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ABSTRACT OF THE DISSERTATION

POTENTIAL APPLICATIONS OF LIPID NANOPARTICLES
IN EDIBLE PACKAGING AND NUTRACEUTICAL
DELIVERY

By ANNIE D’SOUZA PALAPARTHI

Dissertation Director

DR. QINGRONG HUANG

Lipid nanoparticles are emulsion-type nanoscale aqueous dispersions that have
been extensively used as delivery systems for drugs and active ingredients of lipophilic
nature in pharmaceutical and cosmetic industry through different administration routes.
These nanoparticles are made from food-grade ingredients which make them desirable
approach to create new fortified and functional foods.

In my work, lipid nanoparticles were investigated for the very first time as a
potential nanofiller in biopolymer films in improving moisture barrier properties and
further extended their role in creating multifunctional edible films. Further, a new lipid
nanoparticle/nanocarrier from cocoa butter was developed and evaluated as an effective
delivery system of non-polar bioactives for functional beverage applications. Finally, this

nanocarriers were tested as nanofillers in biopolymer films that improve its moisture



interactions as an edible film and examine whether these films can serve an ‘encapsulating
matrices’ to delivery systems.

Candelilla wax, a highly hydrophobic plant wax was utilized to create a nano
dispersion using microemulsion technique. Selection of emulsifiers and proportions of the
emulsions were carried out by using effective HLB concept for emulsifiers and ternary
phase diagrams respectively. Particle size analysis using dynamic light scattering and
imaging of Candelilla wax nanoparticles using atomic force microscopy were examined to
understand their storage stability and morphology. Chitosan, an antimicrobial natural
polymer was used as a model nanocomposite film to analyze its physical properties and
antibacterial nature with wax nanoparticles. The film was preparing film solution by
blending polyvinyl alcohol, glycerol and wax nanoparticles to create a thin film which can
be used for practical purposes. After conditioning at ambient conditions (relative humidity
of 53% and room temperature 25°C, moisture barrier properties (surface hydrophilicity, %
water uptake, moisture isotherms and water vapor permeability) of the films were studied.
Mechanical strength and elasticity of the films were calculated and microstructure of the
surface and cross-sections of the film were examined to understand their physical state.
Inclusion of fillers might affect the anti-bacterial nature of chitosan and to understand the
effect of wax nanoparticles, growth and interaction of gram-negative and gram-positive
bacteria on these films were measured to establish the nanocomposite films’ anti-microbial
activity. Optimization of preparation of hot emulsions of Candelilla wax with Tween 80
(polysorbate 80) gave nanoparticles of smallest average hydrodynamic diameter of ~ 212
nm with good storage stability. On visualizing the nanoparticle with AFM and cross-

sectional analysis, it was found that they have a platelet structure with dimensions ~145nm



as the horizontal size and ~15nm as its vertical height. Films were prepared with different
percentages of nanoparticles keeping chitosan and glycerol ratio constant. From surface
hydrophilicity studies using water droplet method with contact angle analysis, it was noted
that hydrophobicity of the film with wax nanoparticles was slightly increased and at a
higher concentrations of nanoparticles (> 3% w/w), contact angle with water did not
change. From moisture isotherms of films with different concentrations of nanoparticles,
adsorption of water was significantly decreased as the movement of water molecules were
restricted in nanocomposites. Water uptake capacity of the nanocomposites were
drastically lowered as percentage of nanoparticles in the film increased. On increasing
nanoparticle content from 1% to 10% w/w, water vapor permeability values decreased by
19% to 55%. Tensile strength and elongation % values of nanocomposites were compared
with the control film without nanoparticles, showing that nanoparticles have no plasticizing
effect. Effects of wax nanoparticles in the films were further supported by its homogenous
structure and chemical interaction analysis by FTIR. Antibacterial nature of chitosan was
not affected at low content (< 5% w/w) of nanoparticles. From these observations, it can
be concluded that Candelilla wax nanoparticles can serve as potential nanofiller in chitosan
films and these nanocomposites can effectively be used as primary packaging material as
stable over a wide range of relative humidity and increase shelf-life with its controlled
water transfer and anti-microbial nature.

Health-promoting bioactives due to their chemical nature are not effective due to
their instability, poor bioaccessibility and bioavailability on digestion. In pharmaceutical
industry, lipids based delivery systems have shown to overcome this problem. Lipid based

nanoparticles, also called as nanocarriers were developed to deliver beneficial non-polar



molecules that promote wellness and alleviate diseases conditions. In my study, emulsion
based nanoparticles are prepared from cocoa butter with Coenzyme Q10 (CoQ10) as a test
bioactive which has poor bioavailability due to its hydrophobic nature. Selection of lipid
for suitable for nanoparticle preparation is dependent on the chemical properties of the
bioactive. Solubility of the bioactive is the key factor that governs the encapsulation and
stability of a delivery system. Cocoa butter (CB) was chosen due to high solubility of
C0Q10 (110 % 4.7% w/w) among the soft fats considered for the study and its polymorphic
crystal states that enables better loading capacity and stability of nanocarriers. Cocoa butter
emulsions were prepared with polysorbate and fatty acid esters based non-ionic emulsifiers
using HLB systematic approach and further, ternary phase diagrams were created to narrow
down compositions of stable oil-in-water (O/W) emulsions. According to the solubility
studies with CoQ10, these stable O/W emulsions were loaded with CoQ10 and particle size
analysis was conducted to obtain the most stable formulation with highest loading capacity
(2% wiw). These hot emulsions were subjected to homogenization above melting
temperatures to create nanoscale emulsion droplets with CoQ10 and quickly cooled to 4°C.
The process conditions of high pressure homogenization (1000 bar and 20 cycles) were
optimized to obtain nanoemulsions of smallest diameter required for maximum saturation
solubility and better dissolution velocity of encapsulated CoQ10. To understand the effect
of CoQ10 concentration on cocoa butter nanocarriers, three different formulations were
prepared 0.5% (low-level), 1.0% (mid-level) and 2.0% (high-level) CoQ10 with 2% w/w
emulsifier (1.74% Span60 and 0.36% Tween60), 10% cocoa butter and remaining DI
water. Storage stabilities of three formulations show that they are stable with no significant

difference in particle size over 7 weeks. Due to high solubility of CoQ10 in CB, 85-90%



entrapment efficiency was achieved in nanocarriers. Formulations did not destabilize after
sterilization which is a crucial HACCP step for beverage applications. Crystallization state
of components and structural information of these nanocarriers can throw light on its
stability and behavior on consumption. Most of cocoa butter exists a metastable a
polymorph form in an empty nanocarriers form and in presence of CoQ10, different
polymorphs existed. CoQ10 remains as a super-cool melt during recrystallization process
as there were no phase transition peak from liquid to solid crystal state. Structural data
about nanoparticles can be elucidated from scattering intensity profiles generated by
synchrotron small-angle X-ray scattering (SAXS) method. Using Porod’s law, structural
information extracted from scattering intensity profile shows that the interface thickness is
affected by loading % of CoQ10 at intermediate g range. Empty and low load nanocarriers
have interface thickness of 4.5 nm and in high load nanocarriers, interface thickness
increases by only 9%. This shows that interfaces of nanocarriers is not affected by
encapsulate.

Performance of this novel CoQ10-CB nanocarriers by evaluating the
bioaccessibility (a measure for amount of solubilized CoQ10 that is available for
absorption) and relative bioavailability (a measure for amount of CoQ10 that reaches
systemic circulation over time of observation) with in vitro and in vivo models. In vitro
lipolysis with pancreatic lipase in fed and fast state buffers were conducted and compared
on 0.5%, 1.0% and 2.0% CoQ10 in both mixture and nanoparticle form without changing
material composition. Extent of lipolysis is a parameter studied to understand lipase
activity on different types of formulations and measure amount of fatty acids released

during lipolysis. Upon 2-way ANOVA analysis. there was no significant difference in
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extent of lipolysis on comparing fed and fast state between mixture and nanoparticle form.
CB lipolysis in nanoparticle form was significantly greater than that of mixture due to
greater surface area and better exposure to enzyme in nanodispersions. However, it was
interesting to find that addition of CoQ10 in CB mixtures and nanocarriers have
significantly lowered the lipolysis of CB by 32-42%. Bioaccessibility of CoQ10
significantly improved when incorporated in cocoa butter nanoparticles. Among different
formulations with different levels of CoQ10, formulations with lowest amount of CoQ10
(0.5% CoQ10-CBLN) had highest bioaccessibility suggesting that there is a limiting
concentration of CoQ10 in mixed micelles of hydrolysis products of nanocarriers and is
controlled by lipase activity on the delivery system. Since bioaccessibility is accounted by
CoQ10 that is able to solubilize in gastric environment after lipolysis, it only reflects a
portion of CoQ10 that can be absorbed. Bioaccessibility tests doesn’t consider other
transport mechanisms involved. Pharmacokinetic studies were performed on pure CoQ10
and 2% CoQ10-CBLN in rats and pigs to evaluate relative bioavailability and absorption
kinetics into systemic circulation. The results were inconclusive due to inconsistencies with
the results and previous studies with solubilized CoQ10 formulations and time window of
observation for the experiments were too short to get comparable results. Tissue uptake
kinetics of Coenzyme Q10 from nanocarriers was very similar to studies on CoQ10
dissolved in oils and fats. Three hours after single dose administration of 2% CoQ10-
CBLN, concentrations of the bioactive was highest in small intestine which confirms the
interaction of CoQ10 with enterocytes in small intestinal epithelium. Overtime, CoQ10
was absorbed into liver with its concentration highest in 24 h. On comparing with control,

it can be concluded that CoQ10 in CB nanocarriers is absorbed into circulation and reaches
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liver. Long chain fatty acids and glycerides trigger absorption through lymphatic route and
is favored by hydrophobic compounds to reach blood circulation. It is suggested that
further lymphatic transport studies on in vivo lymph duct cannulated animal models which
have similar lipid absorption capacity (apobec-1 knockout mice) would give better
understanding of pharmacokinetics of bioactives in CB nanocarriers.

To extend functionality of lipid nanoparticles in edible packaging film matrix,
novel starch nanocomposite edible films using lipid nanoparticles as fillers with enhanced
moisture barrier properties and its ability to stabilize and controlled release bioactive
loaded in nanoparticles, were developed. A potent antioxidant from rosemary with anti-
inflammatory and anti-carcinogenic properties, Carnosic acid (CA) was loaded in cocoa
butter (CB) nanocarriers in a similar approach to that CoQ10 delivery system. CA has very
poor solubility in water (135 ppm) and CB nanocarriers can be potential delivery system
to enhance its bioaccessibility and bioavailability to exhibit its health benefits. Solubility
of CA in CB (555£7.05 ppm/°C) increased with temperature and process temperature
(60°C and 80°C) was chosen. Hot-melt homogenization method for preparation of CA-CB
nanoparticles was optimized for process pressure and cycles (1500 bar and 20 cycles) to
obtain smallest and most stable nanoparticles. Encapsulation efficiency was dependent on
CA loading % in CB nanoparticle formulations. Formulation with highest loading, 5.3%
(w/w) CA had encapsulation efficiency (87.81 + 0.2% EE) and stability over a month and
at higher temperatures. In-vitro lipolysis of these CA-CB nanoparticles in fed and fast state
buffers have no significant difference in extent of lipolysis but bioaccessibility % in fed
state buffer (31.52 £ 0.71%) was improved and was significantly higher than that in fast

state buffer by 36%.
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CA-CB nanoparticles (CA-NP) were incorporated in hydroxypropylated starch
(HPS) films with film forming capabilities but have high moisture affinity. Films solutions
with different concentrations of CA-CB nanoparticles (HGCN-0.5, 1 and 2% w/w) were
used to prepare different films. On analyzing microstructure of different films using SEM,
significant microphase separation of lipid in matrix were observed in HGCN-2 films which
effects its transparency and other physical properties. DSC observations of films suggest
that nanoparticles in starch films have plasticizing effect due to loss of crystallinity and
thermograms of CA-NP show polymorphism in CB which is important for stability and
integrity of nanoparticles. Loss of crystallinity could be a reason for lower tensile strength
of films. Elastic modulus of all films are around 2.65 MPa with their elongation around at
214%. Surface hydrophilicity of nanocomposite films didn’t change with increase in CA-
NP. Moisture isotherms indicate that nanocomposite edible films are stable over a range of
humidity as they show poor solubility of water vapor in their matrix. All nanocomposites
have similar swelling behavior with water uptake around 155% and was 40% lower than
the control film (HGCN-0). HGCN-0.5 films had lowest water vapor permeability which
can be attributed to homogenous matrix and smoothness of the surface. Uniform
embedment of CA-CB nanoparticles in starch matrix and hydrophobic nature of CB would
obstruct diffusion of the water vapor. From these findings, we can conclude that moisture
barrier properties effectively improved in nanocomposite films and can be used in
multicomponent food systems. Release of CA from HGCN films was assessed by
measuring antioxidant capacity of aqueous phase of digested films with pure HPS film as
control using DPPH assay. Comparing with pure CA, only 40% of antioxidant capacity

was retrieved from digested films after 2 hours of in vitro digestion. From these results, we



can conclude that edible films with lipid NP possess good moisture barrier properties and

can slowly release non-polar bioactives in limited, controlled way.
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RATIONALE AND HYPOTHESIS

Nanotechnology approaches have been used effectively in different areas in food
industry especially in packaging with improved properties, functional food by
nanoencapsulation and nanosensors to estimate various quality attributes. Many recent
research endeavors in this area, is to create safer and high quality food products by utilizing
nanoscale forms of ingredients and additives.

Motivation behind this research thesis is to generate safe and novel approaches
using nanotechnology to solve challenges in food science. Also, in this pursuit, | want to
develop a systematic approach that can identify and verify a nanoscale system as an
effective solution. More specifically, | am studying lipid nanoparticles as a solution to
specific research gaps in packaging material, functional foods and functional edible films.

Currently, naturally occurring biopolymers are favored over the synthetic petro-
based plastics in food packaging due to their abundance and eco-friendly attributes. The
biggest challenge facing biopolymers in packaging is their relatively poor mechanical and
moisture barrier properties. Nanocomposite films where nanoscale fillers like clays and
metals to improve their physical properties are extensively used in material science,
electronics, and biomedical sciences. Unfortunately, these fillers have regulatory
limitations and cannot be used in applications that have direct interactions with food. For
this reason, safer alternatives to nanoscale fillers are desired in primary packaging
materials. Different nanostructured systems can be created from basic building blocks of
life, simple macromolecules like carbohydrates, proteins, lipids and nucleic acids which
are safe on consumption. Among them, lipid based nanostructures like solid lipid

nanoparticles, nano-structured lipid carriers and nanoemulsions are extensively used in
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pharmaceutical industry as non-toxic and effective drug delivery systems. It is
hypothesized that lipid nanoparticles can be a safe and effective nano-filler in improving
moisture barrier properties of biopolymer films due to the lipid’s hydrophobicity and high
aspect ratio of lipid nanoparticles.

Functional beverages are the fastest growing sector of functional food industry
mainly for the health benefits and convenience they offer. These health benefits are
attributed by nutraceuticals present in functional foods. Chemical characteristics of
nutraceuticals, like molecular weight, conformations, polarities etc. and further, their
physiochemical properties like solubility, physical state, chemical stability etc. interfere
the effectiveness of functional beverages. Different delivery systems are developed to
overcome these challenges associated with functional beverages. Lipid nanoparticles can
be a carrier vehicle for nutraceutical delivery. It is hypothesized that lipid with
polymorphism could be a suitable candidate for delivering non-polar molecule with health-
promoting benefits on oral consumption.

Edible functional films can function as carriers for water soluble antibacterial,
antifungal, colors and antioxidant agents. It is difficult to incorporate non-polar bioactives
due to their hydrophilic nature, one way this could be done is by incorporating them in
lipid nanoparticles. These films can serve dual functions: (1) lower the moisture transfer of
the films and (2) stabilize and release non-polar bioactives on consumption. This could
extend our knowledge of behavior of lipid nanoparticles in a solid state system, for example
a food matrix. It is a lipid nanoparticle can serve as potential nano-filler and also an

effective delivery system of a bioactive in polysaccharide based films by improving its
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water barrier properties and thus creating a functional edible films to preserve fresh and
processed food.

This work is aimed to explore applications of lipid nanoparticles in different food
systems which possibly lead to new paths in food product development which combines

nanotechnology, material science and pharmaceutical sciences
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CHAPTER1. INTRODUCTION

1.1 Lipid based delivery systems: Background and definitions

Oral delivery of lipophilic bioactive/drug molecules has been a constant challenge
in both pharmaceutical and food industry. Lipophilic molecules can be orally administered
in two broad categories of formulations: (i) lipid-based(1, 2) and (ii) polymer-based(3, 4)
formulations. From functional food industry perspective, lipids have advantages over
polymers: (i) Lipids are non-toxic whereas the polymers have a narrow range of
cytotoxicity (ii) Lipid based formulations can be produced on large-scale using cost-
effective methods and (iii) Lipids can readily dissolve the lipophilic molecules whereas,
polymer based delivery systems may require an organic solvent for dissolution of active
ingredient which may not be permissible by food regulatory laws.(5)

Different lipid based and nano-sized emulsion systems are explored and utilized in
different areas of applications for example, pharmaceuticals, and cosmetic and food
industry. These systems are derived from the conventional oil-in-water (lipid: dispersed
phase and water: continuous phase) emulsion system which has 100-1000 nm sized
droplets of oil stabilized by emulsifiers in water. Conventional oil-in-water emulsions are
kinetically unstable because the free energy of oil and water separately is lower than that
of the emulsion.(6) There are three most common nano-systems resulting from
conventional emulsions have greater stability and multiple functionalities as shown in
Figure 1. In this section, the definitions and terminology of these systems are discussed in

detail to understand and differentiate them.
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Figure 1 Illlustration summarizing characteristics of oil-in-water emulsion based

nanoscale delivery systems of nutraceuticals



Nanoemulsions are similar to the conventional emulsions but with a very small
particle size (< 100 nm). Oil droplet size of a nanoemulsion is smaller than wavelength of
the visible light ranging 400-700nm (L) due to which they are optically transparent or
translucent and possess better stability to gravitational separation and aggregation over
conventional emulsions.

Lipid nanoparticles (LN) are colloidal drug carrying particles with submicron size
ranging from 50 t01000 nm. They are composed of lipids and stabilized by surfactants.(7)
They are used as an alternative delivery systems to nanoemulsions, liposomes, and
polymeric nanoparticles. Solid lipid nanoparticles (SLN) were first designed by research
groups lead by Prof. M.R. Gaso and Prof. R.H. Muller in 1990.(8) The lipid matrix of the
first published carriers is composed of solid fat. Later in late 1990s, newer forms of lipid
nanoparticles were developed and are called nano-structured lipid carriers (NLC) as shown
in Figure 2. NLCs’ lipid core are composed of blend of solid and liquid lipid (oil) which
remained in solid state at ambient temperatures.(9) A major advantage of NLC applications
is that NLC possess better drug loading capacity over SLN. Lipid nanoparticles are suited
for incorporation of lipophilic bioactives and low amounts of hydrophilic drugs (lysozyme,
B-interferon etc.).(10) To overcome the problem of poor loading of hydrophilic molecules,
lipid-drug conjugates (LDC) were introduced in 2001 in which lipid core had fatty acid
salts of the hydrophilic drugs were used or has a lipophilic complex in which the drug

molecule was covalently attached to a lipid structure.(11)
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Functional foods are described as the food products fortified with special
components that have beneficial physiological effects (13-15). Functional food can
improve general health of the body and alleviate the disease causing conditions on their
consumption. For a long time, research in nutritional sciences pioneered in identification
of nutritional and health benefits of different compounds found in various plant and animal
sources which lead to quantification of these compounds in various processed food
products. This growing knowledge about lack of effective concentration of these active
compounds or nutraceuticals in most of the processed food revolutionized the idea of food
and paved way to product development of functional foods. Functional food is described
as the food products fortified with special components that have beneficial physiological
effects (13-15). Functional food can improve general health of the body and alleviate the
disease causing conditions on their consumption. There is no single definition to describe
functional food and it is assumed that food is considered as a functional if it leads to
betterment of general health or specifically lowers the risk of chronic disease apart from
supplying nutritional benefits. The trends of functional food has been evolving with time
starting with vitamins and mineral — fortified foods, omega-3 fatty acids, phytosterol and
soluble fiber — micronutrients and more recently sport drinks, probiotics and weight
management diet foods.(16-18).

The key step in product development of a functional food is to identify an effective
delivery system for a particular bioactive making it highly accessible and absorptive in
desirable amounts at sites of absorption like small intestine in oral delivery route. A
delivery system for several drug compounds (active synthetic or chemical molecules,

proteins, genes etc.) are coined by researchers in pharmaceutical to overcome problems of



poor solubility and rapid metabolism of drugs, prevent tissue damage due to extravasation,
achieve desired pharmacokinetics and biodistribution, and most importantly, ensure
selectivity to specific tissues with different types of drug administrations (parental, nasal,
oral routes etc.).(19) Similarly, a delivery system in food products have several functions:
(i) They serve as a protective barrier that can preserve the activity of the bioactive by not
affecting or improving their chemical stability during processing, storage and consumption.
(if) Controlled release of a bioactive at the site of absorption for target delivery can be
manipulated by the choice of a delivery system. (iii) Incorporating a bioactive in different
delivery systems allow fortification of a wide range of food products from beverages to
processed food.

For active compounds of lipophilic nature, lipid based nutraceutical delivery
systems are commonly used that are very simple in nature where the bioactive is dissolved
in oil to more complex systems that utilize various lipids, surfactants and co-surfactants.

One such strategy in field of food nanotechnology is development of nano-sized
delivery systems that increase their efficacy in humans by improving physiochemical
properties of bioactives. Nano-sized delivery systems proved to be effective due to
chemical and thermal stability, dissolution and enhanced solubility of encapsulated
bioactives. Most common technique that involve nanoencapsulation with lipid as carrier of
bioactives is emulsification process to create nano-sized particles like nanocapsules,
nanospheres, nanostructured lipid carriers and solid lipid nanoparticles and transparent to

translucent solutions of nanoemulsions.(20)



1.2 Factors affecting structure and integrity of Lipid Nanoparticles

Lipid nanoparticles are prepared from oil-in-water nanoemulsions where liquid
lipid is replaced by solid lipid. Due to the state of lipid core, this system enables controlled
release of the encapsulated drug molecules. Solid lipids used in SLN can form highly
crystalline form (i.e. tristearin) which expulses the drug making the system ineffective.
‘Nanostructuring’ with liquid oil in a solid lipid core increases the drug loading capacity
in NLCs. For example, loading of retinol is increased from 1% to 5% by addition of oil to
solid lipid.(21) Imperfections in the crystal structure of the lipid core can also be introduced
by using natural lipids (e.g. cocoa butter) or blends that have different crystal forms.(22)
Other factors that affect the localization of the drug are hydrophobicity index of the lipid
and the crystal structure of the drug. Also pure lipids can undergo polymorphic changes
because on cooling, the lipid in SLN stays in less stable and low melting point crystal forms

and over time, change into a stable modification.

1.3 Mechanism of Lipid Nanoparticles in Oral Delivery of Nutraceuticals

The primary goal of an effective delivery system of a bioactive is to improve
solubility of the bioactive in the intestinal lumen so that it can effectively be absorbed by
enterocytes lined in the small intestine. Physiochemical properties of the delivery system
are determinants of the bioavailability of the bioactive.

Three mechanisms are involved in absorption enhancement and increased
bioaccessibility and bioavailability of nutraceuticals in lipid nanoparticles and shown in

Figure 3. They are as follows:



(1) Adhesiveness of nanoparticles: Due to high aspect ratio or high surface area of
the nanoparticles, the interactions forces between the surface of the nanoparticles and the
gut walls are high which enables absorption. Once the particle is absorbed, the encapsulated
bioactive is released locally leading controlled delivery.(23, 24)

(2) Less variation in Bioavailability: A lot of studies have shown that there is low
variation in bioavailability of drug via lipid nanoparticles, irrespective of fed and fast state
in a rat model and suspension vs microemulsion systems.(25)

(3) Lipid absorption enhancing effect: The lipids are hydrolyzed by enzymes in the
gut and mono- and di- glycerides released from the surface of the lipid droplets or solid
lipid particles and they are surface-active which form micelles. Bioactive entrapped in the
lipid is also simultaneously released which is solubilized into the micelles. The formed
micelles interact with surface-active bile salts (e.g., sodium cholate) leading to the
formation of so-called “mixed micelles.” In the subsequent absorption process of the lipid
degradation product, the bioactive is simultaneously absorbed. This process is described in
Figure 3Figure 3. The length of the fatty acid chains affects the primary place of absorption.

Fatty acids with C-14 chains to C-18 chains promote lymphatic absorption.(26, 27)



e,
| \ 7 Jﬁ@o

% micelle into blood stream
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Figure 3 Mechanisms of absorption promoting effect of lipids in lipid nanoparticle

formulations. Adapted from (28)
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1.4 Materials for lipid nanocarriers
In our study, candelilla wax was used to prepare solid lipid nanoparticles and cocoa-

butter to prepare lipid nanocarriers.

1.4.1 Candelilla wax

Candelilla wax is extracted from desert plant Euphorbia antisyphilitica, which
grows in the southwestern United States and northern Mexico. It has chemical composition
of hydrocarbons of carbon chain length C29-C33(50%), wax acid esters (28.5%), free
alcohols (13%), wax acids (8%) and moisture (0.5%) with melting point around 66-71°C
and very different from rest of the waxes as shown in Table 1.(29, 30) Candelilla wax
(CW) is a worldwide recognized food additive approved by the FDA (under regulations
21CFR, 175.105, 175.320, 176.180) and, in accordance with regulation 184.1976, might
be used in food with no limitation other than current good manufacturing practice(30). CW
is used mainly as a glazing agent and binder for chewing gums. It also finds use in the
cosmetic industry as a component of lip balms and lotion bars, and in the paint industry to
make varnishes. Additionally, CW can be used as a substitute for carnauba wax and
beeswax in different food systems. It is mainly used in coatings of citrus fruits and bananas
that have high permeance to oxygen and carbon dioxide.(31) Citrus fruits with candelilla
wax based coatings have low weight loss and good gloss.(32, 33). On comparing water
vapor (WVP) and oxygen (Pioz)) permeabilities of free standing films with beeswax
(BSW), candelilla wax (CNW), carnauba wax (CRW) and microcrystalline wax (MCW),
both CNW and CRW showed low P02 values which is approximately half of Pjo2) value
for high-density polyethylene but Poz; of beeswax and MCW were 6-9times than that of

CNW and CRW.(34) In similar study, it was found that WVP of CNW was comparatively
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lower than that of polypropylene yet greater than that of high-density polyethylene.
Crystal forms of wax determined by X-ray diffraction and chemical composition of CNW
and other waxes are the primary factors that could explain its effect on WVP and Pjo

(34)



Table 1 Chemical Composition and Melting point of selected lipids

12

Components (% w/w)  Candelilla Carnauba Beeswax Milkfat
wax Wax fraction
Hydrocarbons 50 2 12 0
Wax acid esters 28.5 84.5 71 0
Fatty alcohols 13 2.5 1 0
Free wax acids 8 3 14 0
Moisture 0.5 0.5 1 0
Lactides 0 2.5 0 0
Fatty acid esters 0 0 1 0
Resins 0 5 0 0
Triacylglycerides 0 0 0 98
Mono- and 0 0 0 2
diglycerides
Avg. melting points 70 84 63 45

°C)
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1.4.3 Cocoa butter

Cocoa butter (CB) is the lipid component of chocolate which is processed from
cocoa beans of cocoa tree (Theobroma cacao). Among all the natural animal and plant
based fats, CB has a simpler composition. CB is a mixture of triglycerides (TG) mostly
composed of monosaturated TG (~80%) with palmitic-oleic-stearic or POS (~42%),
stearic-oleic-stearic or SOS (~26.4%), palmitic-oleic-palmitic or POP (~18.3%) and other
triglycerides.(35) Polyunsaturated and trisaturated TG correspond to about 13 and 3%,
respectively, of the total TG content. CB has melting point around 35-37°C that gives
chocolate desirable organoleptic properties on consumption. CB also exhibits
polymorphism due to its TG composition. Polymorphism of TG is defined by the possible
arrangements of molecules within a crystal lattice due to different ways of lateral packing
of the fatty acid chains and of longitudinal stacking of molecules in lamellar structures.
Six different polymorph forms of CB are identified (36, 37)- (i) y polymorph (orthorhombic
subcell), (ii) a polymorph (hexagonal subcell), (iii) f’1 and f’2 polymorphs (orthorhombic
subcell), (iv) B1 and B2 polymorphs (triclinic). Due to polymorphism in CB, the lipid
molecules can effectively reorient themselves in presence of bioactive to form a disordered
packing compared to other solid fats (i.e. stearin) that have tight packing due to
homogenous chemical composition of these fats. Also, crystallization of fats like CB can
be manipulated by addition of additives (i.e. emulsifiers) and processing conditions to
obtain and stabilize the less stable o modification which in turn, possibly improve loading
capacity of their nanocarriers. Crystallization of lipid droplets in emulsions is very

complex to study and yet, is an important factor for stability, protection and controlled
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release of bioactive. Based on its physical properties, it is hypothesized that CB makes it a

good candidate for lipid core in design of a lipid nanocarrier.

1.5 Bioactives encapsulated in lipid nanocarriers
In our study, coenzyme Q10 and carnosic acid are used as they are strong

antioxidants that have multiple benefits but have poor bioavailability.

1.5.1 Coenzyme Q10

Coenzyme Q are group of homologous quinones (Figure 4), found in inner
membrane of mitochondria and functions as an electron carrier between enzyme complexes
from NADH to reduce O into H20 in electron-transfer-chain (ETC) of cellular respiration.

IUPAC name for Coenzyme Q is 2,3-dimethoxy,5-methyl, 6-polyisoprene
parabenzoquinone. The polyisoprene chain present in Coenzyme Q10 (CoQ10) has 10
isoprene units (5 carbons each) or a total of 50 carbons, giving it a high molecular weight
around 862g/mol. CoQ10 remains in the interior of cell membranes due to the affinity of
trans polyisoprene to the inner membrane in mitochondria. The enzyme specificity is
contributed by the methoxy groups present on quinone ring. Further addition reactions with
other reactive groups (eg. Thiol groups in glutathione, thioredoxin or thioctic acid ) cannot
take place on the ring due to presence of 2 methoxy groups and polyisoprene tail.(38)

The quantity of CoQ10 can affect efficiency of electron transport rate and ability
of the ATP production. The biosynthesis of CoQZ10 occurs in most tissues with 110, 60,
and 70 ug/g tissue in heart, liver and kidney respectively, where major portion is present

in reduced form.(39) The functional group is the quinone ring. By reduction of the quinone
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to quinol a carrier of protons and electrons is produced. It acts as biological antioxidant by
quenching free radicals and protects cell membranes and plasma lipoproteins. It is
considered safe and well tolerated at dosages of up to 1200 mg/d. Physiological amounts
of CoQ10(reduced form) or ubiquinol-10 scavenges peroxyl and superoxide radicals which
are generated within the liposomal membranes as shown in Figure 5 and has no prooxidant
activity.(40) Administration of CoQ10 reduces LDL oxidation by making LDL resistance
to lipid peroxidation and therefore, prevents cardiovascular disease.(41) Tissue content and
blood levels of CoQ10 is lowered in patients of heart failure and dilated
cardiomyoparthy.(42) CoQ10 had positive effects on subjects performing fatigue-inducing
workloads and possibly prevent effects of physical fatigue.(43-45) Supplementation of
CoQ10 has a preventive role against cancer(46) and tolerance towards cancer
treatment.(47) The progressive decline in abilities due to Parkinson disease can be managed
and lowered by high dosage of CoQ10. (48, 49) Other studies provided conflicting
evidences about health benefits of CoQ10 which necessitates to create effective
formulations that can deliver significant dosages and alleviate disease conditions. In this
study, cocoa butter based lipid nanoparticles was chosen to orally administer coenzyme
Q10 (CoQ10), which has poor oral bioavailability due to its high molecular weight and poor

water solubility.
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a) Oxidized form of Coenzyme Q,, - Ubiquinone (CoQ)

OH

b) Intermediate form of Coenzyme Q, - Semiquinone (CoQH,)

OH

¢) Reduced form of Coenzyme Q, - Ubiquinol (CoQH,)

Figure 4 Different oxidation states of Coenzyme Q10
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1.5.2 Carnosic acid

Carnosic acid (CA) is one of active components of Rosemary (Rosmarinus
officinalis L) extracts. Carnosol (CAR) and CA (Figure 6) are phenolic compounds known
to have antioxidant properties. CA protects chloroplasts from oxidative stress in plants in
vivo by following a highly regulated compartmentation of oxidation products.(50)

CA is a phenolic diterpene and its phenolic hydroxyl group is easily oxidized and
degraded under alkaline conditions. CA is unstable in form of solution as it can be
converted into CAR by air oxidation. (Figure 6)

Phenolic compounds in foods have garnered a lot of attention as effective
antioxidants that would prevent oxidative deterioration of food components. A primary
mechanism involves the trapping and stabilizing of species generated from the radical
chain oxidation of food components. The chain-breaking antioxidation process is thought
to be divided into 2 stages as follows:

(1) Radical trapping stage

S—00%+AH <~ S — 00H + Ax

(i) Radical termination stage

Ax — non — radical materiasls (A — A, SOOA, and Aox)

The mechanism was investigated in presence of ethyl linoleate and radical
oxidation initiator 2.2’-azobis-(2,4-dimethylvaleronitrile).(51) As shown in Figure 7 and
Figure 8, compound 1 and 2 are produced independently and are not time-dependent. The
phenolic group at 11 position undergoes hydrogen donation to a radical species such a lipid
peroxyl radical, to produce the carnosate radical. Radical coupling reaction proceeds by

radical termination of 3 with a second lipid peroxyl radical. When coupling proceeds at the
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14-position (para-position), a peroxide 5 is formed. Since 5 is unstable, an intermediate
epoxide 6 and peroxide cleavage. Isomerization of 6 leads to formation of 2. The last step
of this pathway is very similar to antioxidation products of Vitamin E.

Compound 2, carnosic acid quinone which is a radical chain-termination product
and with no antioxidant activity, can recover its activity upon standing in solution. The
mechanism is shown in Figure 9.(52) The proposed mechanisms reveals that CA has high
antioxidant potency due to the ability of its termination product to convert back to active
forms.

Compared to synthetic antioxidants, BHA and BHT, the antioxidant activity of the
flavones and flavanones from sage and rosemary are relatively weak. Absence and poor
antioxidant potency is due to the fact that there is no hydroxyl group on the C3 position of

the molecule.



(1) Carnosic Acid (11) Carnosol

Figure 6 Major antioxidant components in Rosemary extract
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Figure 7 Oxidation Products of Carnosic Acid
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Figure 8 Proposed antioxidant mechanism of carnosic acid, LOOH, LOO* and OH
denote hydroperoxide, peroxyl radical and hydroxide, respectively. Adapted from

(51)
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OH

Carnosol

OH

HoOC

Carnosic acid Carnosic acid quinone Carnosic -8-lactone

Redox reaction

Rosmanol

—> Oxidation ——» Reduction =~ e »  Isomerization

Figure 9 Proposed antioxidant mechanism from carnosic acid quinone where

carnosic acid, CAR and rosmanol have antioxidant ability. Adapted from (51)
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1.6 Biopolymer based packaging

Packaging based on different natural biopolymers are gaining more and more
interest due to social consciousness in clean and sustainable technologies. Conventional
packaging that are based on petrochemicals has been subjected to criticism from both
scientific and consumer communities due to its negative effects to the environments and
ecology by accumulation and toxicity. Three different techniques using agricultural raw
materials (fully renewable raw materials) to make bio-packaging are proposed: synthetic
polymer/biopolymer mixtures (first and second generations), agricultural materials used as
fermentation substrates to produce microbial polymers and finally agricultural/aqua
cultural polymers used directly as basic packaging material. Polysaccharides are the most
abundant and cost effective biodegradable material that are used in packaging recently as

shown in Table 2.

Novel strategies and technology in material science and engineering are adopted to
achieve economic and environmental sustainability by replacing petro-chemical based
plastics in food packaging applications to meet increasing demand of high-quality foods.
Biopolymers like polysaccharides and proteins with lipids from renewable resources are
low cost, safe and biodegradable making them as ‘greener’ alternative to existing
packaging materials. Films made from polysaccharides (starch and starch derivatives(53-
55), cellulose derivatives(56-60), alginate(61-64), pectin(65-67), carrageenan(68-70),
chitosan(71-73), and various gums(74, 75)), plant proteins (soy protein(76-78), wheat
gluten(79-81), cottonseed protein(82, 83) and protein extracted from sorghum kafirin(84-

86), rice bran(87-89), peanuts(90-92), corn zein(93-95) and pea(96-98), and animal
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proteins (collagen(99-101), gelatin(102-104), fish myofibrillar protein(105-107),
keratin(108-110), egg white(111-113), casein(114-116), and whey protein(117-119)) were
investigated in several studies. These biopolymers have film-forming capacity and good
gas barrier properties, the major limitations of most of the natural polymer based films is
their low mechanical and poor barrier properties. The performance efficiency of films and
other products made from polysaccharides and proteins can be manipulated by various
approaches like blending with other polymers and addition of additives (plasticizers,

antimicrobials, crosslinkers, fillers, bioactives etc).



Table 2 Common components of biopolymer based films
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Macromolecule Polymer Additive Compounds

e Starch Glycerol

e Cellulose derivatives Propylene glycol

Pectin - Polyethylene glycol

* Plasticizers yethy gy

e Alginate Sorbitol
Polysaccharides Carrageenan Water

e Chitosan Antimicrobials

e Pullalan Antioxidants

e Natural gums Functional Flavor

ingredients

e Milk proteins Colorants

e Collagen Vitamins

e Gelatin Other nutraceuticals

e Keratin

Proteins

Lipids

Fish myofibrillar protein
Soy protein

Wheat gluten

Corn zein

Neutral lipids

Fatty acids

Wax
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1.6.1 Chitosan films

1.6.1.1 Chitosan: chemical properties

Chitosan, a linear polysaccharide consisting of (1,4)-linked 2-amino-deoxy-b-D-
glucan, is a deacetylated derivative of chitin produced from shellfish waste or from mycelia
of fungi which is the second most abundant polysaccharide found in nature after cellulose
(Figure 11). Chitosan has been found to be nontoxic,(120) biodegradable, bio-functional,
biocompatible with antimicrobial characteristics. It is essentially a natural, water-soluble
derivative of cellulose with unique properties (Figure 11).

Chitosan has multiple uses as a (i) anti-cancer agent, (ii) antimicrobial agent (iii)
clarifier, (iv) fiber, (v) film, (vi) flocculent, (vii) gas-selective membrane, (viii) affinity
chromatography column matrix, (ix) plant disease resistance promoter, (x) thickener, and
(xi) wound healing promoting agent. It can be used in pet food and has GRAS (generally
regarded as safe) status. It is used as a processing aid and is used for applications in fruit
preservation, wound dressings, cosmetics, artificial organs and pharmaceuticals. Chitosan
is usually prepared from chitin and chitin has been found in a wide range of natural sources
(crustaceans, fungi, insects, annelids, molluscs, coelenterata etc.). However chitosan is
only manufactured from crustaceans (crab, krill and crayfish) primarily because a large
amount of the crustacean exoskeleton is available as a byproduct of food processing.(121)

Chitosan is a weak base and is insoluble in water and organic solvent. However, it
is soluble in dilute aqueous acidic solution (pH 6.5), which can convert glucosamine units
into soluble form R-NHs™. It gets precipitated in alkaline solution or with poly-anions and

forms gel at lower pH .(122)
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Chitosan oligomers, which can be achieved by degradation of chitosan polymer
chain, are water-soluble. In addition, water-soluble chitosan can be obtained through a
chemical modification in which the degree of substitution is controlled. For instance, it is
known that water-soluble chitosan with about 50% DD can be obtained from chitin by
hydrolysis with alkali(123) or from chitosan by N-acetylation with acetic anhydride.(124)

In the solid state, chitosan is a semi-crystalline polymer. The electron diffraction
diagram can be indexed in an orthorhombic unit cell (P212121) with a= 0.807 nm, b=0.844
nm, ¢=1.034 nm; the unit cell contains two antiparallel chitosan chains, but no water
molecules. Low molecular chitosan predominantly exhibit high crystallinity in their
amorphous form.(125) The solution properties of a chitosan depend not only on its average
degree of acetylation but also on the distribution of the acetyl groups along the main chain
in addition of the molecular weight.(126-128) The deacetylation, usually done in the solid
state, gives an irregular structure due the semi-crystalline character of the initial polymer.
The degree of ionization of the chitosan is dependent on the pH and pKa of the acid (acetic
acid(129) and hydrochloric acid(130)) used which causes protonation on the chain and
influences its solubility. Chitosan with varying degrees of deacetylation can be solubilized
at pH 6 or lower.(129) The solubility is dependent on various factors: (i) DA, (ii) the ionic
concentration, (iii) the pH, (iv) the nature of the acid used for protonation, and (v) the
distribution of acetyl groups along the chain, as well as (iv) the conditions of isolation and

drying of the polysaccharide.



Figure 10. Preparation of Chitosan from Chitin. Adapted from (131)
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Chitin
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Figure 11. Structure of Cellulose, Chitin and Chitosan. Adapted from (131)
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1.6.1.2 Optical Properties

Film color can be a factor in terms of consumer acceptance. Effect of drying of
chitosan films on its optical properties were studied.(132) Oven dried films were more
colored than infra-red dried and air dried films. L value indicates lightness and as the L
value increases films are less colored. Air-dried films were more transparent than heat-
dried films. The a value (red+/green-) did not vary significantly, indicating that the films
became brown due to heating and hence variation in b value (yellow+/blue-) (indicating
yellowness) was significant between the three methods of drying. Brownness was observed
in oven-dried films, due to the preferential drying of surface layers, and also it could be
attributed to Maillard reaction products due to amide groups, whereas in infra-red drying,
electromagnetic waves penetrate deep inside the solution and remove the moisture mass
from inside out, and films were of less yellowness. Also the infrared rays provide some
bleaching action as well. Addition of a transparent polymer to the chitosan polymer will
produce light and more transparent films with slight yellowish tinge. It was also noted that
the yellowness of chitosan is also dependent on the source and the purification technique

employed to obtain the polymer.(133)

1.6.1.3 Mechanical properties

Chitosan in its purest form is a very brittle polymer. Often chitosan films are made
using plasticizers to provide mechanical strength. The tensile strength (TS), % elongation
(%e ) and modulus of elasticity (ME) could be used to describe how the mechanical
properties are related to their chemical structure. TS indicates the maximum tensile stress
that the film can sustain, %e is the maximum change in length of a test specimen before

breaking, and ME is a measure of the stiffness of the film. The type and concentration of
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the plasticizers and storage time effect the tensile strength and % elongation. A low
molecular weight chitosan with 25% (v/w) glycerol had a tensile strength comparable to
that of commercial HDPE and LDPE films.(134) Increase in glycerol content can reduce
the tensile strength of the films. The TS and %e are inversely correlated. The glycerol and
sorbitol blend films showed a drastic decrease in ME with small addition. This may partly
be due to the introduction of glycerol or sorbitol moieties resulting in drastic chain
flexibility, thereby the rigidity of native chitosan disappears. Also the smaller size of
glycerol influences the mechanical property of the film, giving more elongation to the film

compared to other plasticizers.(135)

1.6.1.4 Barrier properties

Chitosan is of interest as a potential edible film component because of its excellent
oxygen barrier properties.(136) Chitosan can form a semipermeable coating which can
modify the internal atmosphere, thereby decreasing transpiration rates in food
products.(137)

For a relative humidity lower than 0.6, chitosan films keep low permeability
coefficients (0.06 barrer), but at higher water partial pressures, the gas permeability greatly
increases. This phenomenon is more pronounced for CO: than for Oz and leads to an
increase in the CO,/O; selectivity (17 at a relative water pressure equal to 1), which can be
an important parameter, especially for the packaging of breathable food products.(138)

As for water sorption, two domains are distinguished for water permeation. At
relative pressures lower than 0.4, the permeability and diffusion coefficients are low and
easy to determine. For a higher relative humidity, the plasticization effect leads to variation

of the permeability coefficient as a function of the pressure gradient applied to the
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membrane, but average permeability coefficients can be determined. They increase with
the partial pressure, especially at high relative pressures (P/Po; 0.9 —1). This plasticization
effect also has an influence on the gas permeation because a loss of the gas barrier
properties is observed for relative humidities greater than 0.8. The behavior of both the gas
uptake and sorption rate with the hydration state of the membrane can explain this

behavior.(138)

1.6.2 Starch films
Starch is the most commonly used agricultural raw material, since it is inexpensive,
widely available and relatively easy to handle. Most of the food application use starch due

to its versatility in function and biodegradability making it sustainable in the environment.

1.6.2.1 Chemistry

Commercially available starch is extracted from carbohydrate rich food plants like
corn, potato, rice, tapioca, peas etc. Starch is formed by light assisted biological reaction
called photosynthesis in plant cell structures called starch granules. Starch is composed of
two polysaccharide structures called amylose and amylopectin. Mostly linear in structure,
amylose is a-D-(1—4) glucan, whereas amylopectin is a highly branched o-D-(1—4)
glucan with a-D-(1—6) linkages and higher molar mass than amylose. Molecular weight,
% branching and crystallinity are few intrinsic properties of the starch that determines their
behavior in various applications. From XRD results of different natural starches, it has been
shown that higher amylose content results in higher crystallinity. There is a range of

crystallinity observed in starch granules which is not the only mode of organization of the
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polymers. (139) Botanical origins influence crystallinity and some of the natural starches

and their % crystallinity are shown in Table 3.(140)



Table 3 List of natural starches and their crystallinity percentages
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Natural starches

%Crystallinity

Maize
Wheat
Potato
Pea

Barley

Rice

43-48

36-39

23-53

17-20

2-24

38
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Starch is hydrophilic and biodegradable polymer due to which they have multiple
advantages as edible films. Native starch granules are partially crystalline particles. Starch
films are produced often by heating starch in water which leads gelatinization after losing
its semi-crystalline structure. Due to high moisture and temperature, the starch granules are
irreversibly swollen and solubilizing the amylose and amylopectin.(141) It was found that
the amylopectin is swollen into granules but the amylose is completely solubilized forming
the continuous phase around these swollen granules of amylopectin.(142) But when the
starches are heated beyond their glass transition temperatures (Tg), they achieve a rubbery
state with high molecular mobility. Due to this state and presence of high moisture content
at high RH and plasticizers (143), recrystallization occurs which is also called
retrogradation. Retrogradation explains the phenomenon of cooling and storage of the
gelatinized starches. Starch retrogradation occurs as a result of intermolecular hydrogen
bonding between O-6 of D-glucosyl residues of amylose molecules and OH-2 of D-
glucosyl residues of short side-chains of amylopectin molecules as shown in Figure 12 and
intramolecular hydrogen bonding between O-3 and OH-3 of D-glucosyl residues on
different amylopectin molecules shown in Figure 13.(144) Existence of intramolecular
hydrogen bonding is not observed in case of amylopectin but it took place in case of
amylose between OH-6 and OH-6 and its adjacent hemi-acetal oxygen atoms of the D-
glucosyl residues.(144) Initial crystallization in the starch gels is due to the gelation and
crystallization of the amylose alone.(145) Long-term changes during storage of starch films
are contributed due to amylopectin fraction. (146) Lipids have shown to inhibit

retrogradation in starches.(147, 148)
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Amylopectin
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Figure 12 Retrogradation mechanism involving intermolecular hydrogen bonding

between amylose and amylopectin in Potato Starch. Adapted from (144)
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Figure 13 Intermolecular hydrogen bonding among short chains of amylopectin
between amylose- amylopectin and amylopectin-amylopectin molecules in starches.

Adapted from (144)
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Mechanism of starch retrogradation originates from formation of crystalline
lamellae of packed double helices of amylopectin short chains which leads to further
packing into crystalline clusters.(143) Crystallization in starch can be affected by water
and plasticizer content. Higher the water content, the degree of crystallinity and kinetics of
crystallization was increased, whereas in case of increase in glycerol content, the kinetics
slowed down in rubbery state of amorphous starch.(143) Other factors that influence
crystallization of starch films are processing conditions such % dissolution of amylose in
water, drying conditions, source of the starch and storage conditions. Due to presence of
two different polymers (amylose and amylopectin) in starch, there is a possibility of phase
separation.(149) Crystallization in starch determines the mechanical properties of starch
films. There are two types of crystals due to their helical arrangement forms — A mainly
found in cereal starches(150), B found in tuber and high amylose starches(151) and C is
newly discovered formed by coexistence of A and B crystal types, found mostly in seed
starches.(152)

To understand the gelatinization and retrogradation of starches which are crucial
processing stages of starch film preparations, thermal properties are studied using
differential scanning calorimetry (DSC). The gelatinization enthalpy (AH,.;) measures the
crystallinity of the amylopectin which is a factor influencing the quality and quantity of
starch crystals and ranges between 15.6 and 23.9 Jg.(153) Potato starches show higher
crystallinity than that of pea with cereals having the lowest values.(154) Also exothermic

complex formation with amylose with lipid can lower this value of AHg,. The
gelatinization always takes place over a temperature interval AT, which in excess water

may be [-2°C for a single granule, and for the whole population of granules the interval
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may be > 10°C. (147) At intermediate or high water content, the onset (T,) and peak
minimum temperatures (T,,) are independent of the water content, whereas the offset
temperature (Tf) is much influenced by the water available during gelatinization. (155)
Starch from potato Desiree also showed a relatively high T, ., value around 65°C.
Starches from potato Prevalent, normal-amylose barley and high-amylose barley exhibited
an intermediate T, 4., between 60-65°C while the lowest T, 4., was recorded for the pea,
rye, and wheat starches. T, ;. for maize and barley are 67 and 58°C, respectively.
Gelatinization temperatures are directly related to the degree of crystallinity along with
other factors like amount of damaged starch, isolation techniques and variation in climatic
conditions during growth.(154)

Retrogradation endotherms are not influenced by the periods of storage times.
Starches from rye, wheat, normal-amylose barley and high-amylose barley have bell-
shaped endotherm curves during retrogradation with exception for waxy barley starch
which is bimodal.(154) This characteristic behavior of the retrogradation of starches can
be attributed to differences in the quality of the recrystallized amylopectin which is
dependent on the botanical origin. The melting enthalpy (AH, and AH,) related to
recrystallized amylopectin was calculated from the area of retrogradation endotherms.
Retrograded amylopectin from different sources evidently shows the same B-polymorphic
crystal pattern, other factors, such as structural differences in the amylopectin molecule,
could cause the variations found in the rate and extent of amylopectin recrystallization.
Also, high amylose starch has a higher melting enthalpies than those of normal amylose
content starches because of co-crystallization of the two polymers in starch. The

crystallinity of amylose and amylopectin films was studied to understand the mechanical,
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thermal and barrier properties. The microstructure of any polymer based film can
significantly influence its behavior.

To make edible films from starch, starch powder and water are heated to high
temperatures beyond its gelatinization (Tge) temperature to completely dissolve its
polysaccharide components and prepare low viscous starch film solutions. These
processing temperatures are high which are undesirable to high-temperature sensitive

encapsulates or fillers.

1.6.2.2 Optical Properties

Native starch films and starch films blended with plasticizers are transparent and
colorless. Addition of monomers like glucose etc. give yellowish color to the starch film.
CMC can produce clearer films than starch, therefore, addition of CMC to starch films, can

improve their optical properties and reduce their yellowness.

1.6.2.3 Mechanical Properties

Past several years, starch is extensively used to develop biodegradable films due to
its ability to form a continuous matrix. But one of the major disadvantage of pure starch
films that limits its usage in various food applications are its hydrophilic nature and poor
mechanical properties. The two major components of starch are amylose and amylopectin
and their films were strong and had a Young’s modulus (E) and the stress at break (op)

which are comparable to low density polyethylene (LDPE) as shown in Table 4.

Studies conducted by A. Rindlav-Westling et al showed that all the films exhibited
low strain around 2.5% and hence, it can be said that these film are brittle in nature. They

showed that amylose films are stiffer and stronger than amylopectin films. Different studies
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have shown significant differences in their mechanical properties due to different sources
and preparation of the films. Different approaches to improve starch mechanical properties
are blending (156), chemical modifications (modified starch) and using additives like
plasticizers(157-160), clay(161-164) and other nano-fillers (165-167). In starches from
different sources, tensile stress and Young’s Modulus decreased and strain increased with
increase of glycerol.(157) The plasticizer in the starch network reduces the direct
interactions and the proximity between starch chains and when force is applied then starch
chains were enabled which leads to a decrease in the glass transition temperature of the
starch and improvement in their flexibility. Addition of 30% and more clay was added to
the starch film to achieve reinforcing effect where the Young modulus increased by 50%
on comparing with unplasticized starch films.(163) Another strategy to improvise
mechanical properties of starch based films are incorporation of natural cellulose fibers as
a reinforcing phase in thermoplastic matrices. Cellulose fibers are constituted of long
threadlike bundles, called microfibrils, of cellulose molecules stabilized laterally by

hydrogen bonds between hydroxyl groups of adjacent molecules.(165)



43

Table 4 Mechanical Properties of Amylose and Amylopectin Films

Polymer Stress at Strain at Conditions and References
Break, ob Break, Eb
(MPa) (%)

Amylose 20 31 Ghyeerol _ ) 4. films formed and measured
Amylose
at 50%RH(168)

Amylose 20 46 Ghyeerol _ 3. films formed and measured
Amylose
at 65%RH (169)

Amylose 11 17 Shyeerol _ 29, films formed and
Amylose !
measured at 50%RH and 20°C(170)

Amylose 32 3 Ghyeerol _ .19, films formed and
Amylose
measured at 50%RH and 20°C(170)

Amylose 48 5 Syeerol _ ), films formed and measured
Amylose
at 50%RH and 20°C(170)

Amylopectin 6 29 _Glyeerol  _ 4y 4 films formed and
Amylopectin !
measured at 50%RH(168)

Amylopectin 2 5 Glycerol

= 0.28, films formed and

Amylopectin

measured at 50%RH and 20°C
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1.6.2.4 Barrier Properties

Primary function of a packaging or an edible film is providing a barrier between
the food surface and its surrounding environment. Barrier properties are divided into two
categories: water vapor transmission rate and gas transmission rate which is very essential
if the coatings are applied on fresh fruit and vegetables.

In a study conducted by S. Mali et. al(157), water vapor permeability rates of the
starches from different sources conditioned at RH 64% and 20°C were studied and are
given in Table 5.

Plasticizers like glycerol at moderate amounts (20% (w/w)) has lower values of
water vapor permeability. This result can be supported by the possible structural
modifications of starch network that occurs when glycerol is added. The unplasticized
starches form brittle films facilitating water vapor transfer due to presence of pore or
cracks.(171) By addition of glycerol, the pore formation is avoided by creating a compact
structure. At low concentrations, plasticizers tend to bind to the starch molecules leading
to an anti-plasticization effect. (172) By increasing the content of glycerol, the density of
the starch is lowered and acquires the hydrophilic character of glycerol making it
vulnerable for adsorption and desorption of water molecules. On long term storage of
starch films, the water vapor permeability doesn’t depend on glycerol content but on the
ratio of crystallinity and amorphous phases of the starch where water vapor permeability
decreases with an increase in crystallinity because permeation occur through the
amorphous zones of the film.(34)

Oxygen permeability (OP) is one of the most commonly studied transport

properties of edible films. The increasing content of the starch increases the OP of film,
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because of hydrophilic nature as well as higher amylopectin content of starch.(173)
Plasticizers such as glycerol generally increase gas and water vapor permeabilities of
hydrophilic films. Glycerol is a relative small hydrophilic molecule and has a similar
chemical structure to glucose, thus glycerol can easily interact with starch chains reducing
packing between chains. Thus, the polymer chain movements could be facilitated, resulting
in an increase of water vapor and gas permeation through the film matrix.(174) Also, use
of sorbitol (plasticizer) and Tween 80 (surfactant) can reduce the water vapor and oxygen
permeability of the corn maize starch films due to decrease in molecular mobility of
polymer molecules in the matrix.(173) In case of tapioca starch based edible films, glycerol
has increased the water vapor permeability and oxygen permeability significantly due to
its hydrophilic nature and plasticizing nature.(175) Similar trend was observed for yam

starch films.(176)



Table 5 Water vapor transmission of starch films at initial time and stored for 90

days at 64% relative humidity and 20°C

Starch Glycerol Water Vapor Permeability
Base (9/100g starch) (x 107 1%gm~1s71pa1)
Initial Time Storage Samples

Corn 0 8.33+0.21 5.13+0.51
20 5.37+0.21 5.00+0.75
40 6.70+0.21 5.95+0.75

Cassava 0 7.59 +1.26 5.59+0.89
20 4.02+1.26 4.02+1.01
40 6.25+1.26 5.65+0.99

Yam 0 6.75+1.05 5.25+0.58
20 4.46 +1.05 4.00 +0.55
40 7.59+1.05 6.66 + 0.99
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1.6.3 Hydroxypropyl starch
Hydroxypropyl starch (HPS) is modified starch which is substituted by
hydroxypropyl groups that are hydrophilic in nature and influence the interaction of starch

polysaccharides in granular form and affect its physical properties in solution.

1.6.3.1 Preparation

Hydroxypropyl starch (HPS) is prepared by reacting starch with propylene oxide to
low levels of etherification with most common molar substitution (MS) of 0.1. HP starch
with MS between 0.9 and 2.7 can be dissolved in DMSO.

Starch dispersed in ethanol solution and NaOH is added to make the solution
alkaline. Use of ethanol in the reaction mixture maintains the integrity of the granules and
facilitates in removal of undesired products during reaction by simple step of density
separation. Swelling of granules can be inhibited by addition of swelling -inhibiting salts
before adding propylene oxide. Alkalinity of starch slurry acts as a catalyst that speeds up
the reactivity between starch nucleophile and unstable 3-membered epoxide ring.
Propylene oxide is added and flushed with nitrogen gas in a closed container. This solution
is heated at 60-70°C for a day. High temperatures facilitate diffusion of the alkaline catalyst
and promotes permeation of the etherifying agent to the polymer in the starch granule.
Finally, the pH is adjusted to 5-6.(177) The precipitated starch is hydroxypropylated at -
OH groups on starch polymers. The parameters in a reaction like epoxide concentration,
starch/water ratio, reaction time and amount of catalyst to control the MS of HPS as shown
in Figure 14. (178)

Amylose and amylopectin fraction of HPS can be isolated using size exclusion

chromatography. It is observed that greater extent of modification occurs in amorphous
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regions comprising the amylose and branching sites od amylopectin due to accessibility of
the reagent. The substitution of hydroxypropyl group occurs in the order of C-2 > C-6 > C-

3 on a-D-glucose unit of the starch. (179)



‘ A NaOH
: g Na»SO,
H. ” H
HO . 4o Propylene oxide
H H_,U
H H
" OH
HO O.\
Starch Hydroxypropyl starch (HPS)

Figure 14. Preparation of hydroxypropyl starch by etherification reaction of corn

starch
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1.6.3.2 Chemical properties

Introduction of hydroxypropyl (HP) group on the starch chains weakens the
interactions of amylose and amylopectin and increases its water binding capacity.(180)
Improved dispersibility in cold water is observed when the molar substitution of HP
increases from 0.4 to 1.0 . This modification also improves its freeze thawing stability by
retaining water and preventing synerisis. By decreasing intermolecular interactions
between polysaccharides in the starch by chemical substitution, the crystallinity of the
starch is significantly reduced and inhibits the process of retrogradation. This further
enables the viscosity stability of its solution with high temperature resistance, low pHs and
mechanical shear and therefore making them as stabilized starches. Absorption of water is
greater in amorphous regions of the HP starch granules compared to native starch which
increases its rate of gelatinization.

Hydroxypropyl groups are hydrophilic in nature and their substitution on starch
reduces the strength of the bonds that hold the granule structure. With increase in degree
of substitution, the pasting temperature gradually decrease until the starch becomes cold
water swelling. Retrogradation that involves close alignment of the chains in starch is

interrupted by the HP groups and creates a fluid-like paste with better clarity.

1.6.3.3 Film properties

HPS films are highly transparent which are desirable for edible films. The tensile
strength of pure HPS films are higher than those of plasticized with polyols. On storage at
ambient temperature over 12 months, the HPS films have increased tensile strength and
lower elongation modulus which makes them extremely brittle. (178) Processing

temperatures during preparation of casting HPS-gelatin solutions are crucial in determining
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physical properties of the film. The low temperature method resulted in films with more
densely packed polymer chains, increased molecular ordering, higher percentage
crystallinity and higher tensile strength and limited gas and water transmission rates. The
presence of a plasticizer in the HPS-gelatin blends led to greater mobility of the polymer
matrix and tensile strength but higher elongation and gas/water permeation values.(159)
D. Lourdin and group studied physical properties of acid-hydrolyzed starch
films.(181) The crystal structure of the starch films is a B-type crystalline structure. Films
with high molecular weight showed no crystallinity compared to low molecular weight.
Drying temperatures also influenced crystallinity which an increase in temperature created
films with no crystallinity. Crystallinity in films prepared with different molecular weight

of HPS showed no effect on mechanical properties.

1.6.3.4 Applications of Hydroxypropyl starch

Hydroxypropyl starch is used in various applications in food industry.
Hydroxypropyl substitution, cross-linking and inherent properties of starch improves the
shelf-life, free/thaw stability, cold storage stability, cold water swelling and reconstituting
products in formulated products.(182) This enable HPS use in a wide range of food
applications such as gravies, dips, sauces, fruit pie fillings and puddings.(179) It is used as
a thickener in food products. They are used as binders for building materials or gelling aids
for perfumes or organic liquids due to their adhesive properties and solvent solubility of
these starches. During drying of concentrated aqueous starch solutions, film-forming

properties were observed.
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1.7 Biopolymer nanocomposites

Nanocomposites are extensively used in different applications due to their superior
functionality and performance. By definition, nanocomposites are typically composed of
polymer based matrix with organic or inorganic nano-sized fillers. Though the matrix and
filler material do not interact effectively in macroscopic scale, it is found that on reducing
the dimensions of the fillers to a nanometric scale can increase interactions with the matrix
and thus, improving thermal, mechanical and barrier properties of the nanocomposites.
Mineral nanoscale fillers like silica, clay and talc are extensively used to create
bionanocomposites.(183)

Nanocomposites films prepared using different nanoscale forms of nanocellulose
like microfibril, microfibrillated cellulose, cellulose whiskers and microcrystalline
cellulose have improved mechanical properties, low oxygen permeability and high
transparency.(184)

Nanocomposites are being developed to ensure food safety to different high water
activity foods by protecting contact surfaces. Silver nanoparticles are used in creating
antibacterial nanocomposite films for biopolymer packaging.(185) These Ag nanoparticles
have dose-dependent cytotoxicity as shown in zebrafish model which limits its usages
directly in food safety.(186)

There is a need to investigate more nanostructures that can address the research gap
in nanocomposite edible packaging and extend its functionality more than that of its
traditional usage to improve qualitative properties and shelf-life of foods that are encased

in them.
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CHAPTER 2. CANDELILLA WAX NANOPARTICLES:

DESIGN AND CHARACTERIZATION

2.1 Abstract

Candelilla wax, a highly hydrophobic plant based wax is used to prepare lipid
nanoparticles that can be used filler in biopolymer based nanocomposites. Hot
microemulsions of this wax were prepared by using HLB concept for selection of
emulsions and ternary phase diagrams for optimum concentration of emulsifers. Wax
nanoparticles (NP) were formed on cooling at a controlled environment. Polysorbate 80
(Tween80), a non-ionic surfactant at concentration of 2% (w/w) produced nanoparticles
with smallest hydrodynamic radius (~212 nm) with high storage stability over 2 months.
On imaging with atomic force microscopy (AFM), wax NP were observed to have a round

spherical structure with diameter of 140nm.

2.2 Materials and Methods

2.2.1 Materials

Candelilla wax (CW), Tween 80 (Polyethylene glycol sorbitan monooleate), and
oleic acid were purchased from Sigma-Aldrich (St. Louis, MO). Other chemicals used for
analytical purposes are acquired from VWR International (Radnor, PA) and Fischer

Chemicals (Hampton, NH).
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2.2.2  Selection of emulsifiers

The selection of emulsifiers was based on their HLB (hydrophobic-lipophilic
balance) values derived from the structure of the molecule. A widely used semi-empirical
method of calculating the HLB number for a surfactant is given by (187):

HLB = 7 + Y.(hydrophilic group numbers) —

Y.(lipophilic group numbers)

‘Effective’ HLB number can be achieved by a weighted mixture of two or more

surfactants of the same class with different HLB numbers.(188, 189).
Effective HLB number of binary emulsifer mixture
= (%[A] X HLB,) % (%[B] X HLBg)

Where, %[A] = % of A in the mixture, HLBa = HLB number of A), %[B] = % of
B in the mixture, HLBg = HLB number of B. Calculation for Tween 80 and Oleic acid was
shown in Table 6.

In this study, emulsifiers used are class 300 (Tween and Spans) defined by the
producer ICl Americas Inc. surfactants which represent hydrophilic non-ionic surfactants
that are ideal to create oil-in-water (O/W) emulsions.(190)

Different mixtures of non-ionic surfactants Tween and Span surfactants and anionic
surfactant oleic acid whose effective HLB above 10 were used. Wax (10% w/w) was heated

above its melting point (68-72 °C) at 85°C and stirred continuously with a magnetic bar.

The surfactants (1.5% w/w) were added into hot water around 85°C and mixed vigorously.



Table 6 Effective HLB Values of Surfactant Mixtures of Tween 80 and Oleic acid
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Weight % of Tween 80

Weight % of Oleic acid

Effective HLB Value

(HLB 15) (HLB 1)

25 75 45
50 50 8
75 25 115
100 0 15
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2.2.3 Preparation of Candelilla wax nanoparticles

Based on the knowledge of O/W emulsion preparation and ternary phase diagram
results, most stable composition of mixture was found. Several compositions of candelilla
wax (2-20% w/w) and surfactant mixture (0.3-3% (w/w)) and water were prepared.

CW nanoparticles were prepared by hot homogenization method. 10% (w/w)
candelilla wax was melted at 90°C using temperature controlled oil bath. Solution of 2%
(w/w) Tween 80 was prepared at 85°C. This solution was added to the melted wax and was
mixed using magnetic stirrer. Hot nanodispersions were obtained using high-speed
homogenization equipment, Ultra-Turrax stirrer T25 with S 25 N - 18 G dispersing element
(IKA® Works, Inc., Wilmington, NC). These liquid wax droplets were solidified by
cooling the dispersions to room temperature and formed solid lipid nanoparticles. The size
and morphological measurements of nanoparticles were determined by DLS method and

AFM imaging.

2.2.4 Particle Size Analysis by Dynamic Light Scattering (DLS)

DLS-based BIC 90plus particle size analyzer equipped with a Brookhaven BI-
9000AT digital correlator (Brookhaven Instrument, New York, NY) at a fixed scattering
angle of 90° at 25°C was used to determine mean hydrodynamic diameters (D;,) and the
corresponding polydispersity index (PDI) of the nanoparticles. The light source of the
particle size analyzer is a solid state laser operating at 658 nm with 30 mW power, and the
signals were detected by a high sensitivity avalanche photodiode detector. The normalized

field-field autocorrelation function g(qg,t) is obtained from the intensity-intensity
autocorrelation function, G(q,t) via the Sigert relation: a. g(q,t) = [(@) — 1195 where,

A is the experimentally determined baseline, o is the contrast factor which is less than 1,
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due to the fact that only a fraction of dynamic scattering intensity falls within the correlator
window and due to a pinhole of certain size is used in the experiment. For all particle size
measurements, the measured baseline A is in agreement with the theoretically calculated

baseline to 0.01%. The diffusion coefficient D was calculated according to D = 77 1q?,

where g is the amplitude of scattering vector defined asq = (4”7”) X sin (g),n is the

solution refractive index, A is the laser wavelength and 0 is the scattering angle. The

diffusion coefficient D can be converted into mean emulsion droplet diameter d using the

Stokes-Einstein equation: d = %, where « is the Boltzmann constant, T is the absolute

temperature, and 7 is the solvent viscosity. Cumulant analysis method was used in our size
measurements, where g(q,t) was decomposed into a distribution of decay rate I' (= 1/1),
givenby g(q,t) = [ G(I)e"t.drI'. The first two moments of the distribution G(I') are as
follows: (1) I' = Dq?, (2) u? = (D? — D*?)q*, where, D* is the average diffusion
coefficient. The polydispersity term defined in the Cumulant analysis is:
polydispersity = u,/I'? (no units). It is close to zero for monodisperse or nearly

monodisperse samples, and larger for broader distribution.

2.2.5 Atomic Force Microscopy (AFM) Imaging

Images of wax nanoparticles were collected by a commercial Nanoscope I1la Multi-
Mode AFM (Veeco Instruments, CA) equipped with a J scanner, which was operated in
tapping mode using silicon cantilever. The scanned images were obtained at the scan size
of 3.0 pm X 3.0 um and the scan frequency of 0.75 Hz. A diluted solution with Candelilla
wax nanoparticles was dropped and allowed to spread on silicon wafers, later washed by

MilliQ water and dried by nitrogen gas prior to morphological measurements.
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2.3 Results and Discussion

2.3.1 Tween 80 was the choice of surfactant

To identify the most stable formulations of Candelilla wax emulsions, visual
appearance of the formulations was observed. For 10% (w/w) wax in the emulsions,
Tween 80 (1.5%) was able to form most stable emulsion as shown in Table 7.

Important control variables that influence emulsification of a system are (1) Process
temperature, (2) HLB value of the system and (3) chemical class of surfactants used. In our
study, the process temperature was 90°C which was kept constant. Required HLB value of
candelilla wax to create a O/W emulsion was unknown. Therefore, different types of
surfactants were investigated to create stable emulsions

From empirical observations, it is suggested that maximum emulsion stability for
O/W emulsions is obtained using surfactants with a HLB 10-12. (191). Emulsifiers with a
low HLB number (below 9.0) is lipophilic in nature and those with a high HLB number
(above 11.0) are hydrophilic. Other with HLB values between 9 and 11 are intermediate in
nature. Different effective HLB values were achieved by using mixture of Tween and Span
surfactants which have different chemical structures as suggested.(192) It was found that
required HLB of Candelilla wax for O/W emulsions is 15 which is similar to another plant
wax Carnauba wax and its mixtures as shown in previous studies.(193) Studies have shown
that Tween 80 is a common and effective hydrophilic emulsifier (HLB = 15) with Cis:1
oleic carbon chain that occupy the lipid and water interface and reduces high energy

interface barrier in Self-Emulsifying Drug Delivery Systems (SEDDS).(194)



Table 7 Visual Appearance of formulations with 10% w/w CW and 1.5% w/w

surfactant/blends
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Surfactant/Blend (1.5%

Effective HLB Visual Appearance (after a

Ratio
wiw) (1) week)
Span 20/Tween 20 3:1 10.6 phase separation
1:1 12.6 phase separation
1:3 14.7 phase separation
Tween 20 16.7 phase separation
Span 40/Tween 40 3:2 10.2 phase separation
1:1 111 phase separation
1:3 13.3 phase separation
Tween 40 15.6 phase separation
Span 60/Tween 60 1:1 9.8 phase separation
2:3 10.8 phase separation
1:3 124 phase separation
Tween 60 14.9 phase separation
Span 80/Tween 80 1:1 9.6 emulsion with creaming
2:3 10.7 emulsion with creaming
1:3 12.3 emulsion with slight creaming
Oleic acid/Tween 80 1:1 8 emulsion with slight creaming
1:3 115 emulsion with slight creaming
Tween 80 15 Stable Emulsion
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2.3.2 Particle Size Analysis of CW formulations with Tween 80-Oleic Acid

surfactant mixture

After visual observations of the stable formulations of Candelilla wax SLN, particle
size analysis using Dynamic Light Scattering approach to further understand its stability as
shown in Table 8. In this case, Tween 80 effectively reduces the surface tension and
facilitates the particles during homogenization than oleic acid. Also oleic acid is more
lipophilic than Tween 80 and can possibly solubilized into the hydrophobic matrix of
Candelilla wax nanoparticle than its interface. The nature and concentration of suitable

surfactant are important factors that contributes to the stability for nanoparticles.(195-197)



Table 8 Hydrodynamic Diameter and Polydispersity of formulations with 10%

Candelilla Wax and different surfactants

Weight % of  Weight % of Effective
Effective

Tween 80 Oleic acid diameter Polydispersity
HLB Value

(HLB 15) (HLB 1) (nm)

25 75 4.5 - -

50 50 8 517.5+0.5 0.005

75 25 11.5 421+0.9 0.005

100 0 15 267.7+1.3 0.005
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2.3.3 Optimization of Candelilla wax nanoparticles preparation

2.3.3.1 Analysis of Ternary Phase Diagram

Phase behavior of a tertiary system is determined by its composition at room
temperature. Different compositions of CW formulations were calculated based on
surfactant-to-lipid ratio (S/W) and their visual appearance is shown in the ternary phase
diagram — Figure 15.

For formulations with higher concentration of lipid phase (>15%), the emulsions
were creamy and viscous. For high melting point lipids like waxes, stability of O/W
emulsions is influenced by a destabilization mechanism called partial coalescence. Partial
coalescence occurs due to penetration of lipid crystals from one droplet into another droplet
and these crystals bring the droplets together by overcoming Laplace pressure.(198)This
can be explained by increased particle size due to aggregation at higher lipid concentrations
and broader particle size distributions.(197) At lower concentrations of lipid phase (<5%),
phase separation was observed. Destabilization of nanoparticles occurs due to aggregation

of lipid crystals in absence of sufficient surfactant concentrations.(199)
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Figure 15 Ternary Phase diagram of Candelilla Wax-Tween 80-Water
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2.3.3.2 Particle size Analysis of stable CW O/W emulsions

The particle size of emulsified CW formed from 10% (w/w) CW and different
concentrations of Tween 80 were measured. Figure 16 shows that 2% (w/w) Tween 80
formed candelilla wax particles of smallest size (~ 212 nm).

The factors that influence the particle size of SLN are (i) the nature of lipid matrix,
(i) type of surfactant and its concentrations, and (iii) process parameters (temperature,
homogenization parameters). With increase in Tween80 concentration, the particle size has
effectively reduced. Decrease in particle size can be achieved by introducing sufficient
surfactant molecules at the lipid-water interface and reduce high energy barrier between
binary system. Since Tween80 is a non-ionic surfactant, stability of nanoparticle
dispersions is attributed to stearic hindrance of the groups that occupy at the interface in
the aqueous phase. At higher concentrations (>3%) of Tween80 (not shown) the CW
formulations were creamy and highly viscous, probably due to increase in rate of

recrystallization of lipid in the droplets that leads aggregation.
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2.3.3.3 Storage Stability of CW nanoparticles

To further confirm the most stable formulation of CW nanoparticles, storage studies
were conducted on CW formulation with 10% CW and 2% Tween80. Lipid dispersions are
considered as kinetically stable in nature, when their particle size doesn’t significantly
change over time. The kinetic aspect of the surface coverage process by the emulsifiers
influence the particle size and its stability. Rate of the process of primary coverage of the
surfactant on wax droplets competes with the rate of cooling and the agglomeration of
liquid droplets. Since nanoparticles have solid lipid matrix instead of liquid core,
destabilizing features like coalescence and Ostwald ripening. One major destabilizing
process associated with SLN is creaming due to flocculation and gravitational separation.
Flocculation occurs due to collision frequency and electrostatic interactions. Collision
frequency doesn’t play a role in SLN due to their solid lipid core and use of a non-ionic
surfactant like Tween 80 lowers the interactions through steric repulsions. Sterically
stabilized emulsions are usually less susceptible to pH and ionic strength than
electrostatically stabilized emulsions.(200) Reduction in particle size of the system
prevents gravitational separation which is physically governed by Stokes’ law that predicts
the creaming rate of an emulsion. Smaller the creaming rate, more stable the formulation
will remain.

The equation for creaming rate (9;,xes) Of an isolated spherical particle in a liquid:

_2g7r%(p; — p1)
o

19stokes -

2
19stokes X T
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Where, g is acceleration due to gravity, r is the radius of the particle, p, is density
of the dispersed phase and p, is the density of the continuous phase and 7 is the shear
viscosity.

Formulations that are based on emulsion preparations are not thermodynamically
stable and their properties change with time. In our application, this is undesired and can
cause changes in the behavior of the products over storage time. The Kinetic stability of the
non-creaming formulation with 10% Candelilla wax and 2% Tween 80 was observed over
a few months and is shown in Figure 17. The particle size increases slightly from ~ 271
nm to ~287 nm over 2 months. There is no drastic change in particle size during storage

which indicates that the formulation is Kinetically stable.
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2.3.3.4 Morphology of Candelilla Wax SLN using Atomic Force Microscopy

To understand the shape and size of the SLN formed, AFM imaging with section
analysis was performed using tapping mode of atomic force microscopy.(201) Figure 18
displays the tapping mode AFM height and phase image of Candelilla wax SLN in dry
state on the silicon wafer, which indicates their pseudo-spherical morphology. Some
particles were significantly smaller than others but they were in smaller amounts. They
could possibly be remaining surfactants. Section analysis embedded in the software
Nanoscope5.30 was applied to calculate the particle size on the wafer surface as shown in
Figure 19. The vertical distance from the upper edge of the particle to the bottom of the
silicon wafer was taken as particle size, which was previously utilized to calculate size of
CS-TPP nanoparticles in dry state.(202) The individual particle sizes of the nanoparticles
(prepared at initial wax concentration of 10g/g emulsion) from section analysis are
approximately 140-150 nm as its diameter. Smaller artifacts were observed on AFM
images which were measured to have a diameter of 28 to 40 nm. The minimum particle
size calculated from curve fitting through Stocks—Einstein's equation from DLS studies
turns out to be 271 nm. The difference between the particle sizes from AFM and DLS
studies arises from the sample’s state, in case of AFM, dry samples are analyzed while
particles were in a solution during DLS tests. In the dry state, the particles are stripped out
of the water layers that held by the hydrophilic part of the surfactants when dispersed in
aqueous phase and causing increase in the effective diameter of the particles. Other studies
have also shown that particle sizes from AFM are smaller than those from DLS
measurements.(202, 203) Morphology of Candelilla wax SLN can be explained by the

composition and polymorphic form of the lipid core. Nanoparticles with lipid in less stable
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a polymorph tend to form more spherically shaped structures. Shape of SLN is also
determined by the structure of the surfactant used. When present in stable B-modification
polymorph, the lipid nanoparticles assume platelet like morphology.(204-214). Candelilla
wax exists in B polymorph form in SLN which has a melting point at 64°C and it only

forms unstable a polymorph during rapid cooling (10°C/min).(215)
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Figure 19 Sectional Analysis of Candelilla Wax SLN
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2.4 Conclusion

In this study, wax nanoparticles were prepared in a systematic approach. Firstly,
selection of surfactants for creating an emulsion system by using low molecular surfactants
(Tween/Span) based on hydrophilic-lipophilic barrier concept. HLB value of this
surfactant can be useful while using other surfactants with known HLB values to create
emulsion systems of Candelilla wax. The composition of stable pre-emulsions was
calculated using ternary phase diagram. To obtain nanoparticles, the pre-emulsions were
subjected to high speed homogenization at optimal process temperature to create hot
microemulsions and later, cooled down rapidly by storing them at cold temperatures.
Characterization of wax nanoparticles were performed to ensure its size and stability by
using dynamic light scattering methods and atomic force microscopy. This systematic

approach can be employed to create nanoparticles with different types of lipids.
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CHAPTER 3. CHITOSAN-PVA NANOCOMPOSITES WITH

CANDELILLA WAX NANOPARTICLES: PHYSICAL AND

ANTIBACTERIAL PROPERTIES

3.1 Abstract

Chitosan (CS), acetylated form of naturally occurring polymer from crustaceans
has limited application in packaging due to presence of hydrophilic groups. To address this
challenge, films from chitosan-poly(vinyl)alcohol (PVA) based nanocomposites with
different amounts (% w/w) of wax nanoparticles and glycerol as plasticizer were prepared
by pour casting. These nanocomposites (CPGW) were characterized for its moisture barrier
properties, mechanical and antibacterial properties. Films with concentration of wax SLN
greater than 3% (w/w) had significant increase in surface hydrophobicity. Moisture
isotherm curves of nanocomposite films followed very similar absorption behavior to that
of control film and their water vapor absorption rate linearly decreased with increase in
SLN. Water uptake % was lowered by 19% to 55% when SLN content increased upto 3%
(w/w), no significant difference was observed beyond 3% (w/w) SLN. Tensile strength and
elongation E% of nanocomposites were affected by relative humidity they are stored and
it is suggested that polymer-SLN interactions are complex. Microstructure of films up to
5% (w/w) SLN concentrations have homogenous matrix and no phase separation was
observed. FTIR analysis of nanocomposites were performed to understand chemical
interactions of different components of the film. It is observed that CS and PVA completely
blended in the films and disappearance of CH stretching band characteristic to saturated

carbon in wax confirms that wax exists in the nanoparticle form. Incorporation of wax NP
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in chitosan/PVA film did not affect the inherent antibacterial properties of chitosan. The
current work suggests that wax SLN can be used as a nanofiller to overcome the moisture

sensitivity of certain biopolymer based films.

3.2 Materials and Methods

3.2.1 Materials

Chitosan (CS) with deacetylation degree (DD) of 98.0% and molecular weight
(Mw) of 330 kDa was purchased from Kunpoong Bio. Co., Ltd. (Seoul, South Korea).
Mowiol® 56-98 or poly (vinyl alcohol) (PVA) of Mw ~ 195,000 with DP ~ 4300 and
degree of hydrolysis 98.0 — 98.8 % (molar fractions) was obtained from Sigma-Aldrich (St.
Louis, MO). Other chemicals used for analytical purposes are acquired from VWR

International (Radnor, PA) and Fischer Chemicals (Hampton, NH).

3.2.2 Preparation of CS-PVA nanocomposite films with CW nanoparticles
Chitosan-polyvinyl alcohol nanocomposite films with CW nanoparticles are
prepared by casting/solvent evaporation method. Chitosan (CS) was dissolved in acetic
acid (0.5 M) to yield a 4% (w/v) chitosan solution. Polyvinyl alcohol (PVA) was separately
dissolved in deionized water at 80°C to make 4% (w/v) solution. The two solutions were
mixed and an appropriate amount of 15% wi/w glycerol (G) was added. The mixture was
stirred thoroughly for 30 min at ambient temperature. Candelilla wax solid lipid
nanoparticles (SLN) dispersion (10 % w/w) was added drop-wise according to wax weight
percentage. The composition of the nanocomposite films (CPGW) are listed in the Table

9. The 25ml of film solution is poured into petri-dishes and dried under a hot air oven at
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35°C. The films are peeled out and are conditioned at 52% relative humidity at ambient

room temperature.



Table 9 Composition of CPGW films

Sample ID CS (Y%ow/w) PVA (% w/w) SLN (% w/w) G (Y%w/w)

CPGWO 42.5 42.5 0 15
CPGW1 42 42 1 15
CPGW2 41.5 41.5 2 15
CPGW3 41 41 3 15
CPGW4 40.5 40.5 4 15
CPGWS5 40 40 5 15
CPGW10 37.5 37.5 10 15
CPGW20 325 325 20 15
CPFW40 22.5 22.5 40 15
CPGW60 12.5 12.5 60 15

CPGW&0 2.5 2.5 80 15
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3.2.3 SEM Imaging of CPGW films

The CPGW films were mounted on a flat SEM pin (Tedpella Inc, Redding, CA) for
surface images and with aid of 12mm carbon discs (SPI Supplies, West Chester, PA) on to
which the sample is adhered. The vacuum dried samples are coated with a 10 nm with gold
using in a Polaron (Hatfield, PA) SEM coating system. The specimens were scanned using
Field Emission SEM (Zeiss Sigma, Jena, Germany) with Oxford INCA PentaFETx3 EDS
system (Model 8100) at an accelerating voltage at 5kV. The images with digitally

processed by Smart SEM software (Zeiss Sigma).

3.2.4 Contact Angle Measurements on CPGW films

The static water contact angle measurements were carried out using a VCA Optima
XE Dynamic Contact Angle Analyzer (AST Products Inc., Billerica, MA) at ambient
condition. The image was recorded by a CCD camera immediately after the water drop was
deposited onto the CPGW film surface. At least six measurements were averaged for each

sample.

3.2.5 Moisture Sorption Isotherms of CPGW films

Saturated salt solutions of lithium chloride, magnesium chloride, sodium bromide,
sodium chloride, and potassium nitrate were used to obtain different RH combinations
having aw values of 0.11, 0.33, 0.58, 0.75 and 0.94 respectively. These saturated solutions
were taken in different desiccators. Prior to keeping the film, specimens were conditioned
to 53% RH (desiccator with saturated solution of magnesium nitrate) at 24°C. The initial
moisture content of the blend films was measured in duplicate on dry basis (db in %) by

drying in hot air oven at 100£2 °C to constant weight. The sorption experiments were
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carried out by keeping approximately 1 g of blend films (2 cm x2 c¢cm) in desiccators,
removing at frequent intervals and weighing until they reach constant weight (within £5%).
All chemicals were of analytical grade from Sigma-Aldrich (St. Louis, MO). The
equilibrium moisture content (% db) of the films when the weight of the film reaches a

constant value.
iyey . . meq - mdry
Equilibrium moisture content (% db) = — X 100%
dry

Where,
me, = Weight of the film in equilibrium at a certain relative humidity and
temperature 25°C

mgy, = Dry weight of a certain relative humidity and temperature 25°C

3.2.6 Water absorption Studies on CPGW films

Small pieces of membranes were weighed and immersed in deionized water (30
mL), until equilibrium was reached. The swollen membranes were taken out and extra
water was removed by carefully transferring swollen film into a dry dish. The water

absorption capacity (WAC) was calculated using the equation:

_[Ws =W
WAC (%) = |[—;7—| % 100
d

Where “Wgq” is the weight of the dry membrane and “W5s” is the weight of swollen
membrane at equilibrium.(216) The results were reported as the average of three readings.

The swelling response of films was also measured at different pH.
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3.2.7 Water Vapor Transmission Rate and Water Vapor Permeability of CPGW
films:

The water vapor transmission rate (WVTR) and water vapor permeability (WVP)
of the membranes were analyzed according to the ASTM Method E96/E96 M. Circular test
cups were filled with calcium chloride (10.0 + 0.5 g) as desiccant at 0% relative humidity
(RH), and sealed with the test membranes. The membranes were tightly attached and the
initial weights of the cups were recorded. The cups were placed in an environmental
desiccator set at 25°Cand 53% RH. After reaching equilibrium state in the desiccators,
Cups were weighed daily for 14 days. The WVTR was calculated as the slope of the
regression line drawn between elapsed time and the weight change of the test cups. The

actual WVTR and WVP of the membranes were calculated using to the following

equations.
G
WVTR = i
WVP = WVTR v = WVTR
AP S(R; — R,)

Where, G is weight change (g), t is the time (h), A is the test area (m?), and AP is
vapor pressure difference (Pa) and S is saturation vapor pressure at test temperature
(1.333 x 102 Pa), R1 = relative humidity at the source expressed as a fraction and Rz =

relative humidity at the vapor sink expressed as a fraction.

3.2.8 Mechanical properties of CPGW films
The tensile strength (TS) and elongation at break (EB) of the films were measured
on a TA.XT2 Texture Analyzer (Texture Technologies, New York, USA) at a speed of 0.1

mm/s. The appropriate sized films (1.0 x 10.0 cm) were cut using a razor blade and the
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gauge length was set at 10.0 mm. For each sample, the measurements were replicated four
times. TS was calculated by dividing the maximum load for breaking the film by cross-
sectional area, and %E by dividing film elongation at rupture to initial gauge length, and
the values were measured both in longitudinal and transverse directions to observe whether
any difference in the orientation of polymer chain occurs. Percent elongation is the ratio of
extension to the length of the sample. All means were compared with each other, the results

of ANOVA indicated significance (p<0.05).

3.2.9 Molecular Interactions Analysis: Fourier Transform Infra-Red Spectroscopy

The IR spectra of samples were determined in the range of 4000 to 400 cm—1using
a Fourier transform infrared (FTIR) spectrophotometer (Thermo Electron Corp., Nicolet
6700, Waltham Massachusetts, USA) at room temperature. Spectra were recorded with 200
scans at 6.0 cm™'resolution using an attenuated total reflectance (ATR) technique with a

diamond crystal tip.

3.2.10 Antibacterial Properties of CPGW films

Antibacterial activity of the films was assessed against the Gram’s negative
bacterium E. coli (CGSC4401) and the Gram’s positive bacterium Staphylococcus aureus
DB (ATCC 55585) using a modified agar well diffusion method. CPGW films of 100+2
mg were placed on BHI (Brain Heart Infusion) agar plates seeded with 20 ul of bacterial
culture containing 10°-10° CFU/ml and hydrated with inoculated nutrient broth. The plates
were then incubated at 37°C overnight and were bacterial growth was observed. The
antibacterial activity of CPGW films was quantitatively measured according to the method
described by Zhai et al. with slight modifications.(217) CPGW films were initially washed

in sterile distilled water, weighed and placed in test tubes containing BHI broth with
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bacterial culture (0.5%) containing approximately 10°-~10° CFU/mI. The culture tubes were
incubated overnight at 37°C with shaking (150 rpm). During incubation, the optical density
of the medium was measured at 600 nm at regular time intervals until a constant reading
was obtained. To estimate amount of viable bacteria after incubation, serial dilutions of the
incubated cultures with CPGW films was performed and plated on BHI agar plates for
overnight growth. Final CFU/mI was estimated from the bacterial colonies grown on the

plates. All experiments were conducted in triplicate under aseptic conditions.

3.3 Results and Discussion

3.3.1 Visual Appearance of Chitosan-PVA nanocomposite films with Candelilla

wax nanoparticles

Freshly prepared CPGW films are transparent and have a slight yellow color due to
chitosan as shown in Figure 20. The moisture content of the dry films was 6.4£2.1% (w/w).
The yellowness of chitosan is dependent on its treatment process and extent of Maillard
reaction. Air-dried films were more transparent than heat-dried films. More yellowness
was observed in films formed by convective drying, due to the preferential drying of
surface layers, and also it could be attributed to Maillard reaction products.(132) During
storage, yellowness increases significantly. In CPGW films with more than 10% SLN, the

films are not homogenous and SLN aggregates in the film.
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Figure 20 Appearance of freshly prepared films with 0% (A) and 2% (B), films

stored for a month 2%(C), 4%(D), 5% (E) and 10% (F)
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3.3.2 Microstructure of CPGW films

To understand the microstructure of the CPGW films, in-lens detector was used to
study morphology and surface topography and additionally, work function (electronic
variation) of the material which is characteristic property to the material. The difference in
the work function is expressed by variations in image contrast.(218) From Figure 21 (A-
E), surface of the films has no or very deposition of SLN and are embedded inside the
matrix only at higher concentration (>10%), SLN plaques appear on the surface. The cross-
sectional images using the conventional secondary electron detector (not shown) are
compact and the film surface is smooth and without cracks or pores. In Error! Reference
source not found.-F which shows the control, CPG film matrix and it is observed that CS
and PVA in the dry state produced a fine mesh network of CS-PVA polymers with high
porosity. In Figure 21 (F-J), the chitosan and PVA polymers are completely miscible to
form the matrix in control CPGW film and at low SLN% in the film, the nanoparticles are
homogenously mixed into the matrix. There is phase separation of SLN and the polymer

matrix in the films with 10% SLN (w/w).
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Figure 21 FESEM Images of the surface (A-E) and cross-sectional (F-J) areas of CPGW films with no SLN (A, F), 1% SLN (B,

G), 2% SLN (C, H), 4% SLN (D, 1) and 10% SLN (E, J) using in lens detector
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3.3.3 Surface hydrophobicity of CPGW films

Hydrophobic nature of the surface of materials are measured quantitatively from
water contact angle and surface tension. Intermolecular forces at any surface is estimated
by surface tension (y). Contact angle measurement is an indirect and semi-empirical
method for determining surface energy and tension. The contact angle measurements have
been used extensively to study surface homogeneity, changes in surface composition,
hydrophilicity and hydrophobicity, migration of functional groups and low-energy
component to the surface.(219) Contact angle measurements of different liquids/solvents
on material surfaces are used to characterize surface properties of plasticized films. The
contact angle is defined as the angle between the substrate surface and the tangent line at
the point of contact of the liquid droplet with the substrate.(220) The interaction between
the substrate and the liquid is governed by adsorption. Hydrophilicity on the surface of
CPGW films is contributed by the hydrophilic groups (-OH and -NH: on chitosan and -OH
on PVA) on their polymeric backbone. The strength of hydrophilicity is net effect of
number of free hydrophilic groups of polymers to interact with water on the surface and
hydrophobic wax from SLN. Another important factor that determines surface properties
is the roughness of the surface where roughness increases surface area for water/solvent to
interact. From Figure 22, significant decrease in water contact angles in the film with
increasing SLN% (w/w) suggests that the surface became slightly hydrophobic. But there
was no significant change in water contact angle for CPGW films with SLN% (w/w) higher
than 3% which can possibly be the maximum amount of SLN occupying the water and air
interface during drying. Small sized SLN have higher mobility to move in the polymer

solution and occupy the interface due to the difference in the density of SLN and the
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polymers after drying. At high concentrations of SLN, layer of SLN could possibly form

over the film surface due to microphase separation.
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3.3.4 Moisture Sorption Isotherms

Moisture isotherms is determined by the sorption of water by the films stored at
different relative humidity values at a constant temperature. Sorption considers both
adsorption and absorption as a single mechanism. Adsorption is defined as the adhesion of
molecules (adsorbate) which can possibly exist in different physical states (as a gas, a
liquid, or a dissolved solid state) onto the surface of the adsorbent. In this study, the
adsorbate is water vapor and the adsorbent is CPGW films. Absorption is defined as the
mechanism in which a substance in one state is incorporated in another substance of a
different state. Sorption of a liquid or gas by the film is dependent on the chemical nature
of different components that the film is made from. The sorption isotherm curves for
equilibrium moisture content (db) obtained from different CPGW films with varying SLN
weight% is shown in Figure 23. The isotherm for moisture adsorption in CPGW films can
be described by a sigmoidal curve and it is categorized by BET classification as a type Il
isotherm where equilibrium moisture content increases with increase in water activity, aw
but at high aw, the increase is relatively high.(221) The sorption mechanism for chitosan-
PVA based films is dependent on water activity (aw) of the substance it is stored or the
relative humidity of the environment. Previous studies on chitosan-PVA films show that
there are 3 phases of water adsorptions: (I) Monomolecular phase relates to sorption of
monolayer of water when aw < 0.2 (1) Multimolecular phase relates to sorption of multiple
layers of water when 0.2 < aw <0.7 (IlIl) Capillary condensation phase relates to
condensation of water inside the matrix of the film and later, results dissolution of soluble
components in the matrix for a,>0.7. (222) Adsorption of water is dependent on the surface

properties of the film whereas absorption of water is dependent on the bulk of the film
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matrix. The composition and quality of the material are determinants of sorption processes
which are complex. Sorption in CPGW films is lowered due to decrease in polymer matrix
and increase in SLN. Due to hydrophilic nature of PVA and chitosan, moisture is adsorbed
into the matrix through the polymer network but by introducing wax nanoparticles into the
matrix, the movement of water molecules can be restricted and possibly lower absorption.
Crystallinity also determines the sorption in the films where water is only able to interact
with monomers of chitosan in amorphous phase and crystalline regions are considered

inaccessible to water molecules. (138)
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3.3.5 Water Absorption studies of CPGW films

With addition of Candelilla wax SLN, the water absorption capacity of the chitosan-
PVA films was significantly lowered as given in Figure 24 E. From Figure 24 A-D, the
control CPGW film is swollen larger than film with 2% (w/w) film. This observation
clearly indicates that SLN effectively reduces its water absorption capacity.

Water absorption of film material is related to its chemical and structural properties
of the film. It is known that chitosan and PVA solutions blend together due their good
miscibility and form microporous structures by forming a network of chitosan-PVA
through hydrogen-bonding between -OH and -NH. and -OH of PVA polymers.(223) The
porosity of the films play an important role in water absorption as it allows bulk movement
of the water to access different regions of the matrix. SEM images of the control CPG films
show high porosity in the matrix which enable the water to move within and hydrate the
polymers.

Inaccessibility of water to the polymer matrix by capillary action can be one reason
to explain this phenomenon. From SEM images of the nanocomposites, the porosity is
reduced due to presence of wax nanoparticles. Interaction of both SLN and polymers with

water forms a gel like network which is more rigid and dense than that of the control film.



93

0% 1% 2% 3% 4% 5% 10%

% Wax SLN (w/w) in CPG films
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3.3.6 Film permeability

The WVTR and WVP values of any packaging films are important factors to
understand their behavior in food applications of edible films and coating. The moisture
barrier characteristics of these films are determined to estimate the shelf life of food
products. Chitosan is used as biodegradable biopolymer with film forming capabilities with
good gas barrier properties and antibacterial nature. These inherent properties of chitosan
make it a suitable packaging material for improving the shelf-life of fruits and other

processed food by retarding microbial growth and lowering lipid oxidation. The values for

1073g
h.m?2

WVTR and WVP for the control CPGW film without no SLN were 390.45 X and

3

Plao; rgz . This decrease in WVTR and WVP of CPGW films in Figure 25 indicates

261.7 X

that a hydrophobic type physical obstacles can improve water barrier properties effectively.
Reduction of WVP is around 19%-55% due to addition of SLN and lowest WVP was
observed in films with 4-5% SLN (w/w). As observed before, reduced in porosity of the
film with nanofiller and its hydrophobic nature can hinder the moisture transfer. Also SLN
can aggregate and form localized micro regions in the film matrix that can prevent water
vapor transmission. This property has been found extremely effective in preventing food
contamination and spoilage. For 10% SLN formulations, the water vapor transfer has
significantly increased due to non-uniformity of lipid distribution in polymer network. At
higher concentration of SLN in the films, the surface becomes uneven and this increases
the surface area and introduces gaps and cracks allowing movement of water vapor

molecules.
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3.3.7 Mechanical Strength and Elasticity of CPGW films

The tensile strength (TS) and elongation (%E) could be used to describe how the
mechanical properties are related to their chemical structure. High TS and %E values are
observed in materials with greater toughness whereas high %E with relatively low TS
represents mechanical properties of a rigid substance. TS indicates the maximum tensile
stress that the film can sustain and %E is the maximum change in length of a test specimen
before breaking.

From statistical analysis of the results from Figure 26 and Figure 27 , both relative
humidity and % SLN (w/w) influence tensile strength and % elongation of the films (p <
0.001). % crystallinity in the film and amounts of plasticizers have different effects on
chitosan films. High crystallinity in the films give high tensile strength and lower
elongation, making the film strong and brittle. The degree of deacetylation of chitosan
molecules effects the mechanical strength of films which allows denser packing of the
polymer chains substituted with small amino groups, that causes a higher attraction within
polymer chains and resulting higher mechanical strength for high degree of acetylation.
(224) Plasticizers are often added to the material to increase the ductility which is an
important for any packaging materials.

On comparing effect of SLN at RH 57% on tensile strength and elongation is non-
linear which could be possibly explained by the complexity of the interactions between the
polymers and SLN. On comparing effect of RH in films with different SLN% in them,
there was only significant difference in both tensile strength and elongation was observed

at RH greater than 53%.
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3.3.8 Molecular Interactions Analysis: Fourier Transform Infra-Red Spectroscopy

Figure 28 and Figure 29 show the FTIR spectra of Candelilla wax and CPGW films
with no SLN (Control), 1%, 3%, 5% and 10% SLN (w/w). To understand molecular
interactions in the nanocomposite films, their absorbance spectra was generated by FTIR
The frequencies and their assignments of chitosan are indicated as followed: 655 and 1076
cm for the characteristic peaks of crystallization of chitosan.(225, 226) 1642 cm™ for the
bending vibration of -NH. group, 1560 cm™* for the bending vibration of amide group, and
3367 cm* for the combination of -OH and —NH functional groups.

In addition, the band appeared at 870 cm™!, which represents the pyranose ring,
confirms the presence of the chitosan moiety. (227) Presence of PVA in the blended films
caused the band arising from the NH bending (amide 1) at 1561 cm™ of chitosan. Also, an
increase in the intensity of CH group at around 2928 cm™ was observed as the PVA content
increases. (228) In the area of 1737cm™! is a band corresponding to stretching C=0,
indicating the presence of carbonyl functions present in the wax, followed by the presence
of the bands at 1462 cm™! and 1377cm™!, corresponding to interactions O-C-H, which
presents a characteristic band of Candelilla wax for the presence of these functional
groups.(229) The presence of C-H stretching bands in Candelilla, characteristic of saturated
carbon, appeared in a range from 2953-2849 cm™! but was completely disappeared due to

its form as a nanoparticle.(229)
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3.3.9 Antibacterial Activity of films

No bacterial growth was observed on the films incubated in solid inoculated agar
media. (Images not shown). However, there was some growth on higher SLN% based
films. This could be on the regions of dispersed SLN phases in inhomogeneous matrix.

In Figure 30 and Figure 31, CPGW films effectively inhibited growth of Gram
positive and Gram negative microorganisms in the liquid media. The polycationic structure
of chitosan is a prerequisite for antibacterial activity. As environmental pH is below the
pKa of chitosan and its derivatives, electrostatic interaction between the polycationic
structure and the predominantly anionic components of the microorganisms' surface (such
as Gram-negative lipopolysaccharide and cell surface proteins) plays a primary role in
antibacterial activity. Besides protonation, the number of amino groups linking to C-2 on
chitosan backbones is important in electrostatic interaction. Large amount of amino groups
are able to enhance the antibacterial activity. Accordingly, native chitosan with higher DD
shows a stronger inhibitory effect than that a molecule with a lower DD. Since chitosan
with 98% DD was used in the films, it has high antibacterial effect on microorganisms due
to strong electrostatic interactions. Inhibitory effect of the films on E. coli is higher than S.
aureus due to the nature of the microorganism. MIC value for CS on E. coli is 0.025 (%)

and on S. aureus is 0.05 (%).(230)
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3.4 Conclusion

Addition of lipid nanoparticles in chitosan-PVA film have improved moisture
barrier properties significantly. Embedment of nanoscale and hydrophobic materials in
these films reduce porosity of the films and making pathway for water molecules tortuous
to pass through the film. Introduction of low content of lipid nanoparticles in biopolymer
film solution allows to create a homogenous lipid-polymer film with no aggregation or
phase separation with good mechanical properties which can be used in food applications.
These films can be applied on food with moderate water activity and prevent contamination
on the food surfaces as they possess good anti-bacterial properties. The casings and films
of these nanocomposite would improve the shelf life and protect the contact surfaces of the

fresh and processed foods.
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CHAPTER 4. COENZYME Q10 LOADED COCOA BUTTER
NANOPARTICLES: PRODUCTION AND

CHARACTERIZATION

4.1 Abstract

Studies on Coenzyme Q10 (CoQ10) have shown its potency against heart related
diseases in humans but due to high molecular weight and hydrophobicity, it has low
bioavailability. To improvise its efficacy, CoQ10 loaded cocoa butter solid lipid
nanoparticles (CBSLN) with loading range from 0.5% to 2% (w/w) were developed using
high-speed and pressure homogenization of pure cocoa butter (CB) with Tween60 and
Span60 as emulsifiers at 50°C and stored at 4°C. Particle size analysis, zeta potential and
stability studies were performed by dynamic light scattering method. The novel CoQ10-
CBSLN dispersions had non-ionic nanoparticles with average size 200 nm with 0.3 poly-
dispersity index and possessed good stability at low and room temperatures. Due to high
solubility of CoQ10 (110+4.7% w/w) in CB, 85-90% entrapment efficiency was achieved
in their SLN form. DSC analysis of lyophilized CoQ10-CBSLN and their components
showed that CB in SLN form exhibited polymorphism enabling co-crystallization with
CoQ10. Sterilization process had major effects on the size and entrapment efficiency,
confirming that CB recrystallization is influenced by cooling rates. On analyzing the SAXS
intensity profiles of CBSLN and CoQ10-CBSLN, it was concluded that there is a slight

decrease in thickness of the interface due to increase in loading.
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4.2 Materials and Methods

4.2.1 Materials

Cocoa butter (manufacturer: Spectrum Chemical Mfg. Corp.) is purchased from
vendor, VWR International. Coenzyme Q10, reduced form (95%, UV) was purchased from
Hangzhou Joymore Technology Co., Ltd. China. Surfactants were acquired from Sigma-
Aldrich (St. Louis, MO). Other chemicals used for analytical purposes are acquired from
Sigma-Aldrich (St. Louis, MO), VWR International (Radnor, PA) and Fischer Chemicals

(Hampton, NH).

4.2.2 Solubility Studies

The fats (1 ml) were pipetted into a shading tube at 45°C. CoQ10 was added to the
tubes up to saturated concentration with stirring at 200 rpm at 45°C. The mixtures were
then equilibrated for 24 h and centrifuged at ~2000g for 1 min to separate the insoluble
part. Aliquots of the supernatant (0.5 ml) were diluted with hexane, and the total volume
of the solutions was adjusted to 25 ml. In order to determine the CoQ10 concentration of
the solutions, optical density at 270 nm was determined at 37°C using UV-spectroscopy
(CARY Eclipse UV spectrometer). The fat—hexane solutions without CoQ10 were also
investigated as blanks. The molar absorptivity was determined, on a preliminary basis, to
be 13.368 mol/l/cm. The tests were done in triplicates. Statistical significance was

expressed at the P <0.05 level.

4.2.3 Preparation of Coenzyme Q10 loaded cocoa-butter nanoparticles
0.5%, 1% and 2% (w/w) of Coenzyme Q10 was melted into 10g cocoa butter heated

at 50°C based on our results from solubility tests. Using HLB system, Tween 60 and Span



108

60 (Sigma-Aldrich, St. Louis, MO) was selected after different non-ionic polysorbates
(Tweens) and ethyoxylated polysorbates were tested at 1% (w/w) and 2% (w/w). The
emulsifiers are added into the lipid phase and constantly at 50°C with magnetic bar to get
a clear mixture. DI water at 50°C was added at the lipid phase to form a pre-emulsion. The
pre-emulsion was subjected to high speed homogenizer (High-speed homogenizer,
ULTRA-TURRAX T-25 basic, IKA Works Inc., Wilmington, USA) for 5 minutes at
24,000 rpm and was transferred into high pressure homogenization using High pressure
homogenizer, EmulsiFlex-C3, AVESTIN Inc., Ottawa, Canada. Different pressures (500
(HP500), 1000 (HP1000), and 1500 (HP1500) bars) and number of cycles (5, 10, 15, 20,
25) were optimized to obtain a stable nanoparticle dispersion. (231) The sizes of emulsion
droplets can be varied by the speed and the pressure in the homogenization processes. The
morphology and droplet size of emulsions were measured using an inverted optical
microscopy (Nikon TE 2000, Nikon Corporation, Japan) and photon correlation
spectroscopy (PCS) —based BIC 90 plus particle size analyzer equipped with a Brookhaven
BI-9000AT digital correlator (Brookhaven Instrument Corporation, New York, NY, USA),

respectively.

4.2.4 Particle Size analysis — Dynamic Light Scattering

The morphology and droplet size of emulsions were measured over a period of time
by dynamic light scattering technique. The samples were diluted with DI water (pH 6.8
and 25°C) at 200 dilutions. Hydrodynamic diameter of the particle and their size
distribution were observed and calculated using an inverted optical microscopy (Nikon TE

2000, Nikon Corporation, Japan) and photon correlation spectroscopy (PCS) — based BIC
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90 plus particle size analyzer equipped with a Brookhaven BI-9000AT digital correlator

(Brookhaven Instrument Corporation, New York, NY, USA), respectively.

4.2.5 Stability studies after sterilization

All cocoa butter formulations with different Coenzyme Q10 loading % were diluted
0.5 times with distilled water and are autoclaved for 15 minutes at 121°C. The samples
were cooled down by storing it in refrigerating temperature. The stability of the

formulations is studied by observing the particle size based DLS techniques.

4.2.6 Encapsulation efficiency measurements

The encapsulation efficiency (E.E.) of CoQ10 in cocoa butter SLN before and after
sterilization was determined indirectly by ultrafiltration method using centrifugal filter
tubes (Nanosep®, Pall life Sciences) with a 30 kDa molecular weight cut-off. The amount
of encapsulated active was calculated by the difference between the total amount used to
prepare the systems and the amount of Q10 that remained in the aqueous phase after
isolation of the systems:

Total amount of CoQ10 — Amount of Free CoQ10
E.E.= ] x 100%
Total amount of CoQ10

The amount of free CoQ10 in the solution is determined by HPLC analysis. An
UltiMate 3000 HPLC system with 25D UV-VIS absorption detector (Dionex) was used
with a Cig reversed-phase column (Phenomenex™ Luna™ 5 um C18 (2); 150x4.6 mm).
An isocratic mobile phase was composed of ethanol/methanol in 6:4 ratios with a flow rate
1.0 ml min~" and 50 pl as injection value. UV detection wavelength for CoQ10 is maximum
at 275 nm. Standard curve was calculated by using low concentration of CoQ10 (10, 25,

50, 75 and 100 pg/ml).
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4.2.7 Crystallization behavior studies

A differential scanning calorimeter (TA instruments, USA; DSC Q2000 V24.10
Build 122 with DSC Standard Cell RC) was used to examine the thermal properties of the
nanoparticles and CoQ10 loaded nanoparticles. The test was performed under nitrogen
purge. The sample was two-step with single heating and cooling cycle. All the samples
were equilibrated at 20°C (room temperature). Firstly, the sample was heated from 20°C
to 90°C with a heating rate of 2°C/min to generate the heating curve and cooling curve was
recorded by cooling the heating sample to 4°C at a controlled cooling rate of 2°C/min. The

results were later analyzed for crystallization peaks and their corresponding melting points.

4.2.8 Synchrotron Small-angle X-ray scattering (SAXS) studies

SAXS datasets were collected from two sets (undiluted and 200X dilution) of 3
formulations — (i) Control (10 % w/w CB LN), (ii) 0.5% CoQ10 loaded in 10% w/w CB
LN and (iii) 2% CoQ10 loaded in 10% w/w CB LN at the BIOCAT undulator beamline
18-1D of APS, Argonne National Laboratory. To minimize damage due to radiation during
the run, samples were continuously pumped through a 1.5 mm-wide quartz capillary at
12.5 pL/s for an average exposure time of 0.6 s. The scattering intensity profiles were
obtained by negating the average of 15 water-only profiles from the average of 15 CB LN-
water or CoQ10-CB LN-water profiles, which were performed with the program IGOR

Pro (WaveMatrics), and macros written by the BIOCAT staff.
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4.3 Results and Discussion

4.3.1 Maximum solubility of Coenzyme Q10 in different fats and oils

Coenzyme Q10 has highest solubility in MCT oils (Neobee M-5, 895, 1053) among
the oils as shown in Figure 32. Among soft fats, cocoa butter has shown highest solubility.
The difference in solubility for CoQ10 in different oils is dependent on temperature and
viscosity.(232) Also solubility of CoQ10 also depends on fatty acid composition of the
triglycerides in oils. Fats having medium-chain-length fatty acids provided higher
solubility than those consisting of long-chain fatty acids. Neobee oils are composed of
caprylic and capric acids in triglycerides. Cocoa butter is composed of oleic acid
(349/1009), palmitic acid (259/1009), linoleic acid (3g/100g), and stearic acid (35g/100g).

Wecobees are tailored made cocoa butter substitutes from palm kernel fats.(233)



112

300
a
a a
—
I

>
= 200
3 b
= —_—

S
g C C
O .
5 ——
2
S 100

[e]
N

Neobée 895 Neobée M-5 Neobe'e 1053 Cocoal Butter Wecolbee M Wecotl)ee FS

Figure 32 Solubility of CoQuo in fats. Data shown as mean (n=3), p <0.05



113

4.3.2 Optimization of Process Conditions

The colloidal carriers have shown to improve the bioavailability of orally
administered poorly soluble drugs since the reduction of drug particles to the nanoscale
increases dissolution velocity and saturation solubility, leading to improve in vivo drug
performance. (234-236) High pressure homogenization has proved to be the most effective
method to minimize the large particles in the dispersion.(195) Among different pressure
and number of cycles conditions for high pressure homogenization, processing at 1000 bar
and 20 cycles gave the smallest and stable nanoparticles, as shown as Figure 33. Initial
decrease of particle size with increasing number of cycles occurs due to further dispersion
of lipid phase. After 20 cycles, there is a slight increase in the emulsion droplet size due to
coalescence. The droplets coalesce due to high kinetic energy gained from homogenization
step. The kinetic energy beyond the barrier of electrostatic/steric repulsion can destabilize
the system and promote coalescence that would increase the particle size. When subjected
to higher pressures (not shown), the emulsions had a gel-like consistency.

Particle size of the SLN was slightly increased with increase in loading of CoQ10
as shown in Table 10. Mixed system of lipids do not have organized crystal form and the
packing of fat triglycerides is effected by formation of a mixed crystal.(237)

CoQ10 can also be emulsified with Span60/Tween60 mixture of surfactants. The
particle size is also significantly higher than lipid mixture of Coenzyme Q10 and cocoa
butter. In contrast of micro particles, recrystallization and formation of nanocrystals can be
delayed by hours, days or months with decreasing particle size, decreasing lipid and

increasing surfactant content.(196)



114

500 bar
2 1000 bar
1500 bar

(wu) JareweIg anndayg

500 bar
2 1000 bar
1500 bar

(wu) Je18WeIq ANIBYT

No. of cycles

No. of cycles
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Table 10 PCS diameter and polydispersity index in 0.01M NaCl of 10% Cocoa butter and 2% emulsifiers (87% w/w Span60

and 13% w/w Tween60)

CoQ10 | 0% (w/w) 0.5% (w/w) 1.0 % (wiw) 2.0 % (wiw) 10.0% (w/w)

(wiw)

Pressure | Detr PI Derr PI Derr PI Detr P1 Derr PI

(bar)

500 321.8+ 0.324+0. | 342.6+ 0.321+0. | 376.5+ 0.421+0. | 316.5+ 0.421+0. | - -
1.5 002 4.2 021 3.5 011 2.8 011

1000 163.9+ 0.304+0. | 2249+ | 0.289+0. | 239.8+ 0.284 254 .4+ 0.281+0. | 305.7+ 0.288+0.
10.46 003 14.5 014 23.4 +0.01 5.2 007 4.1 005

1500 3654+ | 0.423+0. | 2743 £ | 0.269+0. | 293.8+ 0.214 331.7+ 0.241+0. | 364.4+ 0.327+0.
5.7 005 2.9 034 3.0 +0.015 3.7 017 5.2 005
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4.3.3 Storage stability of the formulations

The particle size of nanocarriers was not altered during the storage period for 7
weeks. The factors that cause instability of emulsions like coalescence or flocculation
would have formed larger particles with progress of time. Figure 34 depicts the effective
diameter of the cocoa butter nanoparticles with different loading of CoenzymeQ10 over 7
weeks and there is no significant change over time. The nanoparticles can be considered as
kinetically stable over time without aggregation which would lead to creaming and phase
separation. It also suggests that CoQ10 molecules are effectively entrapped in lipid matrix
during the storage. Also optical images of each formulation (Figure 35) confirmed the

absence of crystals or other forms suggesting stability of the system.
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Figure 35 Optical Images of the CoQ10 CBSLN formulations after 7 weeks of

storage
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4.3.4 Stability after sterilization

To understand the stability of the SLN after sterilization, the formulations were
autoclaved and the size of the particle was measured before and after sterilization. The
hydrodynamic diameter of CoQ10-CBSLN increases due to sterilization by 9% but
relatively insignificant change in CBSLN as shown in Figure 36. This could influence the
stability and entrapment efficiency. The polydispersity index hasn’t changes before and
after sterilization. (0.21+£0.004) this confirms that SLN’s stability towards sterilization
treatments which is HACCP based processing step in beverages and pharmaceutical

applications.(195, 238)
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4.3.5 Encapsulation Efficiency of Coenzyme Q10 in Cocoa butter nanocarriers
Cocoa butter SLN show a very effective encapsulation for Coenzyme Q10 to almost
100% efficiency as shown in Table 11.

One of the contributing factor to increase encapsulation efficiency is due to
polymorphic state of cocoa butter.(239) Since cocoa butter has multiple crystal forms than
other hard fats which form ordered crystal structure, (B form)(240). Imperfection in crystals
provide space in the lipid matrix for drug molecules to accommodate. This would increase
the efficiency of encapsulation. To assess the encapsulation parameters in colloidal carriers
such as lipid nanoparticles, previous separation of the systems from the aqueous external
phase is required. This can be performed by ultracentrifugation and/or ultrafiltration
techniques. Ultracentrifugation methods require application of centrifugal force for the
separation of the nanoparticles from the aqueous medium, which might possibly destroy
the carriers. Another factor that influences encapsulation of CoQ10 is due to its high
hydrophobicity and also its high solubility in cocoa butter. Also, from optical images of
the formulations have shown no CoQ10 crystals or other forms as shown in Figure 35.
Other studies have also shown that SLN and other nano-sized lipid formulations have
successfully entrapped drug and vitamins.

In a study conducted by Veerawat Teeranachaideekul et.al (241), similar results are
were shown. This result is due to the high lipophilicity of CoQ10, the high solubility of the
active both in the oil (Miglyol®812) and in the wax (cetyl palmitate), in addition to its low
solubility in water (solubility of Q10 in water = 4 ng/ml)(242). However, Q10-loaded
nanoparticles produced via microemulsions technique showed an E.E. of about 74%, most

likely due to the type and the amount of surfactant used to stabilize the systems.(243)
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Table 11 Encapsulation Efficiency (EE%) of Coenzyme Q10 in SLN formulations

with different loading % before and after sterilization

SLN Formulations

(loading % wiw)

Encapsulation Efficiency Encapsulation Efficiency

(%) Before Sterilization (%) After Sterilization

0.5%

1%

2%

98.4+ 2.2 93.6+4.7
96.4+ 1.1 89.5+3.8
952+ 2.1 85.7+3.1
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4.3.6 Crystallization behavior of Cocoa butter and Coenzyme Q10 in formulations

Different properties of cocoa butter are dependent on its fat crystal forms which
have different types of crystal lattices and thermodynamic stabilities. CB can exist in 6
polymorphs termed Type | — Type VI which represent fat crystals of increasing
thermodynamic stability. The crystal forms arise due to presence of triglycerides (TAG)
that have C:16, C:18 and C18:1 fatty acid chains and their composition that varies among
different sources. Tri-saturated TAGs form fractions with highest melting points above
50°C which are the most stable and highly organized crystal than polyunsaturated TAGs
with melting points around 4°C. Saturated fatty acid chains of CB are packed closer and
phase separate from unsaturated fatty acid chains due to their low solubility in mono-
saturated fatty acids which makes ~80% of CB.(244) Polymorphism in CB makes it an
ideal candidate for lipid based delivery system for non-polar bioactives as its fat crystals
can reorganize itself after loading and remain stable.

From heating curve of CB (Figure 37- 11A), it was observed that most of CB exists
in stable polymorphs (Type l11-V1 or a, B’°, B’ and B forms) with high melting point around
and above 25°C. Cocoa butter exhibits polymorphism in its natural state and mostly present
as high melting point fractions. High melting fractions in pure CB indicates relatively high
% of saturated fatty acid in TAGs. On cooling CB from 90°C at a steady rate of 2°C/min,
two-thirds of CB was present in unstable form I /y-form and rest was present in relatively
stable form 1I-111. Cooling rates can manipulate the generation of different polymorphs and
therefore, it becomes a crucial process parameter in preparation of lipid nanoparticles.
Cocoa butter in nanoparticles transform into a metastable o polymorph and a small peak

due to emulsifier around 50 °C (Figure 37— 111A). Coenzyme Q10 has a melting point at
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50°C and exists as super-cool melt during recrystallization (Figure 37 — 1A and IB). This
could one reason to explain the high loading and stability of formulations due to lack of
phase transitions of CoQ10. With CoQ10 in the lipid core, different polymorphs of CB are
formed. At low loading, CB has mostly metastable o form (Figure 38— IA and IB).
Polymorphism is displayed in CB nanoparticles with higher amounts of CoQ10 (Figure 38
— 1A and 111A). Recrystallization confirmed that cooling rates can influence the lattice

stacking of acyl chains of CB triglycerides. (Figure 38 - 1B, 1I1B and 111B)
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4.3.7 Small Angle X-Ray Studies

SAXS intensity profile is recorded to understand the aggregation and nature of the
interface in Figure 39. At small g range, aggregation of lipophilic droplets in the water-
based emulsion can be viewed comparing the one with 200-fold dilution. This aggregation
in the spatial scale larger than 65nm, which may suggest the scattering intensity majorly
contributed from interfacial scattering since the hydrodynamic radius of the particles is
around ~250 nm. Beyond the Porod region in intermediate g-range, the interfacial
scattering show typical peaks at around 3.2nm and 5.0nm. Loading of CoQ10 has
negligible impact on the peak in dilute CBSLN dispersion, but shift the thickness of one
kind of interface from 4.9 to 4.5 nm upon 2% of CoQ10 loaded. The other peak keeps
unchanged, which may not interact with the cargo. The peaks and the whole scattering
profile in consideration of interfacial scattering is quite uniform. Additionally, the electron

density contrast between surfactant and the continuous phase is the largest.



128

T T T <
® CBSLN_avg_bsub ]
A rCBSLNQO5_avg_bsub b
104 L m rCBSLNQ2_avg_bsub _
E rCBSLN200X_avg_bsub E
C & '10.5Q10CBSLN200XQ05_avg_bsub'| J
i O r2Q10CBSLN200XQ2_avg_bsub ]
—— rCBSLN200X_avg_bsub_plwb
3
—~10 E 3
=] E ]
S f . . j
5 I Interfacial scattering peaks
=10°F 4.9nm_4.5nm 3
F rCBSLN200X_avg_bsub_plwb E
C Fit to Power Law with Constant Background % ]
- Length Scale Factor 8.511 + 0.0027335A E
1 Exponent= 3.6564 + 0.00061142 R,

10" £ Background 5.3762 +0.027198 | TS E
E Reduced Chi Squared 407.13 7

100 L L L L L L L L L L

6 7 8 9 2 3 4 5 6 7 8 9 2

Figure 39 SAXS intensity profile of CBSLN loading CoQ10



129

4.4 Conclusions

Cocoa butter forms stable lipid nanoparticles which can carry lipophilic bioactive
in their lipid core. Solubility of bioactive in the carrier lipid is a critical parameter for
production and storage stability of these formulations. Stability of nanoparticle in different
process conditions and treatment (eg. Sterilization for beverage application) is essential to
test a formulation potentiality in upscaling its production for different applications. Cocoa
butter nanoparticles could achieve high encapsulation efficiency for coenzyme Q10 which
could be explained from crystallization studies and SAXS intensity profiles.
Polymorphism of CB, super-cooled melt state of CoQ10 and interface properties

contribute to the stability of CoQ10 loaded CB nanoparticles.
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CHAPTERS5. COENZYME Q10 LOADED COCOA BUTTER
NANOPARTICLES: BIOACCESSIBILITY AND

BIOAVAILABILITY

5.1 Abstract

Studies on Coenzyme Q10 (CoQ10) have shown its potency against heart related
diseases in humans but due to high molecular weight and hydrophobicity, it has low
bioavailability. Bioaccessibility of CoQ10 in mixture of CoQ10 and CB, emulsified CoQ10
(with same surfactants used in SLN) and CoQ10-CBSLN were assessed and compared
using in-vitro lipolysis and HPLC analysis of the aqueous and insoluble phases.
Bioaccessibility due CoQ10-CBSLN of different loading was eight times greater than that
of emulsified CoQ10. These results suggest that micelles formed from fatty acids released
by increased lipolysis rate of CBSLN can act as vehicles to carry CoQ10 to make it more
accessible for gastro-intestinal absorption. This nano delivery system can be extended to

encapsulate other hydrophobic bioactives.
5.2 Materials and Methods

5.2.1 Materials

Cocoa butter (manufacturer: Spectrum Chemical Mfg. Corp.) is purchased from
vendor, VWR International. Coenzyme Q10, reduced form (95%, UV) was purchased from
Hangzhou Joymore Technology Co., Ltd. China. Surfactants were acquired from Sigma-
Aldrich (St. Louis, MO). HPLC-grade water (0.22um filtered), ethanol 200 proof (HPLC

and spectrophotometric grade) and methanol (general use, HPLC-grade) were purchased
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from Pharmaco-AAPER (Brookfield, CT). Lecithin (Phospholipon 85G) was a gift
provided by American Lecithin Company (Oxford, CT). Pancreatin with 8X USP
specification, Sodium taurodeoxycholate (Na TDC) and Tris maleate were obtained from

Sigma Aldrich (St. Louis, MO).

5.2.2 In-vitro lipolysis of CoenzymeQ10 in Cocoa butter formulations

Food intake can influence the concentrations of bile salts and endogenous
phospholipids in the small intestine lumen are higher in the fed state than in the fasted state.
To replicate the same luminal environment, two lipolysis buffers were prepared
corresponding to the fasted and fed states as shown in Table 12. The procedure of in vitro
lipolysis experiments was described in the published literature (245)and was previously
performed in lab.(246, 247) Briefly, pancreatin preparation was made by mixing 19
pancreatin with 5 ml fasted/fed-state buffer, centrifuged and kept on ice. In 9 ml fasted/fed-
state buffer, 0.25 g lipid phase and 1 ml pancreatin preparation were added to start the
lipolysis. During the 2 hr lipolysis, the pH was maintained at 7.50 + 0.02 by adding 0.25 N
NaOH and temperature was kept at 37 + 1 °C. The volume of consumed NaOH over time
was recorded throughout the lipolysis experiments.

The final lipolysis solution after digestion were ultra-centrifuged at 50,000 rpm
(Type 60 Ti rotor, about 180,000g, Beckman Coulter) for 60 min. The aqueous phase was
filtered through 0.22 pm filters. The filtrate was directly used to measure the particle size
of the mixed micelles. The filtrate is acidified to pH 7 using HCI and was mixed with one

volumes of ethanol for HPLC analysis.
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Table 12 Chemical composition of Fasted and fed state buffer for in-vitro lipolysis

Chemicals Fasted state  Fed state
Tris maleate (mM) 50 50

NaCl (mM) 150 150
CaCl2.2H20 (mM) 5 5
Sodium taurodeoxycholate, NaTDC (mM) 5 20
Phosphatidylcholine (mM) 1.25 5
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5.2.3 Calculations for the percent bioaccessibility
The percent bioaccessibility was calculated as:

) o mass of solubilized Coenzyme Q10
% Bioaccessibilty = —— x 100
mass of Coenzyme Q10 in lipid

The mass of solubilized CoQ10was the product of the concentration of solubilized
CoQ10 in the aqueous phase after lipolysis and the volume of the aqueous phase. The mass
of CoQ10 in lipid was calculated from the concentration of the CoQ10 in oil, mass of the
oil (0.25 g) based on the entrapment efficiency and the density of the cocoa butter which

is 0.876 g/ml.

5.2.4 Calculations for extent of lipolysis

The percentage amount of digested triglycerides is accounted by the extent of
lipolysis. It was assumed that there were exclusively triglycerides in the basic oils, and that
digestion of one molecule of triglycerides released exactly two molecules of fatty acids and
consumed two molecules of NaOH. Consequently,

VOlNaOH X [NaOH]
Extent. o X 1009
xten lipolysis 2_M0letriglyceride ’

Where Volnaon is the volume of NaOH consumed in the lipolysis for digestion.
Concnaon is the concentration of NaOH (i.e., 0.25 M). Moletigiyceride 0f 250 mg lipid was
calculated from the average molecular weight of the triglycerides, which was estimated
using the saponification value of the oil:

3 X1000 X Mwgoy
MWtriglyceride = SV

Where Mwkon is the molecular weight of KOH, the mass of which is used to

express the saponification value (SV). SVs used for cocoa butter is 193.
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5.2.5 Quantitative assay of coenzyme Q10

An UltiMate 3000 HPLC system with 25D UV-VIS absorption detector (Dionex)
and was used with a Cig reversed-phase column (Phenomenex™ Luna™ 5 um C18 (2);
150x4.6 mm); a 6/4 mixture of ethanol/methanol as an isocratic mobile phase; 1.0 ml min™!
as a flow rate and 50 pl as injection value; UV detection at 275 nm. Standard curve was

calculated by using low concentration of CoQ10 (10, 25, 50, 75 and 100 pg/ml).

5.2.6 Animals

Wistar WU rats aged seven weeks were purchased from Charles River Laboratories
(NY, USA). Animals were randomly divided into control and experimental groups after 1
week of acclimation. All mice were maintained in a controlled atmosphere (25 + 1 °C at
10% relative humidity) with 12 h light/12 h dark cycle. All animals were fed with Purina
Laboratory Chow 5001 and ad libitum water (Ralston-Purina, Co., St. Louis, MO). The
experimental protocol was approved by Rutgers University (no. 99-015).

Three castrated male pigs (PIC) weighing 32.1+3.45 kg, were used in this study.
They were reared indoors and fed daily with drug-free commercial pellet diet. Pigs were
allowed to free access to drinking water. The animals were humanely handled according

to the approved IACUC protocols in China.

5.2.7 Pharmacokinetics studies and Body distribution of Coenzyme Q10 in Rats
and Pigs
40 Wister mice used in the pharmacokinetics study were fasted overnight before
administrating 100 mg/kg of CoQ10 and 2%Co0Q10 CBLN formulation through oral

gavage. At selected time intervals (3,6, 12 and 24h), blood samples were taken after the
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animals were sacrificed by CO. asphyxiation and whole blood samples were acquired
through cardiac puncture. Collected whole blood samples were immediately centrifuged at
5000g at 4 °C for 15 min. Plasma was collected and stored at —80 °C until later HPLC
analysis.

For HPLC analysis, a final concentration of 10 pg/mL of CoQ-8 in hexane was
added to 500 pl of thawed plasma sample as an internal standard. The inoculated plasma
was then extracted by combining with 1 ml of ethanol and centrifuged at 16000g for 20
min at ambient temperature. The extract was further purified by mixing thoroughly 3 ml n-
hexane, and centrifuged again at conditions above. After centrifuging, the supernatant was
collected in a separate container and then dried under nitrogen. The dried samples were
dissolved again in 100 pl of ethanol and were used for HPLC analysis. Peak concentration
(Cmax) and time to peak concentration (Tmax) were recorded from the analysis of plasma
concentration—time curves. The total areas-under-curve (AUC) of the time—concentration
plot were calculated using the linear trapezoidal rule. The apparent elimination rate
constant (Ke)was obtained from the terminal linear regression slope of logarithmic-
transformed plasma concentration—time curves.

Concentration-time profiles of CoQ10 in blood plasma after oral administration in
pigs were calculated using Latin Square design, which eliminates the effect of the body
weight on the pharmacokinetic parameters. Three pigs were given a single dosage of pure
CoQ10 and 2% CoQ10-CBLN formulations (100 mg/kg). Blood samples were collected
from the superior vena cava by venipuncture into tubes containing CoQ-8 as internal

standard before dosage and at 1, 2, 3, 4, 8 and 12 h after oral administration. All blood
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samples were centrifuged at 10009 for 10 min at room temperature (25 °C). The separated
plasma samples were kept at —20 °C until HPLC analysis.

To measure CoQ10 levels in different organs (heart, kidney, liver, small intestine),
every organ was measured carefully, homogenized and acidified to pH 3 to break down the
tissue. Methanol was used to precipitate the macromolecular components of the tissue
suspensions Extraction of CoQ10 was performed by using ethanol and hexane solvents

before HPLC analysis.

5.2.8 Data analysis

Pharmacokinetic parameters of CoQ10 were calculated using non-compartmental
methods. Concentration-time profile curves were constructed and parameters, maximum
concentration peak (Cmax) and tmax, (time when Cmax appears) were noted.

The area under the plasma drug concentration-time curve (AUC) reflects the actual
body exposure to drug after administration of a dose of the drug and is expressed in
ug/ml*h. The area under the curve, AUC,_,, was calculated using trapezoidal rule in MS

Excel® software.

5.2.9 Statistical Analysis

All experiments were performed in triplicates. Statistical analysis of the data from
all the experiments was conducted using Origin 9.0 software. One-way analysis of variance
(ANOVA) procedure followed by Tukey’s mean comparison test was used for establishing
the significance of differences among mean values at p < 0.05. The results were reported

as the mean standard + deviation (SD).
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5.3 Results and Discussion

5.3.1 Effect of Coenzyme Q10 loading on extent of lipolysis in lipid mixtures and in

CB nanocarriers

The extent of lipolysis is crucial in determination of the solubility and structurally
stability in the gastrointestinal environment. In-vitro studies of lipolysis analyze the
enzymatic reaction of pancreatic lipase on orally administered formulation.
Mathematically, extent of lipolysis accounts for release of free fatty acids from
triglycerides and other products of digestion. The release of fatty acids lowers the pH which
reduces the activity of lipase by moving away from optimum pH. To counter this, sodium
hydroxide (NaOH) is added which mimics the alkaline secretions from pancreas to
maintain pH around 7.5.

Different factors can influence the reaction parameters of enzymatic action of
pancreatic lipase. Temperature, pH, concentrations of bile salts and emulsifiers are
maintained to represent two different conditions in small intestine— fed and fasted states.
In post-meal conditions, increased amount of pancreatic secretions and micellar phase
improves solubilization and composition of Gl fluids and longer residence times increase
absorption.

Structure and fatty acid composition of triglycerides that makes up the nano-
delivery systems greatly influences the digestion and absorption process. Pancreatic lipase
has greater activity on medium chain triglycerides (MCT) than long chain triglycerides
(LCT) in duodenum.(248) Droplet sizes and their TAG composition can significantly affect

enzymatic action of lipases. Enzymatic hydrolysis of smaller droplet diameter and higher
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percentage of MCT in the core material of emulsions is higher than that of bulk
material.(249)

Cocoa butter is primarily composed of long chain triglycerides with palmitic acid,
oleic acid and stearic acid. By using CB in form of nanoparticles, they convert into nano
dispersions on consumption at body temperature 37°C. Smaller size of droplets facilitates
lipolysis by increasing the reactive interface area but has no effect of assimilation of the
digestion products. (250) Pancreatic lipase acts on esters bonds between fatty acids and
glycerol at positions snl and sn3 in a triglyceride which produces two free fatty acids (FFA)
and one 2-monoacylglyceride.

In the in vitro lipolysis experiments, the extent of lipolysis of the cocoa butter
mixtures and their SLN formulations was also estimated in Table 13. From two-way
ANOVA analysis, there was no significant difference. In addition, the extent of lipolysis
was higher in the fed state than in the fasted state, which was consistent with previous
results. (245, 251) From Figure 40, it is observed that fatty acid release from CoenzymeQ10
loaded formulations was lower compared to control CB nanoparticles by 32-42%. There is
no linear relationship of total % of CB and % of fatty acid release. A possible explanation
could be interactions of lipase with the products of digestion and free CoQ10 that might
inhibit the enzymatic activity. Also, the amount of fatty acids released from lipolysis also

influence bioaccessibility of CoenzymeQ10.



139

Table 13 Extent of Lipolysis of different Cocoa butter based mixtures and SLN

formulation of CoenzymeQ10

Extent of Lipolysis

Fed State Fast State

Bulk 43.2+3.2 38.5+5.3
Cocoa Butter

SLN 55.4+4.3 51.8+3.9

Mixture 20.5+3.4 17.445.4
0.5% CoQ10

SLN 27.6+4.1 24.6+3.7

Mixture 16.5+6.2 19.4+2.8
1.0% CoQ10

SLN 25.6+3.7 21.5+2.7

Mixture 22.5+3.6 23.4+3.2
2.0% CoQ10

SLN 28.5+4.3 26.8+5.7

Powder 2.4+1.2 3.2+0.9

10.0% CoQ10
SLN (no CB) 3.242.1 4.3+1.2
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5.3.2 Improved bioaccessibility of Coenzyme Q10 in CBSLNs

Different amounts of CoenzymeQ10 was encapsulated in cocoa butter in form of
lipid nanoparticles and in similar way, same amounts of CoenzymeQ10 are mixed with
cocoa butter to form lipid mixtures. The percent bioaccessibility of CoenzymeQ10 was
determined after in vitro lipolysis in both fasted and fed states as shown in Figure 42.

Among all SLN formulations 0.5% CoQ10 CBSLNs had highest % bioaccessibility
in fed state on analyzing dissolved CoQ10 in aqueous phase of formulation after in-vitro
lipolysis (Figure 41). Results from Figure 42 also revealed that no significant difference
was detected in the percent bioaccessibility between the fasted state and fed state (Two-
Way ANOVA).

From the above results, release of free fatty acids after hydrolysis of TAG is crucial
in creating the micellar phase that can solubilize the Coenzyme Q10. The ratio of lipid to
loaded bioactive is positively correlated to % bioaccessibility of Coenzyme Q10. In-vitro
lipolysis of CB in form of nanoparticles has shown generation of higher amount of free
fatty acid release than compared to mixture form, creating higher concentration of micelles
with CoQ10. CoQ10 loaded in CB NP has improved bioaccessibility around 70-80%
compared to mixture form of same composition.

Results from Figure 40 were corrected by eliminating the solubility of free CoQ10
at 37°C in fed and fast state buffers. This eliminates the portion of solubility contributed
by the mixed micelles from bile salts and lecithin alone. Digested reaction mixture after
inhibiting enzymatic action by bringing its low temperature at 4°C is subjected to
ultracentrifugation to separate the aqueous micellar phase. Since the hydrolysis of TAGs

in CB is not complete, the reaction mixture is a multiphase system. Based on lipophilicity
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of CoQ10, the partition coefficient between aqueous micellar phase and undigested lipid
phase is an important factor that influences its bioaccessibility. Chemical nature of the
payload strongly influences partition coefficient in multiphase system.

Another possible reason behind lower bioaccessibility in higher payload in CB
nanoparticles is due to limiting concentration of CoQ10 that is entrapped in the lipid core.
In our study, it was observed that CoQ10 has tendency to form aqueous nanodispersions
with the surfactants that are used to create CB nanoparticles. CoQ10 can be emulsified to
form a nanodispersions but has very poor bioaccessibility after in-vitro lipolysis. This could
explain why CoQ10 was less bioaccessible in formulations with higher loading %.

Nanodispersions of CoQ10 can be absorbed into the blood stream in a different
mechanism compared to CB based nanoparticles. The rate of dissolution of the drug in the
stomach and residence time are important parameters that govern the absorption efficiency
unlike the absorption of mixed micelles. There are 2 mechanisms for uptake of
nutraceuticals: active and passive transport. Passive transport occurs by process of
diffusion through epithelial cells which works well for hydrophobic substances. In case of
active transport, the water soluble compounds can be transported through the transport

channels in the enterocytes of the epithelial lining.
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Figure 41 HPLC spectrogram of aqueous phases of 0.5%CoQCBSLN and mixture

after

in-vitro lipolysis in fed state buffer.
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5.3.3 Pharmacokinetics studies in Rats

To directly investigate the oral bioavailability of CoQ10 in the CB nanoparticles,
pharmacokinetics analysis was performed on rats after oral administration with CoQ10
water suspension or in CB nanoparticles. Pharmacokinetic studies reveal the quantities of
bioactives that are made bioavailable in different delivery systems which are dependent on
physiological factors which include absorption, membrane permeation and metabolism.

As shown in Figure 43, the plasma concentrations of CoQ10 were slightly higher
in 2%C0Q10 CBLN than those of unformulated CoQ10. The pharmacokinetics parameters
are listed in Table 14. Notably, the Cmax increased by 1.35 folds at Tmax = 3 hr, and the
AUCo-», remained the same for both, demonstrating that the nanoparticle formulation was
able to improve the oral bioavailability (BA) very marginally. From pharmacokinetic
profiles of pure CoQ10, Cmax for CoQ10 appears only 12 hours. Comparing with other
pharmacokinetic studies of powdered and solubilized forms of CoQ10, it can be concluded
that this study needs to redone due to inconsistency of plasma profiles of the control, pure
CoQ10. In humans, tmax for CoQ10 is 6 h and elimination half-life of CoQ10 is around
33.2h. (252) In a similar study, pure and solubilized CoQ10 powder have similar absorption
rates (similar tmax values).(253)  Absorption of pure CoQ10 is very similar to highly
lipophilic molecules like Vitamin E. Before and during absorption, ubiquinone-10 is
converted in a reduced state, ubiquinol-10. Around 95% of blood CoQ10 is in the reduced
form.(254) Similar to fat soluble vitamins, which are absorbed from intestine primarily
through lymphatic route. CoQ10 in CB nanoparticle allows rapid release and absorption
of CoQ10 within few hours with Cmax reaching around 1 pg/ml but has poor retention time.

This phenomenon could be explained by possible absorption of CoQ10 due to interaction
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of nanoparticle and gut wall. On digestion of CB, C16 and C18 long chain fatty acids and
their mono- and diglycerides are released which form mixed micelles with CoQ10 and
might take lymphatic route during the absorption. Traditional plasma bioavailability
studies have limitations in accessing total absorption due to transport of bioactives through
lymph.(255) Lymphatic drug transport increases with increase in lymphatic lipid transport
as shown in previous studies.(256) Highly hydrophobic molecules like CoQ10 can
preferentially cleared from blood into the adipose tissue and effect the overall mass balance
of drug absorption. It is suggested that lipophilicity of a drug (high solubility in carrier
lipid, and high partition coefficient in 1-octanol/water mixture) has greater tendency to be
absorbed in chylomicrons which are major lipoproteins composed of triglyceride core
stabilized in aqueous environment of lymph by surface coating of proteins and
phospholipids. (257) Molecules with log P values in excess of 5 and lipid solubility
(expressed as solubility in triglyceride oil) in excess of 50 mg/ml have found to be
lymphatically transported over portal vein route. From lipid absorption studies previously
it is suggested that cocoa butter which is mostly composed of long chain fatty acids (C18,
C18:1, C16) would preferentially restructure itself in the enterocytes of the small intestine
epithelia, enter the core of a chylomicron on exiting the enterocyte and finally secreted into
mesenteric lymph. Only medium and short chain fatty acids are quickly absorbed and
directly enter the portal vein to reach liver and later into systematic circulation. Both
CoQ10 and CB can influence the transport into blood and further their plasma
concentrations that are being studied. Surface-active agents (emulsifiers) have shown to
effect the lymphatic transport. (258)Since our studies can only quantify relative

bioavailability of CoQ10, not the absolute bioavailability.
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When working with new lipid based delivery systems, lymphatic transport and
related bioavailability cannot be ignored. In addition to estimated systemic bioavailability
in non-cannulated animals, lymphatic transport and simultaneous blood absorption should
be studied in cannulated animal models. This approach gives a more accurate
representation of overall mass balance of the drug before and after administration and
subsequently, determines its fate in metabolic and elimination processes in model

animals.(255, 259)
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Table 14 Pharmacokinetic Parameters of CoQ10 Nanoparticles in rats

CoQ10
Tmax Crnax AUC 0-24 Kel Relative
Sample Dose
(h) (pg/ml) (png/ml*h) (h?) Bioavailability
(mg/kg)
08+
Control 100.0 12.0 21.0 ND -
0.2
1.0+
Nanoparticle 100.0 3.0 15.9 0.1 0.8

0.1
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5.3.4 Body distribution of Coenzyme Q10 on single dose administration

Body distribution of a bioactive gives information about the tissue uptake capacity
from blood during systemic circulation. From Figure 44, liver had the highest amount of
CoQ10 (33.87+5.70 pg/g) on oral administration of 2%Co0Q10-CBLN at 24 hours after
single dosage (100mg/kg) which is 291% greater than pure CoQ10. Highest amount of
CoQ10 was initially observed at 3hour after dosage of 2%CoQ10 in small intestine
(210%greater than pure CoQ10) suggesting the entry of mixed micelles with CoQ10 into
enterocytes after lipolysis. Other organs (heart and kidney) showed no signs of increase in
CoQ10 concentrations even after 24 hours of oral administration. Initial concentrations of
CoQ10 (at t = 0 hr) were not studied to measure overall uptake % in each tissue. These
findings agree with previous studies on rats which have shown that liver and spleen were
organs with highest amount of CoQ10 in rats after its dietary supplementation with
lipids.(260, 261)

Ubiquinone is biosynthesized in animals which is a protective molecule in oxidative
stress and with aging, endogenous synthesis is significantly decreased. Supplementation of
CoQ from our diet is beneficial in promoting health and alleviate age-related diseases. Most
common species of ubiquinone is CoQ?9 in rats, but as much as 10-30% of the total is
C0Q10. In humans, CoQ10 is the dominant species over CoQ9 which is just 2-7%.(254)
High CoQ10 content are present in the heart, liver , kidney and muscle due to its
involvement in electron transport chain in mitochondria and its requirement in metabolic
activities with high energy input.(262)

Studies conducted by Zhang Y. et. al. have shown content of CoQ10 found in body

is dose-dependent and beyond 12umol/100g body weight dosage, the uptake reaches a
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limit.(260) Absorption of Coenzyme Q10 after oral administration is very similar to
Vitamin D and its analogs, and cholesterol and a-tocopherol. In a short window of
observation (24 hours), CoQ10 is quickly absorbed by liver from blood as indicated in
many studies.(263, 264) It can enter the liver in 2 ways: enterohepatic route and lymphatic

route depending on type of lipid carrier.
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5.3.5 Pharmacokinetics studies in Pigs

The pharmacokinetic parameters of pure CoQ10 and 2% CoQ10-CBLN were not
significantly different. This is inconsistent with other studies that absorption of CoQ10
improved in presence of lipid. This study needs to be repeated to get more meaningful
results. The 2 peaks in the concentration-time profiles is the only consistent trend that was
also observed in humans after oral administration.

In humans, CoQ10 peak concentration (Cmax) reached around 6.5 h after dosage and
terminal half-life was 33.25 h.(252) In humans, pharmacokinetic profile of CoQ10 fits 3-
compartment model which suggests that CoQ10 is absorbed in chylomicrons in enterocytes
of small intestines, and then are taken up by liver cells. This phase occurs in first 6 h after
dosage and is considered as the absorption phase. At the end of absorption phase, Cmax is
achieved and the following period between 6 and 12 h is called distribution phase. During
the distribution phase, CoQ10 is stored in lipoproteins in liver and redistributed during
enterohepatic recirculation which leads to appearance of 2" peak in CoQ10 concentration

at 24 h.(265)
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Table 15 Pharmacokinetic Parameters of CoQ10 Nanoparticles in pigs

CoQ10
Tmax Crnax AUC 0-24 Kel Relative
Sample Dose
(h) (pg/ml) (png/ml*h) (h?) Bioavailability
(mg/kg)
120 2.6+ 21.1 ND -
Control 100.0
1.0
4.0 24+ 21.5 ND 1.0
Nanoparticle 100.0

0.9
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5.4 Conclusion

Bioaccessibility and bioavailability of a bioactive are two important parameters to
assess its biological efficacy and these parameters are dependent on the type of delivery
system. Bioaccessibility of a bioactive which represents its amount available for absorption
across intestinal epithelium is increased significantly for CoQ10 with CB nanoparticles.
After subjecting the formulation to lipolysis, the triglycerides of CB are hydrolyzed to fatty
acids and glycerides in micellar structures and solubilize CoQ10 in aqueous phase. Later
pharmacokinetic studies in rats and pigs are conducted to evaluate systemic exposure of
CoQ10 in CB nanoparticles. The plasma concentration kinetics and relative bioavailability
couldn’t account for CoQ10 fate and mass balance suggesting that CB nanoparticle could
possibly take lymphatic route to reach system circulation. Tissue uptake studies for CoQ10-
CB SLN follow typical trend seen in other lipid based formulation with small intestine
as organ with highest CoQ10 content immediately after dosage and liver having highest
CoQ10 concentration at a later period. These studies suggest that lymph-cannulated
animal models and related pharmacokinetic studies would give a better understanding of

the fate of the bioactive in CB nanoparticles.
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CHAPTER 6. CARNOSIC ACID LOADED COCOA BUTTER

NANOPARTICLES: PRODUCTION AND

CHARACTERIZATION

6.1 Abstract

Lipid based nanosystems are extensively used in pharmaceutical industry for drug
delivery strategies and their potentiality in food applications is the central idea of the
current research. Cocoa butter (CB) is lipid base of nanocarriers due to its polymorphic
nature and carnosic acid (CA), a strong antioxidant and a bioactive from Rosemary was
loaded in the carrier using hot-melt homogenization technique to create nanoparticles (NP).
The maximum loading capacity of stable CA loaded CB NP was 5.3% dry weight basis
with high encapsulation efficiency and improved the bioaccessibility of CA for absorption

in in-vitro lipolysis studies.

6.2 Materials and Methods

6.2.1 Materials

Cocoa butter (manufacturer: Spectrum Chemical Mfg. Corp.) is purchased from
vendor, VWR International. Carnosic acid (95%, purity) was purchased Wuling
Yangguang Biotechnology Co., Ltd., Hunan province, China. Glycerol and surfactants
were acquired from Sigma-Aldrich (St. Louis, MO). Medium chain triglycerides
(Neobee®) and cocoa butter substitutes (Wecobee®) are obtained as free samples from

Stepan Company (Northfield, Illinois). Other chemicals used for analytical purposes are
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acquired from Sigma-Aldrich (St. Louis, MO), VWR International (Radnor, PA) and

Fischer Chemicals (Hampton, NH).

6.2.2 Solubility studies of CA in water, gastric buffers and lipids

Solubility of CA in various solutions and different lipid was studied. 1g of solvent
was taken in a shaded vial and 0.2 g of carnosic was added to it. This mixture was stirred
at body temperatures (37°C) for aqueous solutions and in case of lipids, it was stirred at
different temperatures (60°C and 80°C). The mixtures were then equilibrated for 24 hours.
CA was extracted by adding 1 ml of acetonitrile to 1 ml of supernatants of the mixtures
and centrifuged at ~2000g for 1 min to separate the insoluble components. The solvent
extraction was repeated thrice and samples were diluted 200 times before HPLC analysis.
The samples were evaluated in quadrates and Newman-Keuls Multiple Comparison Test
was used for statistical significance of the solubility values (p < 0.05).

HPLC Analysis of Carnosic acid An UltiMate 3000 HPLC system with 25D UV-
VIS absorption detector (Dionex) was used with a Cis reversed-phase column (TOSOH
Biosciences LLC, TSK gel ODS-100Z, 5 pm; 150x4.6 mm). A 6/4 mixture of
acetonitrile/0.1% phosphoric acid is an isocratic mobile phase with 0.6 ml min+as a flow
rate and 50pl as injection value. Absorption peaks were observed as UV detection at 210
nm. Standard curve was calculated by using low concentration of CA (10, 20, 40, 60, 80

and 100 pg/ml).

6.2.3 Preparation of CA loaded CB Nanoparticles
Different amounts of Carnosic acid was melted into 10g cocoa butter heated at 60°C
based on our results from solubility tests. Using HLB system, Tween 60 and Span 60

(Sigma-Aldrich, St. Louis, MO) was selected after different non-ionic polysorbates
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(Tweens) and ethyoxylated polysorbates were tested at 1% (w/w) and 2% (w/w). The
emulsifiers are added into the lipid phase and constantly at 60°C with magnetic bar to get
a clear mixture. DI water at 60°C was added at the lipid phase to form a pre-emulsion. The
pre-emulsion was subjected to high speed homogenizer (High-speed homogenizer,
ULTRA-TURRAX T-25 basic, IKA Works Inc., Wilmington, USA) for 5 minutes at
24,000 rpm and was transferred into high pressure homogenization using High pressure
homogenizer, EmulsiFlex-C3, AVESTIN Inc., Ottawa, Canada. Different pressures (500
(HP500), 1000 (HP1000), and 1500 (HP1500) bars) and number of cycles (5, 10, 15, 20,
25) were optimized to obtain a stable nanoparticle dispersion.(231) The sizes of emulsion
droplets can be varied by the speed and the pressure in the homogenization processes. The
morphology and droplet size of emulsions were measured using an inverted optical
microscopy (Nikon TE 2000, Nikon Corporation, Japan) and photon correlation
spectroscopy (PCS) —based BIC 90 plus particle size analyzer equipped with a Brookhaven
BI1-9000AT digital correlator (Brookhaven Instrument Corporation, New York, NY, USA),

respectively.

6.2.4 Stability studies of CA-CB nanopatrticles

To understand the kinetic stability of the formulations prepared, the particle size
and optical images are calculated and observed over a period of storage time. The
morphology and droplet size of nanoparticles were measured over a period of time by using
an inverted optical microscopy (Nikon TE 2000, Nikon Corporation, Japan) and photon
correlation spectroscopy (PCS) — based BIC 90 plus particle size analyzer equipped with a
Brookhaven BI-9000AT digital correlator (Brookhaven Instrument Corporation, New

York, NY, USA), respectively.
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6.2.5 Encapsulation Efficiency

The encapsulation efficiency (E.E.) of CA in cocoa butter SLN before and after
sterilization was determined indirectly by ultrafiltration method using centrifugal filter
tubes (Nanosep®, Pall life Sciences) with a 30 kDa molecular weight cut-off. The amount
of encapsulated active was calculated by the difference between the total amount used to
prepare the systems and the amount of CA that remained in the aqueous phase after

isolation of the systems:

. [Total amount of CA — Amount of Free CA

x 1009
Total amount of CoQ10 ] %

The amount of free CoQ10 in the solution is determined by HPLC analysis.

6.2.6 Bioaccessibility Studies

In-vitro lipolysis: Food intake can influence the concentrations of bile salts and
endogenous phospholipids in the small intestine lumen are higher in the fed state than in
the fasted state. To replicate the same luminal environment, two lipolysis buffers were
prepared corresponding to the fasted and fed states as shown in the Table. The procedure
of in vitro lipolysis experiments was described in the published literature (245)and was
previously performed in lab.(246, 247) Briefly, pancreatin preparation was made by mixing
1 g pancreatin with 5 ml fasted/fed-state buffer, centrifuged and kept on ice. In 9 ml
fasted/fed-state buffer, 0.25 g lipid phase and 1 ml pancreatin preparation were added to
start the lipolysis. During the 2 hr lipolysis, the pH was maintained at 7.50 + 0.02 by adding
0.25 N NaOH and temperature was kept at 37 + 1 °C. The volume of consumed NaOH
over time was recorded throughout the lipolysis experiments. To simulate digestion of

nanocomposite films, 370ug of amylase was added to fed state buffer (83ug for fast state
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buffer) was added to 2g of HP nanocomposite films and stirred for 15 mins before addition

of pancreatin preparation.

Chemicals Fasted state Fed state
Tris maleate (mM) 50 50

NaCl (mM) 150 150
CaCl2.2H20 (mM) 5 5
NaTDC (mM) 5 20
Phosphatidylcholine (mM) 1.25 5

The final lipolysis solution after digestion were ultra-centrifuged at 50,000 rpm
(Type 60 Ti rotor, about 180,000g, Beckman Coulter) for 60 min. The aqueous phase was
filtered through 0.22 um filters. The filtrate was directly used to measure the particle size
of the mixed micelles. The filtrate is acidified to pH 7 using HCL and was mixed with one
volumes of ethanol for HPLC analysis.

Calculations for the percent bioaccessibility: The percent bioaccessibility was
calculated as:

) o mass of solubilized CA
% Bioaccessibilty = mass of CAin lipid X 100

The mass of solubilized CA was the product of the concentration of solubilized CA
in the aqueous phase after lipolysis and the volume of the aqueous phase. The mass of CA
in lipid was calculated from the concentration of the CA in oil, mass of the oil (0.25 g)

based on the entrapment efficiency and the density of the cocoa butter which is 0.876 g/ml.
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Calculations for extent of lipolysis: The percentage amount of digested
triglycerides is accounted by the extent of lipolysis. It was assumed that there were
exclusively triglycerides in the basic oils, and that digestion of one molecule of
triglycerides released exactly two molecules of fatty acids and consumed two molecules of
NaOH. Consequently,

Volygon X [NaOH]
Extenty; s = X 100%
Hpolysts 2. MOIetriglyceride ’

Where Volnaon is the volume of NaOH consumed in the lipolysis for digestion.
Concnaon is the concentration of NaOH (i.e., 0.25 M). Moletigiyceride 0f 250 mg lipid was
calculated from the average molecular weight of the triglycerides, which was estimated
using the saponification value of the oil:

3 X 1000 X Mwgon
MW¢rigiyceride = Sy

Where Mwkon is the molecular weight of KOH, the mass of which is used to

express the saponification value (SV). SVs used for cocoa butter is 193.

6.3 Results and Discussion

6.3.1 Solubility of CA in water, gastric buffer and lipids

Understanding and quantifying solubility of carnosic acid in different media is
crucial in determining process parameters in preparation of nanoparticles and evaluate its
biological efficiency in different studies.

Carnosic acid has very poor solubility (135 ppm) in distilled water (pH 6.83, 37°C).
CA has higher solubility (1.1x10* ppm) in gastric buffer in fed-state (pH 4.6, 37°C). A

phenolic diterpene by structure and owing to poor solubility in water, carnosic acid is
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identified in insoluble extracts of rosemary and sage after alcohol extraction using Soxhlet
apparatus.(266) Bile salts and lecithin in gastric buffer emulsify into micelles in which CA
is solubilized.(267)

CA solubility in cocoa butter and its substitutes, Wecobee® is lower compared to
medium chain triglycerides, Neobee® (Figure 46). Neobee® oils are composed of caprylic
(C8) and capric(C10) acids in triglycerides. Cocoa butter is composed of oleic acid
(3490/1009), palmitic acid (259/1009), linoleic acid (3g/100g), and stearic acid (35g/100g).
Wecobees® are tailored made cocoa butter substitutes from palm kernel fats.(233) Medium
triglycerides have greater solubility due to low viscosity compared to structured fats like
CB and Wecobees. Temperature increases solubility in all other lipids except cocoa butter.
Solubility of CA in CB at 60°C is (6.70+0.97) x 10* ppm and at 80°C is (7.81+0.44) x 10*
ppm. There is no significant difference in solubility in cocoa butter due to change in
temperature. At these temperatures (60°C and 80°C), the crystal forms of CB are
completely melted to liquid phase which behaves like a Newtonian fluid. (268)

60°C was chosen to be emulsifying temperature in preparation of CA-CB

nanoparticles.
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Wecobee® (WM, WES) at different temperatures (60°C and 80°C). Data shown as

n=4, p<0.05
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6.3.2 Preparation of Carnosic acid loaded cocoa butter nanoparticles

Different loading of CA in CB nanoparticles were evaluated for stability based on
its visual appearance of phase separation and particle size. Different formulations were
prepared at 60°C with different amounts of CA shown in Table 16.

High pressure homogenization has proved to be the most effective method to
minimize the large particles in the dispersion.(195) To breakdown the emulsion droplets to
a nanometric dimension, high energy in form of pressure is required. Smaller the size of
the droplet, the higher stability was observed against coalescence.

At pressure 1500 bar and above, the particle size of CA-NP was significantly
reduced to 205 £ 13 nm. The number of cycles that allowed the samples were exposed to
high pressure had significant effect on the particle size. The hydrodynamic diameter of
CA-NP significantly reduced by 50% at 20 cycles compared to that at 10 cycles. Among
different pressure and number of cycles conditions for high pressure homogenization,
processing at 1500 bar and 20 cycles gave the smallest and stable nanoparticles, as shown
as Figure 47 and Figure 48. Different loading % of stable formulations had no effect on the

particle size under different processing conditions.



Table 16 Composition and Stability of CA loaded in CB nanodispersions
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CB,g S60/T60 (9:1), g

CA,g Water, g

%CA in NP (w/w) Phase separation of CA from NP

CA-NP-1

CA-NP-2

CA-NP-3

CA-NP+4

CA-NP-5

CA-NP-6

CA-NP-7

CA-NP-8

10 2
10 2
10 2
10 2
10 2
10 2
10 2
10 2

0.1

0.2

0.3

0.4

0.5

0.67

0.8

87.9

87.8

87.7

87.6

87.5

87.33

87.2

87

0.8

1.6

24

3.2

4.0

53

6.3

7.7

No
No
No
No
No
No
CA crystals observed in emulsion

Gelling and CA crystals observed in emulsion
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6.3.3 Storage stability of Carnosic acid loaded cocoa butter nanoparticles

The particle size of the stable CA-NP formulations remained consistently same over
1 month of storage at 25°C (Figure 49). During storage, gelation process can occur due to
insufficient surfactant mixture, destabilizing composition and recrystallization of the drugs
in the lipid matrix. Fluctuating storage temperatures and light exposure are few factors that
contribute to any addition of energy into the dispersion system that can destabilize the
particles since most of the systems are not at thermodynamic equilibrium.(269, 270)
Recrystallization can also lead to phase separation which causes creaming. From Figure
50A-G, all the formulation with CA loading (0.8% - 5.3%) had no destabilizing
recrystallization and microphase separation which was seen in formulation with 7.7% CA
loading (Figure 50Error! Reference source not found. H). The drug payload can
significantly affect the crystallization of lipid matrix and can separate into drug crystals
when its concentration is higher than the saturation solubility of the formulation. It is
observed that formulations that have higher loading than the saturation solubility of CA in

bulk CB are highly susceptible for recrystallization and gelling.
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Figure 50 Optical Images of CA-NP formulations after 4 weeks of storage where A = control, B-D = 0.8%, 1.6%, 2.4%, 3.2%,

4%, 5.3% (w/w) of loaded CA in NP and H = 7.7% of loaded CA in NP (400X magnification)
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6.3.4 Encapsulation Efficiency of CA loaded CB Nanoparticles

Carnosic acid is effectively encapsulated in cocoa butter nanoparticles with EE%
ranging 87-94%. One of the contributing factor to increase encapsulation efficiency is due
to polymorphic state of cocoa butter.(239) Since cocoa butter has multiple crystal forms
than other hard fats which form ordered crystal structure, (f form)(240). Imperfection in
crystals provide space in the lipid matrix for drug molecules to accommodate. This would
increase the efficiency of encapsulation.

Encapsulation efficiency of CB NP decreases with increase in CA loading. Due to
the crystal order of the lipid matrix, drug payload can be limited. Low loading of CA
showed the best EE% because most of CA is entrapped in the lipid core of NP. As
concentration of CA increases, the lipid matrix is saturated with CA. Excess CA can remain
in the aqueous phase due to emulsification with free surfactants. (Table 17)

Based on these findings, CA-NP-6 formulation with 5.3% (w/w) CA is used as the

nano-filler because of its stability and highest amount of encapsulated CA in NP.
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Table 17 Encapsulation Efficiency of stable CA-NP formulations

CA added in bulk CAin CB NP Encapsulation

CB (ng/g) form (ng/g) Efficiency, EE%
CA-NP-1 10000 9374.6 + 32.7 93.7+0.3
CA-NP-2 20000 18128.8 =302.1 90.6 £ 1.5
CA-NP-3 30000 26642.0 +250.5 88.8 +0.8
CA-NP-4 40000 34939.1 £335.4 87.4+0.8
CA-NP-5 50000 43088.3 + 58.5 86.2+0.1
CA-NP-6 67008 58842.6 £132.1 87.8+0.2
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6.3.5 In-vitro lipolysis studies on CA-CB Nanoparticles

Bioaccessibility of a bioactive released from nanoparticles affect rate of absorption,
bioavailability and tissue distribution that determines its nutritive efficiency.(271)
Bioavailability of a bioactive is defined by its amount that reaches the systemic circulation
after oral administration. The overall bioavailability (F) of poorly soluble actives depends
on a number of dependent factors: F = Fg X Fa X Fum

Here, Fg is the fraction of hydrophobic component released from the delivery
system into the lumen of the GIT to become bioaccessible, Fa is the fraction of the released
hydrophobic component that is absorbed across the layer of intestinal epithelial cells, and
Fm is the fraction of the absorbed hydrophobic component that reaches the systemic
circulation without being metabolized.(272)
From studies of in-vitro lipolysis of two forms of delivery strategies: CA+CB
mixture and CA encapsulated in CB nanoparticles, extent of lipolysis (release of
fatty acids) and bioaccessibility of CA was determined after analyzing CA in
aqueous phases by HPLC (Figure 52 and Figure 53). These two type of lipid
formulations were evaluated to understand effect of emulsifier and particle size of
the formulation on CA release after lipolysis. In fed state buffer, the rate of

digestion of CA-NP was significantly higher than CA+CB (
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Table 18). For emulsion systems, the rate of FFA (free fatty acids) release is high at the beginning of the lipolysis and gradually
decreases until it becomes constant. The rate of FFA release and extent of lipolysis is also significantly dependent on the initial droplet
size. The initial droplet size in the digestion buffer is also determined by the physical state of carrier lipid and emulsifier that stabilizes
the lipid interface under lipolysis conditions. The extent of digestion of triglycerides in CB is dependent on exposure of digestive
enzymes and diffusion of FFA to expose unreacted TAGs in the nanoparticle. Release by action of lipase and diffusion of long-chain
fatty acids (C>16) is slow compared to that medium chain fatty chains present in liquid oil droplets. Bile salts are crucial in partition of
FFA in lipid and aqueous phase and micellar formation. Bioaccessibility of CA was significant in CA-NP than the mixture.
Bioaccessibility is dependent on the extent of FFA release and mixed micelles (~ 194.47 + 4. 87 nm) formed by FFA can solubilize CA

in aqueous phase. CA is retained in undigested part of CB, making the mixtures less bioaccessible.
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Figure 52 HPL.C Spectrogram of aqueous phase of CA & CB Mixture (CA+CB) and

CB Nanoparticle with 5.3% CA (CA-NP-6) after in-vitro lipolysis in fed state buffer
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Figure 53 HPLC Spectrogram of aqueous phase of CA & CB Mixture (CA+CB) and

CB Nanoparticle with 5.3% CA (CA-NP-6) after in-vitro lipolysis in fast state buffer
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Table 18
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Figure 52 HPL.C Spectrogram of aqueous phase of CA & CB Mixture (CA+CB) and

CB Nanoparticle with 5.3% CA (CA-NP-6) after in-vitro lipolysis in fed state buffer
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Figure 53 HPLC Spectrogram of aqueous phase of CA & CB Mixture (CA+CB) and

CB Nanoparticle with 5.3% CA (CA-NP-6) after in-vitro lipolysis in fast state buffer
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Table 18 In-vitro Lipolysis of CA & CB Mixture (CA+CB) and CB Nanoparticle

with 5.3% CA (CA-NP-6)

State of Buffer = Extent of Lipolysis (%) Bioaccessibility (%)
CA+CB 79.6 £4.6 24.7 +£2.2°2
Fed
CA-NP-6 80.7+9.3 31.5+0.7°
CA+CB 82.8£0.1 18.8 £0.6°
Fast
CA-NP-6 89.9+39 23.1+1.42
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6.4 Conclusion

In this study, CB nanoparticle is evaluated as a potential delivery system for
carnosic acid. Similar studies that were conducted with CoQ10 as the payload, were
performed for carnosic acid so that they can be used to create multifunctional films.

To create a nano-filler for these proposed multifunctional films, stability,
encapsulation efficiency and its bioaccessibility of the bioactive need to be studied. Due
to high solubility of CA in CB, CA-CBSLN were obtained with very high encapsulation
efficiency. The formulation with highest loading of CA was chosen as the nanofiller for
the films. Bioaccessibility of CA in CB nanoparticles was assessed in comparison with CB
mixture and the results confirm with previous findings that CB in nanoparticle form can
improve bioaccessibility effectively than in its mixture for both fed and fast states.

These studies further affirm that C nanoparticles are effective delivery system for

different non-polar molecules.
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CHAPTER 7. HYDROXYPROPYL STARCH

NANOCOMPOSITES WITH CARNOSIC ACID LOADED

COCOA BUTTER NANOPARTICLES: PHYSICAL AND

ANTIOXIDANT PROPERTIES

7.1 Abstract

Lipid based nanosystems are extensively used in pharmaceutical industry for drug
delivery strategies and their potentiality in food applications is the central idea of the
current research. The purpose of present project is developing novel multifunctional
nanocomposite films using a lipid nanosystems as a filler to extend the shelf life of the food
product by improving barrier properties and deliver bioactives on consumption.
Hydroxypropylated starch (HPS) is chosen as bulk material of the films due to its excellent
film forming properties but hydrophilicity of hydroxylpropyl groups limit its utilization. In
this project, nanocomposite of HPS with CA loaded CB NP were prepared. The research
objectives focus on characterization of moisture barrier and mechanical properties along
with quantification of antioxidative nature of the digested nanocomposite film. The
maximum loading capacity of stable CA loaded CB NP was 5.3% dry weight basis with
high encapsulation efficiency and improved the bioaccessibility of CA for absorption in
in-vitro lipolysis studies. These NP were mixed with solutions of HPS and glycerol as
plasticizer to prepare nanocomposite films and their mechanical, moisture barrier and
antioxidant properties were studied. Results confirmed that reduced water vapor
permeance by 30-40% and stability at a wide range of relative humidity compared to HPS

films due to homogenous embedment of NP and low microphase separation. The
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mechanical properties of the films did not significant differ from the control. Antioxidative
activity of CA (IC50 7.44 + 2.54) was observed in the aqueous phase of digested
nanocomposite which shows that CA was bioaccessible for absorption. Lipid NP can be

utilized to serve both as nano-filler and nutraceutical delivery system in this approach.

7.2 Materials and Methods

7.2.1 Materials

Hydroxypropylated high amylose (80%) corn starch (A1081) with MS (molar
substitution) 0.11 was supplied by Penford (Australia). Cocoa butter (manufacturer:
Spectrum Chemical Mfg. Corp.) is purchased from vendor, VWR International. Carnosic
acid (95%, purity) was purchased Wuling Yangguang Biotechnology Co., Ltd., Hunan
province, China. Glycerol and surfactants were acquired from Sigma-Aldrich (St. Louis,
MO). Medium chain triglycerides (Neobee®) and cocoa butter substitutes (Wecobee®) are
obtained as free samples from Stepan Company (Northfield, Illinois). Other chemicals used
for analytical purposes are acquired from Sigma-Aldrich (St. Louis, MO), VWR

International (Radnor, PA) and Fischer Chemicals (Hampton, NH).

7.2.2 Preparation of nanocomposite films

8% starch and 4% glycerol were mixed with DI water to prepare solution by heating
at 80°C with medium speed stirring using a magnetic stirrer for 30 minutes. Measured
amounts of starch solutions and CB nanoparticles with highest loading of CA were mixed
to make homogenous film solutions. The 25 ml of film solution were poured in each of

clean petri dishes and were air-dried for 2 days.
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7.2.3 SEM Imaging

The HPS nanocomposite films were mounted on a flat SEM pin (Tedpella Inc,
Redding, CA) for surface images and with aid of 12mm carbon discs (SPI Supplies, West
Chester, PA) on to which the sample is adhered. The vacuum dried samples are coated with
a 10 nm with gold using in a Polaron (Hatfield, PA) SEM coating system. The specimens
were scanned using Field Emission SEM (Zeiss Sigma, Jena, Germany) with Oxford INCA
PentaFETx3 EDS system (Model 8100) at an accelerating voltage at 5kV. The images with

digitally processed by Smart SEM software (Zeiss Sigma).

7.2.4 Differential Scanning Calorimetry

A differential scanning calorimeter (PerkinElmer DSC Diamond-8000) with a
refrigerated cooling system and nitrogen purge gas was used for these experiments.
Temperature and heat capacity calibrations were performed using melting point and
enthalpies of indium as the baseline. High-pressure stainless steel pans (PE No. B0182901)
with gold-plated copper seals (PE No. 042-191758) were used. The DSC samples were
heated from 30 °C to 130 °C at a scanning rate of 5 °C/min. Due to the large mass of the
steel pans used in the experiment, a slow heating rate was used. The initial and final weights
of the pans were registered to assess water loss after scanning. The enthalpy was calculated
based on starch films conditioned at 25°C and 50% RH. DSC measurements were

performed in triplicates, and the results are presented as the mean.

7.2.5 Mechanical properties
The tensile strength (TS) and elongation at break (EB) of the films (conditioned at
50% RH and 25°C) were measured on Texture Analyzer -Brookfield CT 3 Max Load

25009 (Middleboro, MA) at a speed of 0.1 mm/s. The texture analyzer is equipped with
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Texture Pro CT V1.4 Build 17. The appropriate sized films (1.0 x 10.0 cm) were cut using
a razor blade and the gauge length was set at 10.0 mm. For each sample, the measurements
were replicated four times. TS was calculated by dividing the maximum load for breaking
the film by cross-sectional area, and %E by dividing film elongation at rupture to initial
gauge length, and the values were measured both in longitudinal and transverse directions
to observe whether any difference in the orientation of polymer chain occurs. Percent
elongation is the ratio of extension to the length of the sample. All means were compared

with each other, the results of ANOVA indicated significance using Tukey test (p<0.05).

7.2.6 Moisture barrier properties

7.2.6.1 Contact Angle Measurements

The static water contact angle measurements were carried out using a VCA Optima
XE Dynamic Contact Angle Analyzer (AST Products Inc., Billerica, MA) at ambient
condition. The image was recorded by a CCD camera immediately after the water drop was
deposited onto the HGCN film surface. At least six measurements were averaged for each

sample.

7.2.6.2 Moisture Sorption Isotherm Measurements

Saturated salt solutions of lithium chloride, magnesium chloride, sodium bromide,
sodium chloride, and potassium nitrate were used to obtain different RH combinations
having aw values of 0.11, 0.33, 0.58, 0.75 and 0.94 respectively. These saturated solutions
were taken in different desiccators. Prior to keeping the film, specimens were conditioned
to 53% RH (desiccator with saturated solution of magnesium nitrate) at 24°C. The initial

moisture content of the blend films was measured in duplicate on dry basis (db in %) by
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drying in hot air oven at 100+2 °C to constant weight. The sorption experiments were
carried out by keeping approximately 1 g of blend films (2 cm x2 cm) in desiccators,
removing at frequent intervals and weighing until they reach constant weight (within £5%).
All chemicals were of analytical grade from Sigma-Aldrich (St. Louis, MO). The
equilibrium moisture content (% db) of the films when the weight of the film reaches a

constant value.
ey . Meqg — Mary
Equilibrium moisture content (% db) = | —— = | X 100%
dary

Where,
me, = Weight of the film in equilibrium at a certain relative humidity and
temperature 25°C

mgy, = Dry weight of a certain relative humidity and temperature 25°C

7.2.6.3 Water absorption Studies

Small pieces of membranes were weighed and immersed in deionized water (30
mL), until equilibrium was reached. The swollen membranes were taken out and extra
water was removed by carefully transferring swollen film into a dry dish. The water

absorption capacity (WAC) was calculated using the equation:

W W,
WAC (%)— T X 100
d

Where “Wq” is the weight of the dry membrane and “Ws” is the weight of swollen
membrane at equilibrium.(216) The results were reported as the average of three readings.

The swelling response of films was also measured at different pH.
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7.2.6.4 Water Vapor Transmission Rate (WVTR) and Water Vapor Permeability
(WVP)

The WVTR and WVP of the membranes were analyzed according to the ASTM
Method E96/E96 M. Circular test cups were filled with calcium chloride (10.0 £ 0.5 g) as
desiccant at 0% relative humidity (RH), and sealed with the test membranes. The
membranes were tightly attached and the initial weights of the cups were recorded. The
cups were placed in an environmental desiccator set at 25°Cand 53% RH. After reaching
equilibrium state in the desiccators, Cups were weighed daily for 14 days. The WVTR was
calculated as the slope of the regression line drawn between elapsed time and the weight
change of the test cups. The actual WVTR and WVP of the membranes were calculated

using to the following equations.

G
t
WVTR = L.
A
wyp WVTR _WVTR
~ AP TSR, - Ry

Where, G is weight change (g), t is the time (h), A is the test area (m?), and AP is
vapor pressure difference (Pa) and S is saturation vapor pressure at test temperature
(1.333 x 102 Pa), R1 = relative humidity at the source expressed as a fraction and Rz =

relative humidity at the vapor sink expressed as a fraction.

7.2.7 Antioxidant activity measurements

Antioxidant activity of aqueous phase of CA-CB mixture, CA-CB nanoparticles
and HPS nanocomposites were measured using DPPH radical scavenging assay.

This assay was performed according to the previously reported method.(273) The

diluted working solutions of pure CA was prepared in acetonitrile. Aqueous phase of
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digested CA-CB mixture, CA-CB nanoparticles and HGCN-2 films were used directly.
Digested CA-CB mixture and CA-CB nanoparticle samples are obtained after in-vitro
lipolysis method as mentioned. Digested HGCN-2 films were obtained by treating small
bits of films with equivalent amount of lipid content to that of CA-CB samples with 2.2
mg of amylase for 30 mins before subjecting them to in-vitro lipolysis. In case of digested
films, the aqueous phase was freeze-dried and reconstituted with 2 ml of acetonitrile.
Different concentrations of each sample were prepared with acetonitrile in 5 ml test tubes
by serial dilution. Each dilution (0.2ml) was added to 3.8ml solution of 0.1 mM DPPH
dissolved in methanol. The mixture was shaken vigorously and left in the dark at room
temperature for 30 min. The absorbance of the mixture (100 pl) was recorded at 517 nm
using the Synergy HT multimode microplate reader (Bio Tek Instruments Inc., WinooskKi
City, VT, USA). The experiment was repeated three times. The scavenging rate of DPPH

free radicals was calculated as:

A, — A
[1_ 1 2
Ay

] X 100%

where A1 was the absorbance of the mixture between sample and DPPH solution,
A was the absorbance of the mixture between sample and methanol (control), and Ao was
the absorbance of the mixture between methanol and DPPH solution. The antioxidant
activity of the sample was expressed as ICso (LM), which meant the concentration of the
sample while the scavenging rate was 50% and was determined by regression analysis.

Based on calculations of amount of CA present in CB and in CB nanoparticle and
film before digestion and including the factor for bioaccessibility, expected antioxidant

activity ((ICso)expectea) N nanoparticle and from was calculated. Controls for

nanoparticles (CB-NP-0) and films (HGCN-0) that didn’t have CA were also evaluated for
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baseline deduction. (ICso)experimentar Obtained from scavenging rates of DPPH from the
digested samples.

Antioxidant Capacity of the samples were calculated as

(ICSO ) experimental

Antioxidant Capacity, AOX = ( ) X 100 %

(ICSO)expected

7.3 Results and Discussion

7.3.1 Preparation of nanocomposite films

8% (w/v) starch and 4% (w/v) glycerol were mixed with DI water to prepare
solution by heating at 80°C with medium speed stirring using a magnetic stirrer for 30
minutes. Measured amounts of starch solutions and CB nanoparticles with highest loading
of CA were mixed to make homogenous film solutions as shown in Table 19. The 25 ml

of film solution were poured in each of clean petri dishes and were air-dried for 2 days.



Table 19 Composition of the HGCN film solutions
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HPS Starch, g Glycerol, g CA-NP, g Water, g
HGCN-0 8 4 0 88
HGCN-0.5 8 4 0.5 87.5
HGCN-1 8 4 1 87
HGCN-2 8 4 2 86
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7.3.2 Microstructure of HGCN films

Study of microstructure of the films gives us information of the arrangement of
molecules of different components in the film solution after drying. During drying, the
concentration of all the film components which could trigger aggregation or creaming of
the lipid nanoparticles leading to phase separation of lipids from polymer matrix. This
phenomenon can adversely affect the internal and surface structure of the films and in turn,
the physical properties of the films. The microstructure of nanocomposite films, with and
without CA loaded CB nanoparticles, was qualitatively studied using Scanning Electron
Microscopy (SEM). SEM images in Figure 54 show the surface morphology of the films
with increasing amounts of CA-NP-6. The control film HGCN-0 and film with low amount
of CA-NP (HGCN-0.5) had smooth surface of a homogenous film matrix. With increase
in CA-NP in the film matrix, micro-aggregate sites of lipid appeared increasing. The
diameter of the aggregate sites (2-8 uM) increased with the amount of lipid nanoparticles
added. The shape of the sites has a distinct shape with a lipid center and ring of surfactant
around the aggregates. Coalescence could be a possible mechanism of the phase separation
that occurs due to merging of the nanoparticles into a larger droplet.

Figure 55 shows the SEM micrographs of cross-sections of the control and
nanocomposite films. From the cross-sectional analysis, the control film has continuous
phase of polymer matrix which confirms the homogeneity of the HP starch and glycerol in
dry state. Matrices of nanocomposite film are homogenous but appeared very different
from that of the control film. No lipid droplets or aggregates were observed inside the
matrices which indicates that nanoparticles are well-integrated in the HP starch. No

irregular layers of the lipid phase were identified within the matrix which confirms that
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there is no phase separation in that region. In HGCN-2 films, there are few irregular regions
near the surface of film which could be possibly be lipid aggregates at the surface which
complies with its surface morphology in Figure 54.

The microphase separation of the lipids from polymer matrix was evident
suggesting that interaction of lipid nanoparticles and the polymers is concentration
dependent. The phase separation in films introduces roughness on the surface which could

alter its surface properties.
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Figure 54 Surface morphology of HP starch (A), nanocomposites HGCN-0.5 (B), HGCN-1 (C) and HGCN-2 (D)
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Figure 55 Morphology of the cross-section of films: HP starch (A), HGCN-0.5 (B), HGCN-1 (C) and HGCN-2 (D)
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7.3.3 Differential Scanning Calorimetric studies

Multi-phase transitions of the films and lipid nanoparticles during the heating
process have been thoroughly investigated by DSC measurements and the results are given
in Figure 56 and Table 20. The crystallinity in polymeric materials is generally dependent
on the crystallization rate, which follows a bell-shaped curve between the temperatures Ty
and Tm. High DSC transition values would correspond mainly to the fusion of the crystals
formed from the products of alkaline hydrolysis of starch during storage. Endothermic peak
(A) at high temperature in hydropropyl starch film is due to crystallinity. This endothermic
peak was not seen in the nanocomposite films. Presence of lipid nanoparticles have a
plasticizing effect which increases the mobility of the polysaccharide chains and prevents
crystallinity.

DSC thermogram of CA-NP shows 4 melting peaks where P1 and P2 represent
different polymorph of CB and P3 and P4 represent and Span60 respectively. Peak
temperature Tp of P1 is around 20°C corresponds the melting temperature of a-form
unstable crystal form of CB whereas P2 corresponds to B-form which is a stable crystal
form with a higher melting point. Polymorphism in CB at the lipid core affects the
encapsulation efficiency of CA. Presence of a-polymorph which is stabilized by surfactants
in a lipid nanoparticle enables higher loading of actives due to its less compact packing
between a-crystals compared to those of B-polymorph. This is a desired attribute for this
delivery system which is also confirmed by DSC analysis. Endotherm peaks corresponding
to CB were observed in the nanocomposite films with shift in T, to lower melting
temperatures. These results further explain the polymorphism of CB in nanoparticles

embedded in polysaccharide matrix. The core of lipid nanoparticles is composed of mixed
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crystals of different polymorphs of CB which is influenced by its composition and
processing parameters. Shift to lower melting points suggest that mixed crystal has higher

amounts of a-crystals than the control CA-NP-6.
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Figure 56 DSC thermograms of HP starch (1), CA-NP (2), nanocomposites HGCN-0.5 (3), HGCN-1 (4) and HGCN-2 (5)
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Table 20 Endothermic peaks of HGCN-0 (control), CA loaded nanoparticles and

nanocomposites

Peak To (°C) Tp (°C) T. (°C) AH (J/g)
HGCN-0 (1) A 138.4 150.2 160.0 2.7
Pl 12.5 20.4 27.6 8.1
P2 28.6 31.3 35.1 0.5
CA-NP-6 (2)
P3 36.4 43.1 53.1 55.1
P4 54.1 56.7 60.9 1.0
HGCN-0.5 (3) Bl 16.5 27.2 38.9 0.9
HGCN-1(4) B2 15.4 25.7 38.2 2.0
HGCN-2(5) B3 17.8 27.8 45.0 7.9
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7.3.4 Mechanical Properties of HGCN films

Analysis of mechanical properties of edible films is useful to predict its behavior in
its applications in food products. Elasticity modulus , tensile strength and elongation at
break are parameters that are studied for describing the mechanical properties of a film,
and are closely related with its internal structure.(274)

Typical stress—strain curves of HGCH nanocomposite films obtained at 25 °C and
50% RH are shown in Figure 57. The values of tensile strength (MPa), elongation % and
elastic modulus (MPa) are reported in Table 21. Hydroxypropyl starch films (HGCN-0)
have higher maximum tensile strength (~ 5MPa) and brittle mechanical behavior as the
films broke at slight plastic deformation. Tensile strength in starch films is attributed to the
crystallinity in the matrix which occurs due to organized arrangement of polysaccharides
chains in the starch. With CA-NP embedded in matrix, films have lower tensile strength
compared to the control. Elastic modulus of all films are around 2.65 MPa with their
elongation around at 214%. High strain at break property in the films is due to the

plasticizing effect of glycerol between polymer chains.
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Figure 57 Tensile-strain curves of the films cast at 25 °C and 50% of relative

humidity. Water content (17.3% + 0.3)
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Table 21 Mechanical Properties of HGCN films

Tensile Strength Elongation % Elastic Modulus
(MPa) (MPa)
HGCN-0 4.7+0.3 220.8 + 26.6¢ 3.0+0.2
HGCN-0.5 3.5+ 0.2 234.0 + 32.8¢ 22%0.1
HGCN-1 3.9 +0.7% 230.1 + 101.1% 2.4+05
HGCN-2

25+0.1° 140.7 + 22.8° 3.0+£0.2




204

7.3.5 Moisture Barrier Properties of HGCN films

7.3.5.1 Contact angle measurements

The hydrophilicity of the films was quantitatively illustrated by measurements of
the water droplet absorption kinetics. The kinetics of water absorption is demonstrated by
measurements of the initial contact angle of water droplet just after deposition and rate of
change of contact angle (°/min) which corresponds to the slope of contact angle-time curve
(Table 8). There was no significant change in the initial contact angle when low amount of
CA-NP was present in the system. In HGCN-1 film, there is a slight increase in
hydrophilicity as the initial contact angle was lower than that of the control (HGCN-0).
The wetting properties of a film is defined by the molecular interactions of water and
molecules that are present at the surface of the film. Roughness or irregularities on the
surface can significantly affect the wetting behavior. In figure 15, surface morphology of
the films show that the HGCN-0 and HGCN-0.5 have relatively even surfaces than HGCN-
1. Due to micro-aggregates of lipids on HGCN-1, the surface roughness greatly increases
which explains the decrease in the initial contact angle. Slopes of contact angle-time from
absorption didn’t significantly change with presence of lipid nanoparticles. Interaction
between the water molecules and hydrophilic groups of HP starch influences the absorption
kinetics in all the films. No change in slopes of droplet absorption rate further confirms no
separation of lipid and polymer phases due to difference in their density and homogeneity

of the film matrix.
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Initial Contact Angle (°) Change in Contact Angle (°/s)

HGCN-0 67.7 £ 6.0° -0.4
HGCN-0.5 61.7+7.1% -0.3

HGCN-1 552+ 1.4° -0.3
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7.3.5.2 Moisture Absorption Isotherms

Temperature and relative humidity effects on water vapor solubility in the polymer
can be deduced from water sorption isotherm. In Figure 58 show water vapor absorption
kinetics in different films by equilibrating at different relative humidity values. It is
observed that at higher humidity (>75%), water absorption rate of control film, HGCN-0
was relatively high due to presence of hydrophilic groups on the polysaccharide chains and
presence of glycerol with high water retention capabilities. In case of nanocomposites,
water vapor absorption is low over a range of relative humidity values (< 75%) (Figure
59). Possible molecular interactions between the nanoparticles and starch are responsible
for low affinity to water vapor. Condensation of water molecules in the film matrix is
shifted to higher RH in nanocomposites. In hydrophilic polymers, layers of water are
absorbed into the matrix after condensation. Nanocomposites with hydrophobic lipid core
and interaction of polymer and lipid or surfactants would hinder the interactions between
the water molecules and further prevents condensation. From these observations, the

nanocomposite films show poor solubility of water vapor and resilient at higher humidity.
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7.3.5.3 Water Uptake studies

Maximum hydration of the films was studied to understand water uptake and
swelling behavior. In Figure 60, all the nanocomposites has similar swelling behavior with
water uptake around 155% and was 40% lower than the control film (HGCN-0). Hydration
of hydrophilic groups of the polymers and glycerol content % in the starch increases the
swelling. By introducing fillers in the film, the nanoparticles occupy the capillary network
as the film begins to swell and obstructing the water molecules to interact with starch
polymers. Solubility of starch polymers in water is influenced by the strength of
interactions between water and intermolecular and intramolecular H bonds between
amylose and amylopectin. Substitution of hydroxypropyl groups on starch polymers make
it hydrophilic and increases the solubility of HP starch. Glycerol as plasticizer also
increases the affinity of water in HP starch film. By introducing fillers in the film, the
nanoparticles occupy the capillary network as the film begins to swell and obstructing the

water molecules to interact with starch polymers.
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7.3.5.4 Water Vapor Permeability

Mechanisms of water mass transfer and solute-polymers can be studied by water
vapor permeability values of edible films. Water vapor permeability results of HGCN films
are is shown in Figure 23 and all except HGCN-0.5 show no significant difference.

According to the thermodynamics of irreversible process, water chemical potential
difference is the driving force of the water transfer through a film. When the process occurs
at constant temperature and pressure, the water chemical potential difference results
proportional to water vapor concentration difference between the two sides of the films.
(275) Permeability can be defined as the product of diffusivity and solubility only when
Fick and Henry laws fully apply. For most edible films, the water vapor strongly interacts
with polymer structure, which results in diffusion and solubility coefficients dependent on
driving force. The physiochemical properties of a films (microstructure, composition and
chemical nature of the components) can influence the water transfer from high to low water
potential. Plasticizer, glycerol increase chain mobility of the starch by reducing
intermolecular forces between the chains and thereby improving the flexibility and
extensibility of the films but they also increase diffusion coefficients of gases and water
molecules across the films. (276) Effects on addition of lipid nanoparticles as fillers on
water vapor transfer is not based on solubility by low affinity of water vapor but it is a
complex mechanism that requires better understanding. From the microstructure analysis,
HGCN-0.5 had no phase separation and the matrix seemed continuous and homogenous
yet difference when comparing with control HGCN-O0.

Water interactions in the nanocomposite films is certainly a complex mechanism

which could involve interactions between the CB, surfactant, glycerol and starch at



212

molecular level. Physical behavior of the films can be further investigated by studying and
understanding interactions and affinities between triglycerides, amphiphilic surfactants,

glycerol, and modified starch by temperature and composition.
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7.3.6 Antioxidant Activity in HGCN films

DPPH radical scavenging assay is one of the standard and easy colorimetric method
for assessment of scavenging potential of stable DPPH radicals by an antioxidant
compound and thereby, quantify the antioxidant activity of the compound. DPPH- radical
has a purple color in methanol solution and its absorbance is measured at 517 nm. A change
in color is measured by absorbance when DPPH is reduced to DPPH> by accepting H atom
from antioxidant compound (scavenging molecule) and turning into yellow in solution. In
our study, we used fixed time reaction model to calculate the scavenging rate with the
assumption that the steady state saturation (maximum decrease in DPPH) is reached within
30 min. ICsp of carnosic acid in acetonitrile in is 12.63+1.7 pg/ml. Antioxidant capacity of
CAin CB, CB nanoparticle and nanocomposite are listed in Table 23. Antioxidant capacity
compares the scavenging rate of DPPH by CA in different delivery system approach.
Antioxidant capacity of the CA in CB mixture and CB nanoparticles was 90% and above.
Antioxidant capacity is lower than 100% could be possibly be due to conversion of carnosic
acid in digestion buffer at pH 7.5 and its instability in solution form.(50, 266) The phenolic
hydroxyl group on CA is easily oxidized and degraded under alkaline conditions. The
digested solutions of CA+CB and CA-NP-6 appeared darker due to oxidation. The
antioxidant activity didn’t significantly change since the degradation products of CA. (277)
Digested nanocomposites showed lower antioxidant capacity around 40% and different
degradation products were observed in HPLC spectrogram of aqueous phase of the
digested nanocomposites (Figure 62). Two possible explanations for this decrease is (i)
Incomplete digestion of HP which could have entrapped some of CA-NP during separation

of aqueous and insoluble phase of the digested solutions and (ii) possible aggregates due
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to interactions of mixed micelles with digested starch polymers. On analyzing solvent
extracts of the insoluble phase of digested films, some amount of CA was detected. (Data
not shown). Hydroxypropylation of starch influences its digestion by digestive enzymes.
With increase in degree of hydroxypropyl group substitution (<MS 0.08) on starch,
susceptibility to digestion increased. Bulky substituents on C2 of the glucose unit possibly
cause steric hindrance at active-site of a-amylase and obstruct positioning of the substrate
which would effectively restrict enzymatic hydrolysis of adjacent glycosidic bonds of
unsubstituted glucose units. Starches with MS greater than 0.08 have increased digestibility
compared to native starch which is attributed to its swelling behavior.(278) Gelatinization
of hydroxypropyl starch has reduced digestibility while ungelatinized starch granules
etherified with hydroxypropyl groups allowed better swelling and increased
amylolysis.(279) Apparent digestion of raw and HP starch was studied in rats and true
digestion in antibiotic treated rats.(280) The extent of digestion and absorption was reduced
to a low level, about 50% for hydroxypropylated starch, which was not significantly
different from that with the corresponding raw material. Gelatinization of HP starch had
no significant effect on digestion. Compared to antibiotic treated rats, metabolism of HP
starch by gut microbiota was very limited. Digestion of starch by a-amylase forms maltose
and maltotriose as principal chain products by hydrolysis of glycosidic bonds at multiple
sites. At the active site of a-amylase, 5 glucose residues of a linear chain get attached. The
glycosidic bond between 3 and 4 residues is hydrolyzed in which carboxyl groups of key
aspartate and glutamate residues at the active site of the enzyme function as acid-base and

nucleophilic catalysts.
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Introduction of a hydroxypropyl group on polysaccharide chain would interfere the
binding of the residues to the active site. Modification of starch results short starch
polymers by enzymatic action of amylase. Digestion products of HP starch can change the
specific gravity of the solution and on centrifugation, they formed a layer apart above the
insoluble part of the starch. This could form aggregates of CA micelles entrapped in gel-
like hydrosylate layer. This could have lowered the concentration of CA in the aqueous
phase and making nanocomposites not an effective delivery system for bioactives loaded

in CB nanoparticles.
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Figure 62 HPLC spectrogram of aqueous phase of digested HGCN-6 nanocomposite film
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Table 23 Antioxidant Capacity (%) of CA+CB mixture, nanoparticles and HS

nanocomposite film

Antioxidant Capacity (%)

Fed State Fast State
CA+CB Mixture 93.5+0.52 88.8 +1.3°
CA-NP-6 96.3 +2.5° 915+1.8%

HGCN-6 43.3+5.6" 37.3+4.7°
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7.4 Conclusion

Biopolymer based nanocomposites from edible and renewable resources are
suitable alternative to conventional packaging materials which serve similar functions by
improving weak mechanical and poor barrier properties. The most common nanocomposite
systems are hybrids of organic and inorganic materials like silicates dispersed in polymer
matrix on nanoscale and more recently, nanocellulose in composite materials are gaining
more attention due to its compatibility with hydrophilic biopolymers. There is a need to
explore other alternatives for nanoscale fillers to create novel nanocomposite materials
with interesting properties.

The above studies suggest that introduction of solid lipid nanoparticles could serve
as filler material in the edible film matrix and deliver hydrophobic bioactives encapsulated
in them. Moisture barrier properties are limited to the amount of NP in the matrix as higher
amounts of NP (> 4 % dry weight basis) lead to microphase separation between polymer
and lipid. The stiffness of the films characterized by tensile strength of the films were
significantly reduced by introduction of NP which confirms their plasticizing effect. The
release of bioactive in NP from nanocomposite could be dependent on digestibility of
biopolymer and solubility of released bioactive in aqueous phase of digested
nanocomposite. We conclude that CA loaded CB nanoparticles can be potential nanofillers
in creating hydroxypropyl starch nanocomposite edible films with improved moisture
barrier properties to overcome hydrophilic nature of the HP starch and can serve as

potential drug delivery system.
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CHAPTER 8. SUMMARY AND FUTURE WORK

8.1 Summary

From my research, lipid nanoparticles (LN) can perform as nanofiller in
biopolymers to improve barrier properties and deliver non-polar bioactives in both
beverage and functional edible film applications.

In films, concentration and lipid type chosen can significantly affect its physical
properties. Similar to other nanocomposite material literature, low concentration of lipid
nanoparticles in biopolymers can improve the barrier properties. Homogeneity of the
matrix and type of lipid (based on its chemical structure and crystallinity) can influence the
interaction of water with the polymer matrix. To achieve a homogenous composite films,
concentration of lipid nanoparticles plays a very important role and is a limiting factor for
different properties that were studied. Choice of lipid and characteristics of lipid
nanoparticles become crucial factors in developing nanocomposites for specific purposes.
For better understanding of potential applications of these lipid based nanocomposites, a
scheme of standardized testing need to be performed to quantify its barrier, mechanical and
desired properties. A strategic model of different standardized testing can be developed to
assess different lipid nanoparticles that can create different nanocomposite films for
multiple purposes. In my study, | was able to develop such model to assess performance of
2 different lipid nanoparticles to produce nanocomposite films with improved moisture

barrier properties.
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8.2 Future Work

8.2.1 Comparative study with other alternative nanocomposite films in real food

systems

Future work on lipid NP based nanocomposite films can focus on comparing them
with other films that are developed for similar application. For example, there are other
lipid based biopolymers films (multilayer films, emulsion type films etc.) reported to have
excellent water resistance abilities. Characterization methods described in this research can
be extended to other kind of films to understand structure-function relationship to explain
the film behavior. This kind of study would put light on relevance and importance of
nanotechnology and its approaches in packaging material. Casings and films prepared
using these approach can be tested on real food systems (eg. Meats, fresh cut vegeables or
capsule material). These studies would highlight practical implications of these novel

nanocomposites and can further manipulated to improve the quality and safety of the food.

8.2.2 Response surface methodology for optimization of film composition
Response surface methodology (RSM) is a statistical tool to establish functional
relationship between a response of interest, y and a number of associated input variables
denoted by X1, X, ..., xk Which can be approximated by polynomial model of low degree:
y=f'(x)B+€
where x = (X1, X2, ...,Xk), f (X) is a vector function of p elements that consists of

powers and cross- products of powers xi, Xz, ..., Xk Of up to a certain degree denoted by d

(= 1), B is a vector of p unknown constant coefficients referred to as parameters, and € is

a random experimental error assumed to have a zero mean.(281) Apart from predicting
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response values for a given input from the model, one can determine the significance of
the factors whose levels are represented by X1, X2, ..., Xk and optimize the input variables
to give range of responses of interest.

From this research, we identified the most significant input variables that could
influence performance of film in different applications. Type of lipid and amount of lipid
nanoparticles in a biopolymer based film are input variables that can affect both moisture
barrier and mechanical properties of the film. Central composite design can be adopted for
RSM experiments. Fractional factorial design can be used to reduce the number of
experiments whereas saturated designs like Plackett—Burman design which is popularly
used to develop process conditions to understand the effects of physiochemical,
biochemical and sensory variables with least possible number of experiments. Interaction

of different factors can be analyzed using full factorial designs.

8.2.3 Lymphatic transport studies for bioactive loaded lipid nanoparticles

Efficacy of a bioactive is dependent on its fate after consumption and delivery
system are designed to protect and stabilize to ensure bioactives reach the target tissue
without degradation due to physiological processes in the body. Lipid absorption studies
have shown that lipid based formulations stimulate production of lipoproteins in
enterocytes after their digestion. These lipoproteins along with triglycerides and non-polar
bioactives self-assemble to form chylomicrons (80nm — 1mm in diamter) which have low
permeability to blood capillary endothelium. This allows chylomicrons to enter the
lymphatic route due to its relatively open structure. Since chylomicrons have a lipid based
core, the non-polar bioactives with high lipid solubility (> 50 mg/ml) and have higher

partition in octanol: water mixture (log P> 5) mostly reside after entering enterocytes as
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micelles made of fatty acids, 2-monoglycerides and bile salts. From our studies, it is
observed that both Coenzyme Q10 and carnosic acid have high solubility in cocoa butter
which confirms that they would preferentially take lymphatic route to reach systematic
circulation. Also cocoa butter which is the lipid carrier is composed of long chain fatty
acids (greater than C16), lymphatic transport could be a primary mechanism of bioactive
transport as increase in fatty acid chain correlates with increase in lymphatic
transport.(255)

Simple bioavailability studies give plasma concentration of drugs over time after
consumption and doesn’t add to the mass balance of drugs due to insufficiency of the
approach in these tests. Systemic exposure due to lymphatic transport is needed to
understand the absolute bioavailability of the lipophilic drugs. Since traditional
pharmacokinetic studies involve lymph intact animals, the data on amount of drug transport
in the lymph is ignored which is a crucial factor to be considered. Lymph-cannulated,
unrestrained and conscious animal models can be used to evaluate the lymphatic transport
of bioactives and proportion of this lymph transported bioactive is absorbed into the blood.

These findings can further our understanding in manipulating these nanoparticles
in edible films to create novel functional products. This research was conducted as a proof
of concept for usage of lipid nanoparticles as a nanofiller in biopolymer based

nanocomposites.
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