in crystals
created by dislocations, domain boundaries and deformations, etc., was defined as

relative lattice displacement (/45). Crystallite sizes and strain were calculated from the
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y-intercept and slope of the fitted line. Results were shown in Table 10. According to
calculations, crystallite sizes for pure QC, wet-milled QC, spray-dried formulated QC and
freeze-dried formulated QC were 49.4, 39.5, 24.3 and 20.4 nm respectively, implying that
combination of wet-milling process and addition of modified starch could help reduce the
QC crystallite sizes. Moreover, freeze-drying process was more efficient in producing

QC dried powders with smaller crystallite sizes than spray-drying process.
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Figure 13. (A) The XRD diffractogram of pure QC powder, wet-milled pure QC powder,
spray-dried & wet-milled QC powder and freeze-dried & wet-milled QC powder; (B)
Subtraction of pure QC pattern from normalized starch containing pattern;(C)
Comparison of pure QC with the background-subtracted curve of the freeze-dried QC
samples; (D) The Williamson and Hall analysis of QC crystals in each group. Fitted to
the data, the strain is extracted from the slope and the crystalline size is extracted from

the y-intercept of the fit.

Table 10. The structure parameters of QC crystals in each group.

Samples Crystallite Size (nm) Strain (%) ESD? of Fit
Pure QC 494 0.39 0.00054
Wet-milled pure QC 39.5 0.15 0.00081
Spray-dried & wet-milled QC | 24.3 0.04 0.00034
Freeze-dried & wet-milled QC | 20.4 -0.10 0.00030

Abbreviations: a) ESD, estimated standard deviations.
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Comparison of in vitro gastrointestinal digestion between pure QC suspension and QC

formulations

The bioaccessibility of quercetin for both pure QC suspension and formulation was
studied through the Tim-1 system. After the HPLC analysis, the bioaccessible QC
content in Jejunum dialysate, Ileum dialysate and Ileum effluent was calculated and
shown in Figure 14. As was demonstrated from Figure 14 (A), for coarse QC samples,
the quercetin digested in Jejunum gradually increased during first 2 hours, and reached
the maximum in 90-120 minutes. Then bioaccessible QC content started to decrease until
the end of the 5-hour period. While for QC formulations, the maximum bioaccessibility
was achieved in 120-180 minutes, meaning that the formulation continued to be digested
and absorbed in Jejunum and Ileum after 2 hours. The sustained digestion process can be
explained by the reduced particle size and stabilization function of modified starch in the
formulated quercetin suspension. Besides, comparing Figure 14 (A) with (B), the
bioaccessible QC in Jejunum dialysate was higher than the amount detected in Ileum in
both cases, which demonstrated that Jejunum was the major location for quercetin
digestion. Moreover, the overall bioaccessibility was defined as the combined
bioaccessible QC content in Jejunum and Ileum dialysates. And according to Figure 14
(C), compared with the coarse samples, the formulated ones had an increased amount of

overall bioaccessibility during almost every time interval.
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Figure 14. Bioaccessible QC (% of input) accumulated in every 30 minutes during first 2 hours
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Bioaccessible QC in jejunum dialysate from pure QC suspension and QC formulation; (B)
Bioaccessible QC in ileum dialysate from pure QC suspension and QC formulation; (C) Total
bioaccessible QC in both jejunum and ileum dialysate from pure QC suspension and QC
formulation.

Meanwhile, a cumulative bioaccessibility profile of quercetin in the Jejunum, Ileum and
Jej+lle was analyzed and plotted in Figure 15. According to the cumulative
bioaccessibility in Jejunum dialysate, the amount of quercetin derived from formulations

(33.96%) was about twice the amount from pure suspensions (15.14%) after the 5-hour
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Tim-1 test. Same trend was observed for the Ileum dialysate, where 12.43% of its
original input was produced from the formulation through digestion and absorption;
while only 6.16% of input was obtained from the unformulated sample. Combining
results from Jejunum and Ileum together, we had observed that the cumulative
bioaccessibility of quercetin doubled for the formulation (46.39%) compared with the
pure sample (22.29%). Therefore, we can come to the conclusion that wet-milling
process combined with the addition of modified starch could effectively increase the

bioaccessibility of quercetin through the dynamic in vitro gastrointestinal digestion

model.
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Figure 15. Cumulative bioaccessibility profile of QC (% of input) accumulated in every 30

minutes during first 2 hours and every 60 minutes during 2-5 hours from different parts of the
TIM-1 model. (A) Cumulative bioaccessibility of QC in jejunum dialysate from pure QC
suspension and QC formulation; (B) Cumulative bioaccessibility of QC in ileum dialysate from
pure QC suspension and QC formulation; (C) Cumulative bioaccessibility of QC in both jejunum

and ileum dialysate from pure QC suspension and QC formulation.

CONCLUSIONS

Quercetin nanocrystals were successfully fabricated by means of wet-milling and spray &
freeze drying process. The particle size was reduced to around 340 nm with a saturation
solubility of 28.78 + 0.31 pg/mL, about eleven times higher than coarse quercetin. The
addition of hydrophobically modified starch could help reduce the particle size by
working as a stabilizer to prevent the agglomeration of QC nanosuspensions after wet
milling. FTIR spectroscopy results illustrated that neither wet-milling nor drying process
would affect the chemical properties of QC. And we learned from DSL and XRD results
that wet-milling process with modified starch not only reduced the particle size to
nano-range, but also transferred some degree of crystal quercetin into the amorphous
state, which would enhance solubility and dissolution rate. Moreover, the freeze-dried
nanoquercetin powders had more degree of amorphous state than that of the spray-dried
ones. And the in vitro digestion model, which simulated the upper GI tract, had
determined an increased bioaccessibility of quercetin for the formulated nanoparticles. In

conclusion, the QC nanoparticles were proved to have increased water solubility,
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dissolution rate, enhanced the bioavailability and bioaccessibility.

CHAPTER III. DEVELOPMENT OF ORGANOGEL-DERIVED

CAPSAICIN NANOEMULSIONS

CAP-Loaded

Capsaicin (CAP)

15% Tween 80
+

50% Water

Ultrasonication

CAP-Loaded
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B ganog
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PROJECT TITLE: DEVELOPMENT OF ORGANOGEL-DERIVED CAPSAICIN

NANOEMULSION WITH IMPROVED BIOACCESSIBILITY AND REDUCED

GASTRIC MUCOSA IRRITATION

The work in this chapter has been published in the title of ‘“Development of

Organogel-Derived Capsaicin Nanoemulsion with mproved Bioaccessibility and Reduced

Gastric Mucosa Irritation” in the Journal of agricultural and Food Chemistry (Volume 64,
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Pages from 4735 to 4741) on May 2016.

ABSTRACT

Capsaicin (CAP) is the major active component found in chili peppers that gives its
pungent and spicy flavor. Its beneficial functions have been reported in anti-inflammation,
anti-cancer, cardio-protective and anti-obesity activities. However, CAP’s low water
solubility greatly limits its bioavailability. In addition, CAP is known as an irritant
compound that induces anxiety-like behaviors with prolonged stress-response in rats and
cough response in humans. In order to increase the dissolution, bioaccessibility of CAP
and overcome its irritating qualities, a nanoemulsion system was developed. Oil samples
(medium-chain triacylglycerol (MCT), corn oil and canola oil) were used to dissolve the
CAP and evaluated on in-vitro digestion test. Lipolysis results showed that MCT system
had both the highest bioaccessibility of CAP and the largest extent of lipolysis. Sucrose
stearate S-370 was chosen as the gelator to form the CAP-loaded organogel. After the
addition of Tween 80 as the emulsifier, the organogel-derived nanoemulsion was formed
with CAP’s loading of 80 mg/ml. In-vitro dissolution test and in-vitro digestion test of
CAP-loaded nanoemulsion proved that the dissolution rate and bioaccessibility of CAP
were enhanced significantly. In addition, gastric mucosa irritation test was carried out
using specific-pathogen-free (SPF) rats as animal models. The result showed that the
nanoemulsion system significantly alleviated the gastric mucosa irritation caused by CAP
compound. This emulsion system has been proved to be an excellent delivery system for

CAP-based functional food products.
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INTRODUCTION

Capsaicin (8-methyl-N-vanillyl-6-nonenamide) (CAP) (structure shown in Figure 1) is a
naturally occurring alkaloid that exists in placental tissue, the internal membranes as well
as other parts of fruits of capsicum plants (/46), which is responsible for its hot and spicy
taste (/47). Researches on CAP’s beneficial effects have demonstrated its
anti-inflammation (/48), anti-cancer (/49-152), analgesic (/53), cardioprotective (66),
anti-oxidation (/54) and anti-obesity activities (/55), which function through activating
the transient receptor potential vanilloid (TRPV) superfamily of cation-channel receptors

(153, 156).

However, as a lipophilic substance, CAP’s low aqueous solubility greatly hinders its oral
bioavailability (/57). Moreover, the intensely pungent flavor results in a burning
sensation for mammals, including humans. Choi et al. demonstrate that repeated oral
exposure to CAP significantly increases anxiety-like behaviors with a prolonged
stress-response in rats (/58). In recent years, various lipid-based formulations for
capsaicin have been developed, such as capsaicin-loaded liposomes (/59), mixed
polymeric micelles (/60) and lecithin-based colloidal capsaicin nanocapsules (/61),
which proved to be very efficient in increasing oral bioavailability and relieving gastric
mucosa irritations. The main issue of the above- mentioned delivery systems is their
relatively low load, which limits its broad applications as dietary supplement.

CAP-loaded organogel system, as a relatively new delivery system, has been applied to
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the transdermal delivery of CAP in order to relieve orofacial neuropathic pain (/62).
Previous researches have demonstrated that organogels can be used for not only dermal,
transdermal delivery, but also oral delivery of nutraceuticals (/63). Therefore, the
lipid-based organogel system was adopted in the first part of this research to increase the
dissolution and stability of CAP in oils. To further enhance the bioaccesibility of CAP

during oral administration, the organogel-derived nanoemulsion system was developed.

In this study, the organogel-derived capsaicin nanoemulsion was prepared. The in-vitro
lipid digestion test was carried out using lipolysis experiment to determine the
bioaccessibility of CAP entrapped by the lipid-based nanoemulsion system. In addition,
the in-vitro dissolution rate was also tested using the Flow-Through Cell Apparatus (USP
Apparatus 4). Moreover, the gastric mucosa irritation test was conducted using rats as
animal model to study if the irritation caused by CAP could be relieved after it was

encapsulated into the nanoemulsion system.

MATERIALS AND METHODS

Materials.

Capsaicin (purity ~99%) was purchased from Ji’an Shengda Fragrance Oils Company
(J1’an, Jiangxi, China). Analytical standards for capsaicin (> 99%) were purchased from
Sigma (St. Louis, MO, USA). Medium chain triacylglycerol (MCT) (Neobee 1053) was

provided by Stepan Company (Northfield, IL, USA). Canola oil and corn oil were
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purchased from Walmart. Tween 20 (polyoxyethylenesorbitan monolaurate), Tween 40
(Polyoxyethylenesorbitan  monopalmitate), Tween 60 (polyoxyethylenesorbitan
monostearate) and Tween 80 (polyoxyethylenesorbitan monooleate) were obtained from
Sigma-Aldrich. Sugar ester (i.e.,, sucrose stearate S-370) was provided by
Mitsubishi-Kagaku Foods Company (White Plains, NY, USA). Pancreatin with 8X USP
specification, tris maleate and sodium taurodeoxycholate (NaTDC) were obtained from
Sigma-Aldrich Company (St. Louis, MO, USA). PC75 rapeseed lecithin containing 75%
phosphatidylcholine was provided by American Lecithin Co. (Oxford, CT, USA).
HPLC-grade water was from Alfa Aesar (Lawrence, KS, USA). HPLC grade-methanol

and acetonitrile were also purchased from Sigma-Aldrich Company.

Preparation of the CAP-Loaded Organogel and Organogel-Derived Nanoemulsion.

The CAP-loaded oil was first prepared by adding 2.3g CAP into 5.7g MCT (w/w), the oil
mixtures were then heated up to 70 °C under stirring to achieve complete dissolution.
Subsequently, two grams of sucrose stearate S-370 were added as gelator into the oil

mixtures to form the CAP-loaded organogel. The loading for CAP in organogel was 23%.

The organogel-derived nanoemulsion was formed by mixing CAP-loaded organogel as
the oil phase, Tween 80 as the emulsifier and water with the ratio of 35%: 15%: 50%
(w/w/w). Then ultrasonication technique was used at 250W for 5 min to reduce the size

of emulsion droplet into nano-scale. The final organogel-derived nanoemulsion was
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formed with CAP loading of 80 mg/mL and droplet sizes of 167.9 + 0.3 nm. This

loading is by far the highest reported among CAP emulsion formulations.

Particle Size Measurement

Nanoemulsions were diluted 200 times into deionized water and mixed well. The average
particle sizes (hydrodynamic diameters) of the lipid droplets were determined with
dynamic light scattering (DLS) method using a BIC 90 Plus particle size analyzer
(Brookhaven Instrument, NY) at a fixed scattering angle of 90° at ambient temperature,
with a solid-state laser. The scattering signals were detected by a high-sensitivity

avalanche photodiode detector.

Lipolysis Experiment.

Lipolysis is the digestion process of lipids, which involves the lipid triglycerides being
catalyzed and hydrolyzed into 2-monoglyceride and 2 free fatty acids. Through this
process, the capsaicin that is initially entrapped into the lipid oils will be redistributed
into micelles or mixed micelles. Therefore, lipophilic bioactive compounds with poor
water solubility become bioaccessible in the gastrointestinal tract. To mimic this process,
an in-vitro lipolysis model was developed to test the bioaccessibility as well as the extent
of lipolysis of the formulation before its further application in animal studies (/64). The
schematic explanation of this lipolysis model can be found from the work by Yu, et al

(163).
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Before the test, two lipolysis buffer solutions were prepared to mimic the fasted-state and
fed-state chemical environment. The components in those buffer solutions were shown in
Table 10. At the beginning of the test, 250 mg oil samples were added into 9 mL buffer
solutions. Then by adding 1 mL pancreatin into the mixtures, the lipolysis process was
initiated. During the digestion process, the triacylglycerols went through hydrolysis and
released free fatty acids, causing a pH drop. To maintain the pH of the oil samples at 7.50
+ 0.2, 0.25 N sodium hydroxide solutions (NaOH) were added into the oil mixtures. The
volume of NaOH was recorded by a computer program that can be used to analyze the
extent of lipolysis. The lipid oil suspensions were being agitated during this 2-hour test at
a fixed temperature of 37 °C. After the lipolysis test, samples were ultracentrifuged at
50,000 rpm (Type 60 Ti rotor, about 180,000g, Beckman Coulter) for 40 min. Finally, the
supernatants were filtered through 220 nm filters and mixed with acetonitrile for HPLC

analysis. Experiments were carried out in triplicate.

Table 11. Recipe of lipolysis buffer (1000 mL) for fasted and fed states.

Components Fasted-State Buffer | Fed State Buffer

Tris Maleate 11.86 g 11.86 g
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NaCl 8.7664 g 8.7664 g
CaCl.2 H,O 0.7351 g 0.7351 g
NaTDC 2.6084 g 10.4336 g
Phosphatidylcholine 0.9501 g 3.8004 g

Determination of Bioaccessibility and Extent of Lipolysis for Different Oil Samples.

The bioaccessibility refers to the potential for CAP to interact with (and be absorbed by)

the GI tract, which can be calculated as follows:

. R Total mass of solubilized CAP
% Bioaccessibility = X 100%

Total mass of CAP loaded in original system

The mass of CAP was calculated according to the concentration of capsaicin, the density

of samples and mass of the oil or emulsion system.

The extent of lipolysis was determined as the percentage of triacylglycerols digested in
the system, which could be computed using the amount of NaOH added during the
experiment and theoretical amount of NaOH needed to neutralize the fatty acids released
from the complete digestion of triacylglycerols. Theoretically, complete digestion of 1
mole of triglyceride releases 2 moles of fatty acids, which needed 2 moles of NaOH to

neutralize. The calculation method could be found as follows:

. . f dded
Extent of lipolysis = Amount of NaOH adde X 100%

Theoretical amount of NaOH needed

Before each test, a mock lipolysis test was conducted without the addition of lipid oil
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samples. And the amount of NaOH added in this test was subtracted when calculating the

extent of lipolysis.

In Vitro Dissolution Test.

The dissolution rates of unformulated CAP, CAP-loaded organogels and
organogel-derived nanoemulsion were measured using flow-through cell USP apparatus
4 (SOTAX Corporation, Westborough, MA, USA). 10 mg of samples (referring to the
content of CAP) were introduced into the dissolution medium containing 100 mL of
phosphate-buffered medium (PBS) at 37 £ 0.5 °C at a speed of 10 mL/min. To better
mimic the dissolution environment of GI tract, pH was set at 1.2 during 0-1 hour (pH in
stomach) and 7.5 during 1-3 hours (pH in small intestine). Samples were collected from
the reservoir every 5 min during 0-1 hour, every 10 min during 1-2 hours, and every 30
min during 2-3 hours. Collected samples were analyzed using HPLC at 280 nm. All

studies were carried out in triplicate.

In Vitro Lipid digestion Test.

One of the advantages of novel delivery systems is to increase the solubility and
bioaccessibility of nutraceuticals when passing through the gastro-intestinal tract, being
incorporated into the micelles or mixed micelles. Lipolysis was the digestion process of
lipids, which involved the lipids being hydrolyzed and turned into glycerol and free fatty

acids. Through this process, the capsaicin that was initially entrapped into the lipid oils
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would be dissolved in micelles or mixed micelles. Therefore, the bioaccessibility of this
bioactive compound would be increased in the gastrointestinal tract. To mimic the
process, an in-vitro lipolysis model was used to test the bioaccessibility as well as the
extent of lipolysis of the formulation before its further application in animal studies (765).
The schematic representation of this model could be found in Figure 16. Theoretically,
during the digestion of lipid oils, one molecule of triglyceride releases two molecules of
free fatty acid and one molecules of glycerol under the enzymatic actions. And the pH of
this model system is maintained at 7.5, with sodium hydroxide (NaOH) solution being

used for titration.

As is shown in Figure 16, 1 mL of pancreatin is added into the oil dispersions at the
beginning of the lipolysis test. And temperature is controlled at 37°C by oil bath. A pH
meter is used to measure the pH of oil mixtures, and volume of NaOH consumed during
titration process is recorded using a computer program. The extent of lipolysis is defined
as the percentage of triglycerides digested through this process, which can be calculated
according to the volume of NaOH consumed as a matter of time. And the bioaccessibility
is determined by the content of nutraceuticals in the aqueous solutions after the lipolysis

Process.
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Figure 16. The in vitro lipolysis model.

The bioaccessibility of unformulated CAP, CAP-loaded MCT oils, CAP-loaded

organogels and organogel-derived nanoemulsion were studied through the lipolysis

experiment. Each test was conducted using fed-state and fasted-state buffer solutions to

better mimic the lipid digestion process when meal was taken or several hours after the

meal. Experiments were carried out in triplicate.

High-Performance Liquid Chromatography (HPLC).

Capsaicin was quantified by an automated high-performance liquid chromatography
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system (Dionex, Sunnyvale, CA, USA). The system was consisted of a quaternary
solvent delivery system, an UV—vis diode array detector and an automated injection
system. The column used in this study is Dionex C18 column (150 x 4.6 mm, 3.5 um)
(Bellefonte, PA, USA). The mobile phase consists of (A) acetonitrile and (B) water
(HPLC grade). 10 uL. samples were injected each time and then eluted under gradient
conditions: 0-2 min, 45% A and 55% B; 2-13 min, linear gradient from 45 to 90% A,
13-16 min, held at 90% A; 17-18 min, A went back to 45% linearly; 19-20 min, held at
45% to balance the column. The flow rate was set at 1.0 mL/min and the eluent was
detected with UV wavelength at 280 nm. Different standard concentrations (5, 10, 20, 40,
60, 80 and 100 pg/mL) of CAP were dissolved in methanol and analyzed using HPLC to

generate the calibration curve. Each measurement was carried out in triplicate.

Gastric Mucosa Irritation Test.

This study protocol was reviewed and approved by the South China Agriculture
University Animal Ethics Committee. Male SPF Wistar rats (250g-300g) were obtained
from Guangdong Medical Laboratory Animal Center (Guangzhou, Guangdong, China).
Rats were adapted for 5 days to the experimental conditions: temperature 25 + 2 °C,
humidity 60 + 5% and light/dark cycles of 12 h. Three groups of rats, each consisting of
three rats, were orally administrated physiological saline (negative control group), free
CAP suspended in physiological saline (positive control group) and CAP-loaded
nanoemulsions (test group), respectively, at a dose of 90 mg/kg of body weight (referring
to only capsaicin content). The rats were fasted but allowed free access to water for 12 h
before and 2 h after oral administration. Then they were sacrificed for autopsy, and the

intact stomachs were removed and fixed in 10% formaldehyde solution. All samples were
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dehydrated and embedded in paraffin. The pathological section of the stomach, stained
with hematoxylin and eosin, were observed under light microscope equipped with

computer-controlled digital camera.
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Figure 17. Gastric mucosa irritation test procedure.

RESULTS AND DISCUSSION
Determination of the Lipid Oil for the CAP-Loaded Organogel.

To decide which lipid oil to use, three oil samples (medium-chain triacylglycerol (MCT),
canola oil and corn oil) containing 5% CAP were tested based on their bioaccessibility
and extent of lipolysis through the lipolysis tests in both fasted state and fed state.
According to Figure 18A, capsaicin dissolved in MCT had the highest level of
bioaccessibility among all oils in both fasted state (77.99 + 2.74%) and fed state (76.19 +
1.92%), followed by canola oil and corn oil. The same trend can be observed in Figure
18B, where the extent of lipolysis of MCT was much more complete than that of corn oil

and canola oil in both fasted state (92.82 + 2.22%) and fed state (76.86 + 2.55%).
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Therefore, MCT was most effective in providing a high bioaccessibility and extent of
lipolysis among all lipid oils, which was chosen as the oil for capsaicin. This result
agreed with previous researches concerning the digestion, absorption and metabolism of
MCT as edible oils, which demonstrated that MCT could be hydrolyzed into fatty acids

and glycerol in the small intestine with a rapid digestion rate (/66).
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Figure 18. Comparison of the lipolysis of CAP in three oils. (A) The percent
bioaccessibility of CAP after lipolysis of three oils; (B) the extent of lipolysis of three
oils. Data from fasted- and fed-state lipolysis are combined. Error bars represent standard

deviation (n = 3).
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Selection of the Gelling Agent.

Previous researches showed that phytochemicals dissolved in MCT were metastable
(163), so an organogel system was developed to increase its stability and dissolution rate
as well as to prevent precipitations during storage. In order to form an organogel, the
gelling agent is the key-contributing factor to the cross-linked network. Researches
revealed that sugar-derived compounds present organo-gelation properties through the
formation of certain intermolecular hydrogen bonds (/67, 168). Therefore, sugar
derivatives, such as sugar esters, were chosen in our experiment as the gelator to help

create the organogel.

Food-grade sucrose stearates with different HLB values (between 1 to 9) were added to
the preheated CAP-loaded MCT oil under stirring. The content of sucrose stearates in oil
ranged from 15% to 25%. The result of the gel formation was shown in Table 11.
According to the result, gels could be formed by adding 15 — 20% S-270 and 15 — 25%
S-370 to the system. However, only the gel formed by 20% S370 was most stable without
phase separations or precipitations during one-month storage. Therefore, the CAP-loaded
organogel was successfully formed with 20% surcrose stearate S-370 working as the

gelling agent. And the final loading of CAP in the organogel was 5.23%.
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Table 12. Formation of the organogel system using different sucrose stearates of
different weight ratios. (V stands for the successful formation of gels; x stands for the

failure in formation of gels.)

Sucrose Stearate Weight Ratio
15% 20% 25%
S170 x X x
S270 J J X
S370 J J ~
S570 X X X
S770 x X x
S970 x X x

According to the result, gels could be formed by adding 15 - 20 % S-270 and 15 - 25 %
S-370 to the system. However, only the gel formed by the addition of 20% S-370 was
most stable without phase separations or precipitations during one-month storage. The

formed gel using 20% S-370 can be found in Figure 19.

Therefore, the CAP-loaded organogel was successfully formed with 20 % surcease
stearate S-370 working as the gelling agent. And the final loading of CAP in the

organogel was 5.23%.
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Figure 19. The photograph of the developed capsaicin-loaded organogel.

Selection of Emulsifier for the Formation of Organogel-Derived Nanoemulsion.

A series of organogel-derived emulsions was formulated using non-ionic, oil-in-water
emulsifiers (Tween 20, 40, 60 and 80). Figure 20 shows the particle size and
polydispersity index (PDI) of organogel-derived emulsion prepared at 15% (w/w) with
different Tween surfactants. PDI is used to measure the heterogeneity of sizes of particles
or molecules in a mixture (/69), which is denoted as PDI = M,,/ M,,, where My, is the
weight average molecular weight and M, is the number average molecular weight. The
lower the PDI for an emulsion, the higher its degree of uniformity. An emulsion is
called uniform if the oil droplets have the same size, shape, or mass. Among four
different emulsifiers tested, Tween 80 produced the smallest mean droplet size (687.2 +
63.7 nm, Figure 20(A) with the lowest PDI (0.22, Figure 20B), meaning that the
formation of emulsion with Tween 80 is most uniform and stable. The difference in the

oil droplet sizes may be owing to the hydrophilic - lipophilic balance (HLB) of



91

emulsifiers, which can influence the stability and formation of emulsions. HLB values for
Tween 20 and 40 are 16.7 and 15.6, respectively, which are relatively higher than Tween
60 (14.9) and Tween 80 (15.0). Furthermore, even though Tween 60 and 80 have similar
HLB values and molecular structures, the hydrophobic chain of Tween 80 has a double
bond yet the hydrophobic chain of Tween 60 is saturated. Previous researches have
reported that the presence of a double bond in the chain favors the formation of
emulsions with smaller droplet sizes (170, 171). Therefore, Tween 80 as the emulsifier
can help produce the emulsion with smallest particle sizes and highest stability among all

tested emulsifiers.

In the following experiments, after ultrasonication at 250 Watt for 5 minutes, the
organogel-derived nanoemulsion using Tween 80 as the emulsifier was formed with

mean droplet sizes of 167.9 = 0.3 nm.
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In Vitro Dissolution Test.

To compare the in-vitro dissolution rate of CAP-loaded nanoemulsion, CAP-loaded
organogel and free unformulated CAP after oral administration, the dissolution test was
carried out in two consecutive pH environments. During first 60 minutes, the pH was set
at 1.2 to mimic the acidic environment in the stomach. And Between 60 to 180 minutes,
the pH was changed to 7.5 using the phosphate buffer solution (PBS) to simulate the pH
evolution in the small intestine. As shown in Figure 21, the dissolution processes when
pH was set at 1.2, only 3.19 + 0.38 % of the free CAP was dissolved after one hour.
While the dissolution rates of organogel and nanoemulsion were stable around 10.08 +
2.55% and 64.48 + 2.85%, which were more than 3 folds and 20 folds higher than free

unformulated ones, respectively.

After one hour, the dissolution process continued as pH changes from 1.2 to 7.5. By the
end of the 3-hour dissolution test, free CAP, formulated organogel and nanoemulsion had
stable dissolution rates of 4.02 + 0.45, 16.50 + 3.02 and 75.74 + 4.10%, respectively.
Therefore, the organogel system had increased the in-vitro dissolution rate of CAP by 4
times compared with coarse samples, which might be attributed to the formation of
soluble CAP-loaded micelles through agitation during the dissolution process. However,
by the end of dissolution test, a large portion of CAP in the gel still remained undissolved,
which might be attributed to the cross-linked network structure of the formed gel,
requiring CAP to find its way out through the holes in the gel matrix before it was

dissolved in the solution. Furthermore, the CAP-loaded nanoemulsion had the highest
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dissolution rate among all tested samples, which was more than 10 times higher than free
CAP and 4 times higher than organogel. This was mainly due to the reduced emulsion
droplet sizes and enhanced surface area of the nanoemulsion, enabling more CAP-loaded
nano-scale oil droplets to get access to the PBS buffer solutions. In addition, by
comparing the dissolution result between CAP-loaded organogel and gel-derived
nanoemulsion, it is obvious that the transformation from the gel system into
nanoemulsion system is necessary in order to achieve a high dissolution rate of CAP

compound.
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Figure 21. Dissolution profiles of CAP-loaded organogel and free CAP. Between 0 to 60
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min, pH was 1.2; between 60 to 180 min, pH was 7.5 (data shown are the mean £ SD).

In Vitro Bioaccessibility.

To evaluate the in-vitro bioaccessibility of CAP from different formulation systems, the
lipolysis experiment was carried out among CAP-loaded nanoemulsion, CAP-loaded gel,
CAP-loaded MCT and free unformulated CAP in both fasted and fed state buffer
solutions. The result was shown in Figure 22. The bioaccessibility of CAP-loaded gel
was 56.53 + 4.16% in fasted state and 63.89 + 1.50% in fed state, which increased by
approximately 10 times compared with free CAP (5.71 = 1.82% in fasted state and 6.86 +
0.19% in fed state). The major increase in the biaccessibility was owing to the rapid
digestion ability and high dissolution rate of MCT. In addition, no major difference was
observed for the bioaccessibility between CAP-loaded organogel and CAP-loaded MCT
oil in both situations, showing that the formation of gel by adding gelling agent S-370
would not significantly reduce the in-vitro bioaccessibility of CAP. Moreover, after
forming the nanoemulsion based the organogel structure, the bioaccessibility of CAP was
further increased to 71.93 £+ 1.33% in fasted state and 79.54 + 0.64% in fed state. Also,
by comparing the fed-state lipolysis titration profiles in Figure 22C, the initial lipid
digestion rate for nanoemulsion was higher than the gel. After 25 minutes, the extent of
digestion for the gel started to become stable and eventually reached 79.38 + 3.23%,
while the nanoemulsion continued to be digested and reached a final digestion extent of
99.54 + 1.26%. Therefore, the nanoemulsion system had a much more complete lipid
digestion and more sustained lipolysis rate compared with the orgaongel system, which

can be attributed to the small droplet sizes and high surface area for lipase-catalyzed lipid
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hydrolysis. Additionally, it was evident that the bioaccessibility and extent of lipolysis in
fasted state was higher than fed state for all samples, reflecting that the developed CAP
nanoemulsion and organogel should be taken with meal in order to guarantee a high

bioaccessibility.
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Figure 22. Comparison of the in-vitro lipolysis result of free CAP, CAP-loaded MCT,
CAP-loaded organogel and organogel-derived nanoemulsion, in the aspect of (A) the
lipolysis profile and (B) the extent of lipolysis (C) the lipolysis profile of organogel and

nanoemulsion in fed state (data shown in (A) and (B) are the mean = SD).

Morphological and Histological Evaluation of Gastric Mucosal Irritation.

In this experiment, Male SPF Wistar rats (250g-300g) were used to study if the gastric
mucosal irritation response caused by CAP could be relieved after CAP was encapsulated
into the nanoemulsion system. Saline group (A) was used as negative control, while CAP
suspension group (B) and CAP nanoemulsion group (C) with same dosage of capsaicin
content (90 mg/kg of body weight) were used as positive control and test group,
respectively.  Oral administration of CAP suspension for 6 h induced marked
hemorrhagic and ulcerative lesions on the gastric mucosal surface in rats according to
Figure 23B; while in other groups, hardly any hyperemia was observed (Figure 23 A
and C). The protective effect of the organogel-derived nanoemulsion system was further
confirmed by histological examination. For the positive control group fed with free CAP
suspension at dose of 90 mg/kg, infiltration of inflammatory cells was clearly seen in the
gastric mucosa of rats as showed in Figure 23 B1 and B2. Rupture of membranes could
also be seen in Figure 23 B3. However, for the negative control group A and test group
C, which were given physiological saline and CAP-loaded nanoemulsion respectively,

there was little evidence of gastric mucosal irritation (Figure 23 A and C). Also, no
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inflammatory cell infiltration was seen in the histological sections of gastric mucosa for

rats fed with CAP nanoemulsion.

Figure 23. Stomach and gastric mucosa. (A) Stomach of rats treated with physiological
saline; (A1) - (A3) Histological tissues of gastric mucosa in group A without damage. (B)
Stomach of rats treated with pure capsaicin suspension; (B1) - (B3) Histological tissues
of gastric mucosa in group B with damage; (C) Stomach of rats treated with
capsaicin-loaded nanoemulsion; (C1) - (C3) Histological tissues of gastric mucosa in
group C without damage. Only group B showed gastric ulcer and irritation response in

gastric mucosa.
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The above results suggested that the organogel-derived nanoemulsion possessed a
reducing effect against irritation in rat stomach tissues induced by CAP. This could be
explained by the encapsulation of CAP compound in the nanoemulsion system, reducing
the direct contact between CAP and surface of gastric mucosa. In addition, the nano-scale
lipid droplet might be able to biologically adhere to gastric tract, prolonging the retention
time and avoiding the sudden release of CAP into the stomach. Furthermore, after the
lipid hydrolysis in the gastric fluid, the CAP nanoemulsion could be digested into
micelles with even tiny droplet sizes (13.4 = 0.4 nm, according to the fasted state
lipolysis model), thereby preventing the irritation caused by CAP crystals getting in

contact with gastric mucosa.

CONCLUSIONS

In summary, the organogel-derived CAP nanoemuslion with high in-vitro dissolution rate
and lipid digestibility was developed and evaluated. The MCT was chosen as the lipid oil
not only because of its high bioaccessibility and extent of lipolysis, but also for its ability
to increase fat oxidation, energy expenditure and weigh loss as edible oil, which could
work synergistically with CAP as the anti-obesity agent. Then with the addition of
sucrose stearate S-370, which was working as the gelling agent to increase the stability of

CAP-loaded MCT, the organogel was formed. To better enhance the bioaccessibility of
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CAP, Tween 80 was added into organogel and water with the ratio of 15 %: 35 %: 50 %,
which was functioning as emulsifier to produce a formulation with small droplet sizes
and high stability. After ultrasonication process, the nanoemulsion was developed with
mean droplet sizes of 167.9 = 0.3 nm and CAP loading of 80 mg/mL. Animal studies
using SPF rats showed that the gastric mucosa irritation caused by CAP was alleviated
effectively. These results indicated that the organogel-derived nanoemulsion could be
used as a promising carrier system for poorly water soluble nutraceuticals with reduced
irritation in the stomach. This CAP-loaded nanoemulsion could also be further developed

into multi-functional beverages with weight-loss and cardio-protection effects.
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CHAPTER IV. ANTI-OBESITY EFFECT OF CAPSAICIN LOADED

NANOEMULSION (C-NE) IN RATS TREATED WITH HIGH-FAT
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ABSTRACT

Capsaicin (CAP), the major active component in chili peppers, is known to have
thermogenetic and weight-loss potentials. The aim of this study was to investigate the
anti-obesity effects of capsaicin-loaded nanoemulsions (C-NE) on male Sprague Dawley
(SD) rats treated by high-fat diet (HFD). The food grade C-NE was prepared using
capsaicin, medium chain triacylglycerol (MCT) (Neobee 1053), sucrose stearate S-370,
Tween 80 and distilled water with emulsion droplet sizes of 168 nm and loading of
capsaicin 80.4 mg/mL. Results showed that C-NE effectively decreased body weight gain
and hypercholesterol induced by HFD in a dose-dependent way. Histological evaluations
of liver and adipose tissue confirmed that C-NE had significant effects on inhibiting
diet-induced hepatic steatosis, reducing epididymal adipocyte size and tissue mass.
Gastric mucosa irritation test demonstrated that C-NE was effective in alleviating the

gastric inflammations caused by free unformulated CAP crystals.

INTRODUCTION

Obesity has become one of global health issues negatively affecting the quality of human
lives. Obesity is the consequence of a high level of energy intake and a low level of
energy expenditure, which has a strong association with numbers of metabolic syndromes,
such as hypertension, hyperlipidemia, fatty liver, type 2 diabetes, insulin resistance and
cancer. Numerous researches on obesity were conducted to find out the food-grade
nutraceuticals with weight loss potentials, including isolated compounds from natural

products, such as 5-demethylated polymethoxyflavones (5-OH PMFs) extracted from



105

citrus peels (/72) and epigallocatechin gallate (EGCG) isolated from green tea (/73), etc.

Consumption of chili peppers is known to increase the energy expenditure. Capsaicin
(8-methyl-N-vanillyl-6-nonenamide) (CAP) as an active component in chili peppers has
been proved to have thermogenic and anti-obesity properties (64-66). Reinbach et al.
(174) reported that capsaicin could reduce the energy intake and reduce weight gain by
relatively suppressing hunger and sustaining satiety. Joo ef al. (67) fed the rats on a high
fat diet with capsaicin and performed proteomic analysis to elucidate its molecular action
in white adipose tissue. Results revealed that proteins related with lipid metabolism,
redox regulations, and signal and energy transduction were significantly altered on the

treatment of capsaicin, suggesting possible mechanism of anti-obesity effect of capsaicin.

Recently, we developed a food-grade capsaicin-loaded nanoemulsion (C-NE) system for
oral delivery with enhanced stability, dissolution rate, bioaccessibility and

gastro-protective effect compared with free unformulated CAP water suspensions (68).

In this study, our goal was to investigate the effects of C-NE on body weight gain after a
7-week high-energy diet in male Sprague Dawley (SD) rats. Previous research indicated
that the oral LDs, (lethal dose that causes the death of 50% of a group of test animals)
value of CAP for male rats is 161.2 mg/kg (175). Different amount of C-NE were applied
to different groups of rats to evaluate if the anti-obesity effect got enhanced with the
increase of doses. Histological sections of liver and adipose tissues from each group were
prepared to examine if C-NE could inhibit hepatocytes vacuolation and suppress the
HFD-induced increase in adipocyte mass and size. Gastro-protective potential of C-NE

was compared with free unformulated CAP water suspensions by evaluation of the
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gastric tissue sections of rats.

MATERIALS AND METHODS

Materials.

Capsaicin (purity ~99%) was purchased from Ji’an Shengda Fragrance Oils Company
(Ji’an, Jiangxi, China). Medium chain triacylglycerol (MCT) (Neobee 1053) was
provided by Stepan Company (Northfield, IL, USA). Tween 80 (polyoxyethylenesorbitan
monooleate) was obtained from Sigma-Aldrich. Sugar ester (sucrose stearate S-370) was
provided by Mitsubishi-Kagaku Foods Company (White Plains, NY, USA). Milli-Q

water (18.3 MQ) was used in all experiments.

We prepared the C-NE in our laboratory using a previously reported procedure (68).
Briefly, The CAP-loaded oil was first prepared by adding 2.3g of CAP into 5.7g of MCT
(w/w). Then the oil mixtures were heated up to 70 °C under magnetic stirring to achieve
complete dissolution. 2.0g of sucrose stearate S-370 were added as gelator into the oil
mixtures to form the CAP-loaded organogel. Then by mixing CAP-loaded organogel,
Tween 80 and water with the ratio of 35%: 15%: 50% (w/w/w), after ultrasonication
process at an output power of 250W for 5 min, the organogel-derived nanoemulsion was
formed with CAP loading of 80.4 mg/mL and droplet sizes of 167.9 £ 0.3 nm. This
loading is by far the highest reported among CAP emulsion formulations. All other

reagents and solvents were of analytical grade.

Animals and Experimental Design.

Male specific-pathogen-free Sprague Dawley (SD) rats (100-150 g) were purchased from
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Guangdong Medical Laboratory Animal Center (Guangzhou, Guangdong, China). Rats
were housed four per cage and maintained in a temperature/humidity-controlled room
with a 12 h light/dark cycle. After 5 days, 56 rats were randomly divided into 7 groups (n
= 8). Group Al was the normal diet (standard rodent chow) group (ND); rats in this
group were fed with a standard diet. Rats in group A2, B1, B2, B3, B4, B5 were fed with
a high-fat diet (HFD), which contained 15% lard; 20% sucrose; 10% casein; 1.2%
cholesterol; 0.2% bile; 1% calcium hydrogen phosphate (CaHPOs); 0.2% sodium
chloride (NaCl); 0.5% egg yolk powder, 51.9% basic feed. From group A2 to group BS,
rats were fed through oral gavage with HFD (group A2), HFD and pure CAP suspended
in water at dose of 30 mg/kg of body weight (group B1); HFD and C-NE at dose of 30
mg/kg of body weight (group B2); HFD and C-NE at dose of 60 mg/kg of body weight
(group B3); HFD and C-NE at dose of 90 mg/kg of body weight (group B4); HFD and
wall materials of C-NE (medium chain triglycerides, S-370, Tween 80 and water, without
CAP) at the same dosage with group B4 (group B5). The diet and dosage of CAP

formulations in each group are epitomized in Table 12.

This animal study protocol was reviewed and approved by the South China Agriculture

University Animal Ethics Committee.

Table 13. The diet and dosage of capsaicin formulations in each group.

Group name Number | Diet Compound Dosage/day
of rats
Control Group Al 8 ND - -

A2 8 HFD - -

Experimental Group| Bl 8 HFD | CAP water suspension 30 mg/kg
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B2 8 |HFD C-NE 30 mg/kg
B3 8 | HFD C-NE 60 mg/kg
B4 8 | HFD C-NE 90 mg/kg

B5 8 HFD | wall materials of C-NE |Equal to 90 mg/kg

Determination of food intake, water intake and body weight.

Rats were allowed free access to water and food throughout the experiment. Body weight
of rats was weighed twice a week, food and water intake levels for each group were

recorded daily. The results are presented as the mean + standard deviation (n = 8).

Measurement of liver, retroperitoneal fat, and epididymal fat tissue weight.

At the end of the experiment, all groups of rats were fasted overnight, and blood samples
were withdrawn from the orbital vein using a capillary. The rats were then subjected to

cervical dislocation, sacrificed, and necropsied. The liver, retroperitoneal fat and

epididymal fat tissue of each mouse were removed and weighed on ice. Tissue samples

were stored in liquid nitrogen for further analysis.

Serum Biochemical Analysis.

Serum samples collected from 7 groups of rats were sent to the Division of Hematology
at the First Affiliated Hospital of Ji’nan University (Guangzhou, Guangdong) for the
measurement of alanine aminotransferase (ALT), triglyceride level (TG), total cholesterol
(TC), high-density lipoprotein cholesterol (HDLC), low-density lipoprotein cholesterol

(LDLC),and alanine transaminase (ALT).
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Histological analysis.

Liver, epididymal fat and stomach tissues were dissected and fixed in 10% (v/v)
formaldehyde solution for 24 hours. The fixed samples were dehydrated and embedded in
paraffin. The pathological sections of the liver, epididymal fat and stomach tissues,
stained with hematoxylin and eosin, were observed under an optical microscope

(Olympus, Tokyo, Japan) equipped with a computer-controlled digital camera.

Statistical Analysis.

All of the data are expressed as means + standard error. Differences between groups were
analyzed by one-way ANOVA using IBM SPSS Statistics, version 21.0 (SPSS Inc.,
Chicago, IL, USA). Significance level at p < 0.5, 0.05, 0.001 were considered to indicate

statistical significance.

RESULTS AND DISCUSSION

C-NE Reduced the Body Weight Gain Induced by HFD

To examine the anti-obesity effect of capsaicin-loaded nanoemulsion (C-NE), male SD
rats were treated with HFD to induce fat accumulation and body weight increase. As
shown in Supplementary Material (Table S1), the initial body weights of rats were not
different among all seven groups in the beginning of the experiment. After 7 weeks of
experiment, the rats fed with HFD alone developed the highest final body weight (534.8
+ 9.9 ¢g) among all groups (Fig. 2A). While rats treated with CAP-containing
formulations showed reductions in the final body weights. In group BI, after the oral

feeding of CAP water suspensions at dose of 30 mg/kg/day, the final body weight was
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reduced to 508.0 = 9.1 g. The C-NE exhibited better weight-loss properties by further
decrease the final body weight to 492.3 + 9.7 g with a statistically significant difference
from group B1 (Fig. 2B, P<0.05). Moreover, as the dose of C-NE increased from 30
mg/kg to 90 mg/kg per day, the final body weight of rats continued to be decreased.
C-NE at dose of 90 mg/kg/day (group B4) significantly controlled the weight gain by
13.5% in comparison with that of HFD group (group A2), demonstrating an effective
inhibitory activity on obesity induced by high-energy intake. The wall material (WM) of
C-NE, which contained medium chain triacylglycerols (MCT), sucrose ester S-370,
Tween 80 and water, also decreased the body weight by 8.7% compared to HFD. The
weight reduction effect of WM might be due to MCT’s ability in suppressing energy
intake, which was documented in a number of studies (/76-179). Comparing group B4
with BS, we could observe that the anti-obesity effect of C-NE was better than that of the
wall materials at CAP dose of 90 mg/kg. The results above implied that C-NE had
enhanced weight-loss activity in rats fed by HFD compared with free unformulated CAP
and wall material group, which might be attributed to the fact that CAP bioaccessibility
was promoted by the nanoemulsion system and additive effects existed between CAP and
the encapsulation materials. Additionally, no apparent difference in daily food intake was
observed among six groups fed with HFD (Table S1), indicating that weight-loss effects
of C-NE were not influenced by the reduced energy consumption. The weight loss

efficacy of C-NE got improved with the increase of the doses.

Table 14. Changes in body weight, food intake, and tissue weight among groups in male
SD rats.
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Variables ND*® HFD ° HFD+C © HFD+C-NE¢ | HFD+C-NE HFD+C-NE HFD+WM ¢
(A1) (A2) 30mg/kg 30mg/kg 60mg/kg 90mg/kg
(B1) (B2) (B3) (B4) (B5)

Initial body weight (g) 138.300£6.700 | 138.700+3.800 | 137.100+£7.300 | 134.900+3.200 | 133.000+£5.500 | 134.900+4.900 | 138.70045.7
Final body weight (g) 436.600£10.900 | 534.800+9.900 | 508.000+£9.100 | 492.300+£9.700 | 480.800+£8.6700 | 462.900+£9.7500 | 488.10049.1
Water intake (g/day) 53.600+5.500 33.300+0.100 | 36.800+2.000 | 35.000+3.600 | 37.100+1.400 34.100+2.300 34.700+1.2C
Food intake (g/day) 29.100+0.800 24.500+0.600 | 22.700+0.400 | 23.000+0.700 | 22.300+0.900 22.700+0.300 22.600+0.1C
Food efficiency (g gain/g | 0.183+0.002 0.289+0.007 0.292+0.003 0.278+0.007 0.278+0.013 0.262+0.008 0.275+0.002
consumed)

Total food intake (kg/8 | 1.630+0.080 1.370+0.060 1.270+0.040 1.290+0.070 1.250+0.090 1.260+0.030 1.270+0.01¢
weeks)

Liver weight (g/100g body | 3.130+0.540 4.380+0.510 4.170+0.570 4.180+0.510 3.930+0.360 3.800+0.530 4.100+0.55¢
weight)

Adipose 1.390+0.360 | 2.020+0.410 1.740+0.240 1.700+0.260 1.630+0.330 1.640+0.270 1.650+0.340 1.65+0.34
tissue

weight(g/100g | 1.670+£0.490 | 2.750+0.320 2.570+0.410 2.550+0.290 2.200+0.380 2.300+0.410 2.180+0.390 2.18+0.39
body weight)

Notes: Data are presented as mean + standard error (n=8).

Abbreviations: a) ND, normal diet; b) HFD, high fat diet; ¢) C, capsaicin; d) C-NE,

capsaicin nanoemulsion; €) WM, wall material.
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Figure 24. Chronic oral treatment of CAP and C-NE reduced HFD-induced body weight
gain in male SD rats: (A) body weight growth curve of rats; (B) body weight gain in each
group; (C) food intake of rats; (D) water intake of rats for 7 weeks; (E) Kidney Index
(g/100g body weight); (F) Spleen Index (g/100g body weight). Data are presented as the

mean value = SE (n = 8): (*) P <0.05, (**) P <0.01, and (¥**) P <0.001 versus HFD; all

error bars, SE.

Effects of C-NE on serum biochemical values.

Serum biochemical parameters were measured by an automatic biochemical analyzer,
and results were presented in Table 14 and Fig. 25. Serum lipids, such as TC, TG and
LDLC levels in groups treated with C-NE showed a decrease compared with HFD group,
while HDLC levels were higher in former groups. Other groups, such as low doses of
CAP water suspension and WM of C-NE also showed good control of TC levels (Fig. 3,
TC). The serum cholesterol-suppressing effect of WM might be attributed to MCT’s

activity in decreasing cholesterol intake, which was reported by Han, ef al (176). High
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doses of C-NE was most effective in reducing the TC, TG and LDLC levels by 29.2%,

54.3% and 32.4%, respectively (P < 0.001) than other doses, in comparison with HFD

group. These results indicated that C-NE had an anti-hyperlipidemic potential for rats fed

by HFD. ALT is measured to see if the liver is damaged or diseased. Low levels of ALT

are normally found in the blood. But when the liver is damaged or diseased, it releases

ALT into the bloodstream, which makes ALT levels go up. Most increases in ALT levels

are caused by liver damage. Besides, no apparent difference was observed for serum ALT

activities in C-NE groups when compared to those of the normal diet group and HFD

group, showing that C-NEs were well tolerated by the rats.

Table 15. Effects of C-NE on serum lipids, ALT activities.

Plasma Biochemical | ND HFD HFD+C HFD+C-NE | HFD+C-NE | HFD+C-NE | HFD+WM
Values
30mg/kg 30mg/kg 60mg/kg 90mg/kg Equal to
(Low dose) (Low dose) (Medium (High dose) | 90mg/kg
dose)
TC?* (mmol/L) 1.78+0.11 3.80+0.06 3.41+0.07 3.16+0.04 2.91+0.12 2.69+0.07 3.42+0.10
TG® (mmol/L) 0.81+0.01 1.27+£0.24 1.05+0.21 0.86+0.16 0.7£0.18 0.58+0.12 0.65+0.06
HDLC ¢ (mmol/L) 0.58+0.04 0.41+0.02 0.48+0.03 0.50+0.05 0.48+0.03 0.45+0.02 0.43+0.03
LDLC ¢ (mmol/L) 0.30+0.02 0.74+0.08 0.69+0.09 0.81+0.09 0.65+0.09 0.50+0.12 0.57+0.05
ALT® (U/L) 26.25+2.13 26.78+2.97 25.50+2.49 | 24.12+2.44 23.43+2.44 | 24.43+1.46 | 24.13+1.29

Notes: Data are presented as mean + standard error (n=8).

Abbreviations: a) TC, total cholesterol; b) TG, triglycerides; ¢) HDLC, high-density

lipoprotein cholesterol; d) LDLC, low-density lipoprotein cholesterol; e) ALT, alanine

aminotransferase.
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Figure 25. The serum lipid levels of TC, TG, LDLC, HDLC, ALT activity and blood

glucose level in each group after 7-weeks treatment in male SD rats. Data are presented
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as the mean value = SE (n = 8): (¥) P < 0.05, (¥x) P <0.01, and (***) P < 0.001 versus

HFD; all error bars, SE.

Inhibitory Effects of C-NE on Diet-Induced Hepatic Steatosis.

The weight of rat liver tissue in each group was measured after the 7-week experiment.
According to Fig. 26 A, rats treated with high energy diets had 39.9% increases in the
liver weight than that of rats fed by normal diets. In comparison with HFD, medium
doses (60 mg/kg) and high doses (90 mg/kg) of C-NE could reduce the liver weight
by10.3% and 13.2% with significance. Additionally, we observed the appearance of rat
liver in each group, among which the HFD, ND and HFD + high doses of C-NE groups
were compared and presented in Fig. 26 B. Rats fed by HFD showed an enlarged liver
size with pale color, while rats treated with high doses of C-NE showed a reduced liver
size and light red color. Even though the appearances of rat livers in C-NE groups were
not as healthy as those in normal diet group, the results above could indicate that high
doses of C-NE had an inhibitory effects on diet-induced fatty liver, which were

represented by decreased liver weight and size.

The histological sections of liver tissues in seven groups were also observed under
microscope. As was shown in Fig. 26 C, cytoplasmic swelling and vacuolation of
hepatocytes was most obvious in HFD group, followed by CAP group, which indicated
an accumulation of intracellular lipid oil droplets. 30 mg/kg of C-NEs resulted in
ameliorated vacoulation of hepatocytes compared with same dose of CAP water

suspensions, confirming a better effect in suppressing intracellular lipid droplets of C-NE
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than free CAP. As doses of C-NE increased, the amount of lipid droplets gradually
reduced, suggesting that C-NE could alleviate diet-induced hepatic steatosis in a

dose-dependent manner.
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Figure 26. Chronic oral treatment of CAP and C-NE reduced HFD-induced hepatic
steatosis in male SD rats: (A) liver weight of each group (g/100g body weight); (B) Liver
samples of HFD group, high doses (90 mg/kg) C-NE group, and normal diet group; (C)
liver tissues stained with hematoxylin and eosin (H&E) in each group after treatment for
7 weeks (white areas in hepatocytes are intracellular lipid droplets). Data are presented as
the mean value = SE (n = 8): (*) P <0.05, (**) P <0.01, and (***) P <0.001 versus HFD;

all error bars, SE.

C-NE Reduced Rats Adipose Tissue Mass and Adipocyte Size.

Previous studies on anti-obesity effect of CAP had demonstrated its inhibitory
effect on adipogenesis in 3T3-L1 preadipocytes and adipocytes (/80). As shown in
Figure 5A and B, the treatment of CAP and C-NE limited the HFD-induced weight gain
in epididymal adipose tissues and retroperitoneal adipose tissues. Group fed with high
doses of C-NE was most effective than other experimental groups in reducing the
epididymal fat mass by 18.9% and retroperitoneal fat mass by 20.0%. Histological
analysis of epididymal fat tissues indicated that both CAP and C-NE could reduce
adipocyte size (Figure 5C). In addition, we measured the number of adipocytes by
counting nuclei in microscopic fields selected at random in each group and found that the
number of nuclei per field of C-NE groups at 30, 60 and 90 mg/kg doses were
significantly more than that of HFD group (Figure 5D), revealing that C-NE played an
important role in reducing HFD-induced adipocytes mass and size. The number of
adipocytes became higher with the increase of C-NE doses, implying that C-NE exerted

dose dependent effects in controlling HFD-induced adipocytes hypertrophy.
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Figure 27. Chronic oral treatment of CAP and C-NE decreased HFD-induced white
adipose tissue mass (WAT) and adipocyte size in male SD rats: (A) Epididymal fat mass
of each group (g/100g body weight); (B) Retroperitoneal fat mass of each group (g/100g
body weight) (C) epididymal fat tissues stained with hematoxylin and eosin (H&E) in
each group after treatment for 7 weeks. (D) The number of nuclei in microscopic fields
selected at random from H&E stained sections in each group. Data are presented as the
mean value = SE (n = 8): (*) P <0.05, (**) P <0.01, and (¥**) P <0.001 versus HFD; all

error bars, SE.

C-NE Alleviated Gastric Mucosa Irritations Caused by CAP.

The gastro-protective effect of C-NE was examined by histological analysis of gastric
mucosa in each group after seven-week experiment. For rats fed with free CAP water
suspension at dose of 30 mg/kg, the inflammatory cell infiltration was clearly observed in
rat gastric mucosa, represented by accumulations of erythrocytes and leukocytes (Fig. 28,
L-C (1)). Rupture of membranes can also be seen in Fig. 28, L-C (2). However, for other
groups, which were given distilled water (HFD, ND groups), C-NE at different doses (30,
60, 90 mg/kg), and wall material of C-NE, respectively, neither infiltration of
inflammatory cells nor folds of mucous membranes was seen in histological sections of
gastric mucosa. Results above indicated that C-NE could alleviate the irritations in rat
stomach tissues induced by CAP. Also, wall materials of C-NE would not cause

irritations in stomach.

The ameliorated gastric mucosa irritations of C-NE could be explained by the fact that
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CAP compound was encapsulated within the nanoemulsion system, thereby reducing the
chances of CAP getting in direct contact with stomach tissues. Additionally, C-NE would
be digested into micelles with decreased droplet sizes (=13 nm, according to an in-vitro
lipolysis experiment) after the lipid hydrolysis in the stomach by gastric lipase, limiting
the mucosal inflammation caused by large CAP crystals. As C-NE passed through the
gastrointestinal tract, the CAP-containing lipid droplets may attach to the surface of
alimentary canal, preventing the sudden release of CAP compound with an extended

retention time. Therefore, the gastro-protective effect of C-NE was confirmed.

Figure 28. Histological tissues of gastric mucosa stained with hematoxylin and eosin

(H&E) in each group.

CONCLUSION

In this study, the anti-obesity effects of CAP-loaded nanoemulsion (C-NE) were analyzed

in the aspect of body weight, serum lipid levels, and relative organ weight in male SD
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rats. C-NE demonstrated an enhanced effect in controlling the HFD-induced weight gain
compared to free unformulated CAP water suspensions. MCT, which was contained in
the wall material of C-NE, might work synergistically with CAP as a weight-loss agent
due to its ability to increase fat oxidation and energy expenditure. Serum biochemical
evaluations showed that C-NE had an anti-hyperlipidemic potential with low toxicity for
rats. Histological sections of liver and adipose tissues proved the inhibitory activity of
C-NE on HFD-induced hepatic steatosis and adipocytes hypertrophy, which was effective
in a dose-dependent manner. Gastric mucosa irritation test showed that C-NE alleviated

the inflammations in rat stomach tissues caused by CAP.
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SUMMARY AND FUTURE WORK

Encapsulation and control-release of functional food or nutraceuticals has become a very
important application of food nanotechnology. Many isolated compounds from
food-grade natural products were proved to have beneficial functionalities for human
health, including anti-obesity, anti-oxidation and anti-cancer activities. However, there
exist various limiting factors, such as low water solubility and low bioavailability of
bioactive compound, which hinder its absorption and bio-transformation in vivo and
therefore, weakening the beneficial bioactivities of nutraceuticals. Through the use of
novel processing methods (i.e. wet-milling technique, spray & freeze drying process) and
application of nanoemulsion systems, the bioavailability of nutraceuticals is expected to

be enhanced.

In this work, the novel processing method of wet-milling technique was used to reduce
the particle sizes of quercetin crystals and increase its stability as well as dissolution rates.
Through this process, we have learned some basic processing methods in the field of food
nanotechnology and their effects in improving the physiochemical characteristics of
active food ingredients. Also, an oil-in-water nanoemulsion system was developed and
applied to enhance the dissolution and bioaccessibility of capsaicin. The capsaicin-loaded
nanoemulsion had an increased loading percentage of capsaicin compared with
previously-reported formulation systems, which was 80.4 mg/mL with mean droplet sizes
of 167.9 £ 0.3 nm as determined by dynamic light scattering. Animal studies further
proved that this CAP-loaded nanoemulsion had an enhanced anti-obesity effect for male

SD rats fed with high energy diet. Histological evaluations proved its inhibitory activity
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on HFD-induced hepatic steatosis and adipocytes hypertrophy in a dose-dependent
manner. Furthermore, this emulsion can mitigate both the acute and chronic gastric
mucosa irritation caused by capsaicin crystals, showing that CAP-loaded nanoemulsion
has a potential to be further developed into multifunctional beverages with anti-obesity
effects, though it may require thorough toxicity analysis before its broader applications in

food industry.

This study helps us better understand the relationship between physiochemical properties
of a compound (such as particle sizes and dissolution rates) and biological characteristics
(such as bioaccessibility and bioavailability). In addition, we can gain knowledge about
the digestion routes, metabolism and the underlying mechanisms of water-insoluble
nutraceuticals through oral administrations. This work can also offer new horizons for
food industry to develop multi-functional foods using novel delivery systems for
nutraceuticals. In the meantime, there are still lots of research work needed to be done in
the future. Firstly, we need to study the mechanisms underlying the enhanced anti-obesity
of CAP-loaded nanoemulsions. After the absorption, distribution and metabolism process,
it remains to be discovering how orally-administrated CAP-loaded nanoemulsion can
interact with gut microbiota and how their metabolites influence the modulation of the
gut microbiota composition. Additionally, we want to know if other beneficial
biofunctions of capsaicin are enhanced in this developed nanoemulsion system, for
example, anti-cancer activities and cardioprotevtive effects, etc. To expand our study, we
could further apply this nanoemulsion system to other bioactive compounds with similar

physiochemical properties and determine if the system would enhance their
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bioavailability or if new limiting factors exist. In this way, we can develop a more
effective and safe encapsulation system for oral delivery of nutraceuticals to better

promote human health.
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