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ABSTRACT OF THE DISSERTATION

Novel Polysaccharide-Polypeptides Nanocomplexes: Assembly, Characterization, and

Applications in Delivery of Black Tea Polyphenols

By YIKE JIANG

Dissertation Director:

Qingrong Huang

In this dissertation, a novel polysaccharide-polypeptides nanocomplex was assembled from
chitosan (CS) and caseinophosphopeptides (CPPs). CS is a biodegradable, biocompatible, and non-
toxic cationic polysaccharide. CPPs are a group of anionic bioactive polypeptides hydrolyzed from
caseins, which are the most abundant proteins in milk. CS and CPPs can self-assemble into
complexes through predominantly electrostatic attraction when they are oppositely charged. In the
first part of this dissertation, the black tea polyphenol theaflavin-3,3’-digallate (TF-3) was
encapsulated in the CS-CPPs nanocomplex, aiming to improve its intestinal permeability. The
interactions and microstructural changes involved in each step of the encapsulation process were
characterized by multiple techniques including turbidimetric titration, fluorescence quenching,
circular dichroism, quartz crystal microbalance with dissipation monitoring, small angle X-ray
scattering, and ultra-small angle X-ray scattering. The results indicated that TF-3 firstly associated

with CPPs through mainly hydrogen bond. The TF-3/CPPs mixture further interacted with CS via



predominantly electrostatic interactions. TF-3 was then encapsulated in the CS-CPPs nanocomplex
with high encapsulation efficiency. The CS-CPPs nanocomplex can effectively enhance the

intestinal permeability of TF-3.

As the CS-CPPs nanocomplexes were associated predominantly by electrostatic attraction,
which is susceptible to pH change. To prevent the low pH-induced disassemble of the
nanocomplexes and burst release of the encapsulated TF-3, the nanocomplexes encapsulated with
TF-3 were chemically crosslinked by genipin. The Caco-2 monolayer transport results
demonstrated that the cumulative amount of transported TF-3 during 2h experiment increased at

least 7.8 folds after being encapsulated in the crosslinked nanocomplexes.

In the second part of this dissertation, the CS-CPPs nanocomplexes composed of different
CS:CPPs weight ratios were applied to stabilize Pickering emulsions. These gel-like oil-in-water
type Pickering emulsions, however, were not stable at low pH due to disassembly of the
nanocomplexes. To solve this problem, the CS-CPPs nanocomplexes were crosslinked with genipin
at different conditions. These genipin crosslinked CS-CPPs nanocomplexes (GCNs) were further
applied to stabilize Pickering emulsions, which showed outstanding stability in a wide pH range.
After incorporation of TF-3 in the GCNs, the stability of Pickering emulsions against lipid

oxidation has been improved significantly.
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CHAPTER I. INTRODUCTION

As of submission of this dissertation, part of the contents in this chapter has been written as two
review papers in the titles of “Molecular Association Between Proteins/Polypeptides,
Polysaccharides, and Polyphenols: Mechanisms, Biological Relevance, and Applications” and
“Engineering Pickering Emulsions Using Protein/Polysaccharide Complexes” which are ready

for submission.

1.1. Introduction of Polysaccharide-Protein/Polypeptide Complexes

Polysaccharides and proteins/polypeptides are important biomolecules in foods.
Polysaccharides are the polymeric carbohydrates composed of glycosyl units (commonly much
larger than 20 units?), which are connected by glycosidic linkages. Based on the conformation and
charge, food polysaccharides can be generally classified into four groups, which are linear neutral
polysaccharides (cellulose, amylose, chitin, guar gum, and locust bean gum, etc), linear charged
polysaccharides (pectin, carrageenan, chitosan, and xanthan gum, etc), branched neutral
polysaccharides (amylopectin, and glycogen, etc), and branched charged polysaccharides (gum
Avrabic, etc). Polysaccharides are commonly used in food industry as thickening or gelling agents.
In addition to the traditional applications, polysaccharides are also applied in drug delivery?, tissue
engineering® 4, and biofuel®, etc. The non-digestible oligo- and polysaccharides, also known as
dietary fibers attracted people’s attention in the past decades because epidemiological studies
revealed that consumption of dietary fibers were inversely associated with human chronic diseases
such as cardiovascular diseases® ’. Moreover, as important prebiotics, dietary fibers can modulate
the profiles of human gut microbiota® °. The metabolites of dietary fibers produced by gut

microbiota fermentation also exhibited health promotion effects®.

Proteins are made up of amino acid residues linked by the peptide bonds. They are vital

compositions of organisms and are essential for diverse biological functions such as transportation,



enzymatic catalysis, cell signaling, immune response, and support of structures, etc. The food
proteins can be classified based on their source (animal proteins e.g. B-lactoglobulin, and plant
proteins e.g. zein), shape (globular proteins e.g. lysozyme, and fibrous proteins e.g. collagen),
solubility (water soluble proteins e.g. B-lactoglobulin, and water insoluble proteins e.g. zein), and
composition (homoproteins or simple proteins e.g. albumins, and heteroproteins or conjugated
proteins e.g. glycoproteins). Proteins exist in foods as important nutrients and building blocks of
the food matrix. They attribute to the sensory properties of foods such as texture, viscosity, color,
flavor, and emulsification®. Polypeptides are the hydrolytes of proteins. They occur in different
types of foods'®. Some polypeptides possess bioactive functionalities such as antioxidative,

antimicrobial, antihypertensive, and mineral binding propertiest® 1,

Proteins/polypeptides and charged polysaccharides are polyelectrolytes. When polysaccharides
and proteins/polypeptides are oppositely charged, they can associate with each other, giving rise to
two phases with one phase concentrated in these biomolecules, and the other one phase depleted in
these molecules. This phenomenon of phase separation that occurs when proteins/polypeptides
associate with oppositely charged polysaccharides, which is referred to as the polysaccharide-
protein/polypeptide complex coacervation was initiatively investigated by Bungenberg de Jong and
Kruyt using the system of gum Arabic-gelatin in the early 20™ century!?. Since then the
polysaccharide-protein/polypeptide complex coacervates have been extensively studied using
diverse binary polysaccharide-protein/polypeptide systems (Table 1-1)* 4 with multiple
techniques such as turbidimetric titration>*’, isothermal titration calorimetry (ITC)*®2, differential
scanning calorimetry (DSC)#-2, light scattering®”2* 2, small angle X-ray Scattering (SAXS)/small
angle neutron scattering (SANS)?6-%, rheology? ?"- 3!, Raman spectroscopy®> 3, Fourier transform
infrared spectroscopy (FTIR)*, capillary electrophoresis®®, and computer simulation® ¥, etc. A

series of theories have been developed to describe the complex coacervation® 1438,



The polysaccharide-protein/polypeptide complex coacervates will eventually settle/precipitate
in a few days, while sometimes the complex coacervates can remain suspended (turbid liquid) for
more than three weeks (incomplete or pseudo-coacervates) at some specific conditions (e.g.
polymer stoichiometry, pH, and ionic strength)*®. These incomplete coacervates are usually in the
form of particles with diameter of hundreds of nanometers, which are often used as encapsulation
systems. In this dissertation, the general term “polysaccharide-protein/polypeptide complexes” will

be used to describe both complete and incomplete coacervates.



Table 1-1. Selected polysaccharide-protein/polypeptide complexes

Polysaccharide

Protein/Polypeptide

Reference

Alginate

Alginate

Alginate
k-Carrageenan
k-Carrageenan

Carrageenan (mainly k-)

1-Carrageenan
A-Carrageenan

K-, 1-, A-Carrageenan and
furcelleran
-, k-Carrageenan

Carboxymethyl cellulose

Chitosan
Chitosan

Chitosan
Chitosan
Dextran sulfate
Gum Arabic

Gum Arabic
Gum Arabic
Gum Arabic
Gum Arabic
Gum Arabic

Pectin

Pectin
Sugar beet pectin

Xanthan gum

B-Lactoglobulin
Bovine serum albumin
Gelatin
B-Lactoglobulin
Gelatin
Soy protein isolate
Poly(L-lysine)
Whey protein
Gelatin-A

Bovine p-casein
Whey proteins

a-Lactalbumin and B-
lactoglobulin
Bovine serum albumin and
human serum albumin
Soybean protein isolate

Whey protein isolate
Bovine serum albumin

B-Lactoglobulin

Caseinate
Gelatin
Pea globulin and a-gliadin
Pea protein isolate
Whey Protein
B-Lactoglobulin

Caseinate
Bovine serum albumin

Gelatin

Harnsilawat et al.*
Zhao et al.*
Saravanan et al.*?
Croguennoc et al.*®
Voron’ko et al.*
Molina Ortiz et al.?
Girod et al.®®
Weinbreck et al .

Jiang*®

Burova et al.*’
Hill et al.*®

Lee et al.*®
Bekale et al.>°

Huang et al.>!
Bastos et al.??
Galazka et al.%®

Aberkane et al.?°

Schmitt et al.>* %

Mekhloufi et al.>®
Yeetal®’

Bungenberg de Jong et al.*®
Chourpa et al.*?
Liu et al >
Weinbreck et al.!’

Wang et al.*5 2631
Girard et al. 1 %61
Rediguieri et al.®2

Li et al.’®

Lii et al.3




1.1.1. Interactions in the Polysaccharide-Protein/Polypeptide Complexation

The interactions involved in formation of the polysaccharide-protein/polypeptide complexes
are predominantly non-covalent and non-specific interactions such as electrostatic interactions,
hydrogen bond, and hydrophobic interactions. Examples of these non-covalent interactions are
listed in Table 1-2. Although not as common as the non-covalent interactions, covalent bonds
sometimes occur through chemical reaction such as Maillard reaction. The polysaccharide-
protein/polypeptide complexes connected through covalent bonds are usually referred to as the

polysaccharide-protein/polypeptide conjugates, which will not be discussed in this part.
1.1.1.1. Electrostatic Interactions

Electrostatic interactions are the most common and important forces occurring in
polysaccharide-protein/polypeptide ~ complexation.  Proteins/polypeptides and  charged
polysaccharides are polyelectrolytes. The charges on these biomolecules are determined by the
environmental pH. The charges of proteins/polypeptides reverse at their isoelectric point (pl),
which is the pH where the net charge of proteins/polypeptides is 0. Below pl, proteins/polypeptides
are positively charged and above pl they are negatively charged. Most of the charged
polysaccharides, such as pectin, alginate, carrageenan and gum Arabic are anionic because they
carry anionic groups such as carboxyl group and/or sulfate group. Chitosan is a distinct
polysaccharide that is naturally cationic due to protonation of the primary amine groups in acidic
environment (pH < 6.3-6.4). Therefore, at a certain pH range where proteins/polypeptides and
polysaccharides carry opposite net charges, these two types of biomolecules can interact through
electrostatic attraction. The electrostatic interactions between charged polysaccharides and
proteins/polypeptides can be expressed as eq. 1-13

Qp Q4 Q- eq. 1-1
U=—=L (X pe=R+/Ra _*— o—R_/Rq
2¢ ®, © R ¢ )



where U is the potential energy for the electrostatic interaction; Q, is the number of charges of the
polysaccharide segments that are associated with the protein/polypeptide molecules that contain Q-
positive charges and Q. negative charges; ¢ is the dielectric constant; R+ is the average distance
between the oppositely charged sites on proteins/polypeptides and polysaccharides; R. is average
distance between the like charged sites on proteins/polypeptides and polysaccharides; Rgq is the

Debye length.

1.1.1.2. Hydrogen Bond

Another important force existing in the polysaccharide-protein/polypeptide complexes is
hydrogen bond. Hydrogen bonds occur between molecules carrying hydrogen donors (H) and
hydrogen acceptors (i.e. N, O, F). Proteins/polypeptides contain large amount of hydrogen donors
and acceptors, which can form intramolecular hydrogen bonds to maintain their secondary
structures. Polysaccharides contain hydroxyl groups, carbonyl groups, which can form hydrogen

bonds with proteins/polypeptides.

1.1.1.3. Hydrophobic Interactions

Hydrophobic interactions are entropy-driven®®. Formation of hydrophobic interactions within
the polysaccharide-protein/polypeptide complex is usually associated with conformational change

of the biomacromolecules to facilitate association between the hydrophobic groups.

Owing to these multiple types of interactions, the proteins/polypeptides and polysaccharides
start to bind together and expand not only through electrostatic attraction but also through protein
aggregation and polysaccharide entanglement®’. With the help of SANS, the conformation and
composition of each component inside of the complexes can be obtained, which would be beneficial

to understand the process of complexation®.



Table 1-2. Interactions involved in polysaccharide-protein/polypeptide complexation

Polysaccharide

Protein/Polypeptide

Interactions

Methods

Reference

Alginate

Carrageenan
(mainly -)
A-carrageenan

Chitosan

Chitosan

Gum Arabic

Gum Arabic
Gum Arabic

Gum Arabic

Pectin

Pectin (low
methoxy)

Pectin

Xanthan gum

B-lactoglobulin

Soy protein isolate

Whey proteins

B-lactoglobulin

Bovine serum albumin
and human serum
albumin
B-lactoglobulin

Caseinate

Pea globulin and a-gliadin

Whey proteins

B-lactoglobulin

Gelatin

Whey protein isolate

Gelatin

Electrostatic interaction

Electrostatic interaction,
hydrophobic interaction
Electrostatic interaction

Electrostatic interaction

Hydrophobic interaction,
electrostatic interaction

Electrostatic interaction,
hydrophobic interaction
Electrostatic interaction

Electrostatic interaction,
hydrogen bond
Electrostatic interaction

Electrostatic interaction,
hydrogen bond
Electrostatic interaction,
hydrogen bond, van der
Waals, dipolar
Electrostatic interaction,
hydrogen bond
Electrostatic interaction,

hydrogen bond, hydrophobic

interaction

ITC, turbidity measurement

Solubility, surface

hydrophobicity measurements

Turbidimetric titration

ITC, electrophoretic mobility,

turbidity, solubility
measurements
Fluorescence guenching,

ITC

Turbidimetric titration

Raman microspectroscopy

Turbidimetric titration

Potentiometric titration,
ultrafiltration
DSC, rheology

Raman spectroscopy

Solubility test,
thermogravimetric and

differential thermogravimetric

analyses, FTIR

Harnsilawat et al.*°

Molina Ortiz et al.??

Weinbreck et al.16

Guzey et al.®®

Bekale et al.®®

Aberkane et al.2°

Yeetal.®

Chourpa et al.*2

Weinbreck et al.*”

Girard et al.5!

Gilsenan et al. %

Zhang et al.®

Lii et al.®




1.1.2. Factors that Affect the Interactions between Polysaccharides and
Proteins/Polypeptides
Multiple environmental factors (pH, ionic strength, temperature, shear, and pressure, etc.) and
structural characteristics (polymer weight ratio, concentration, chain length, chain flexibility, and
chain charge density and distribution, etc.) can regulate the magnitude of the non-covalent

interactions involved in complexation between polysaccharides and proteins/polypeptides.

1121.  pH

pH is probably the most important factor for complexation between polysaccharides and
proteins/polypeptides because the charges on both proteins/polypeptides and polysaccharides are
determined by the environment pH. As discussed in section 1.1.1.1, most of the charged
polysaccharides carry negative charges when pH is higher than their pKa except for chitosan which
is positively charged when the pH is below its pKa. Proteins/polypeptides carry positive and
negative net charges when pH is below and above their pl, respectively. The charge density is not
evenly distributed on the proteins/polypeptides due to heterogeneity of the amino acids, which even
create some local patches carrying charges opposite to the net charge. These features give rise to
three critical pH values that characterize the process of polysaccharide-protein/polypeptide
complexation (Figure 1-1). Polysaccharides and proteins/polypeptides carrying same sign of net
charges start to form soluble complexes at pH. where oppositely charged patches on
proteins/polypeptides electrostatically connect to polysaccharides. Therefore, pHc is higher and
lower than the pl of the proteins/polypeptides when associating with anionic and cationic
polysaccharides, respectively. Insoluble complexes start to form at pH, where polysaccharides and
proteins/polypeptides start to carry opposite sign of net charges. It is also the start point of phase
separation. The complexes dissociate at pH,. due to neutralization of polysaccharides. The

maximum yield of complexes is obtained at the pH where proteins/polypeptides and



polysaccharides carry equal amount of opposite charges, i.e. the net charge of the complexes is

Z€ero.

) Protein

~~— Polysaccharide

Strength of interaction/size of complexes

High pH.

Figure 1-1. Typical phase diagram of complex coacervation between protein/polypeptide with

anionic polysaccharide

It is necessary to keep in mind that even at the pH region where polysaccharides are neutral,
complexation between proteins/polypeptides and polysaccharides still occurs through hydrogen

bonding and hydrophobic interactions between molecules close by*®.
1.1.2.2. lonic Strength

lonic strength also regulates the affinity between polysaccharides and proteins/polypeptides
since it influences the charge densities of proteins/polypeptides and polysaccharides. It is well
known that at high concentration, NaCl can screen the charges on both proteins/polypeptides and

polysaccharides, and therefore decrease the strength of their electrostatic interaction. Conversely,
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at low concentration the screening effect is not notable. Low concentration of NaCl can even
enhance formation of the polysaccharide-protein complex coacervates®® ¥, Divalent ions such as
Ca?" may bridge the proteins/polypeptides and polysaccharides even when they are all negatively
charged?®. lonic strength also alters pHc, pH,i1, and pH, as these critical pH values are directly

related to charge density™> .,

1.1.2.3. Temperature

Temperature is another important factor that determines the strength of interactions between
polysaccharides and proteins/polypeptides. Usually low temperature promotes formation of

hydrogen bond, while high temperature facilitates hydrophobic interactions and covalent bonding®.

Controlled thermal treatment can be used to generate polysaccharide-protein/polypeptide nano-
and micro-particles. The first way is the heat the proteins/polypeptides to the temperature above
their thermal denaturation temperature followed by complexing with charged polysaccharides. The
dimension of this type of complexes is strongly dependent on the proteins/polypeptides after
thermal denaturation. The second way is to heat the already formed polysaccharide-
protein/polypeptide complexes to the temperature above the thermal denaturation temperature of
the protein/polypeptide. The dimension of the second type of particle is majorly determined by the
characters of the complexes before heat treatment®. Jones et al. proposed that the proteins in the
complexes formed at the pH close to their pl can be detached due to disruption of the electrostatic
interaction by heat. The detached proteins then aggregate followed by complexing with
polysaccharides, forming a core-shell structure with the proteins as the core and the polysaccharides

as the shell®,

1.1.3. Thermodynamics of Polysaccharide-Protein/Polypeptide Complexation
The phase separation phenomenon of mixing two polymers in solution stems from either

thermodynamic incompatibility (segregative phase separation) or associative phase separation,
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depending on the affinity between two polymers and solvent®. Obviously, complexation between
oppositely charged polysaccharides and proteins/polypeptides belongs to the secondary scenario.

The free energy of mixing of two polymers is determined by the thermodynamic equation
AG = AH — TAS eq. 1-2

where AG is the Gibbs free energy; AH and AS are the enthalpy and entropy changes, respectively.
T is the absolute temperature (K). The thermodynamics of mixing two oppositely charged polymers

is more complicated. The free energy change is given by®

AG = AGrpiory-Huggins(Entropy) + AG, (VannLaar Chain Segment Interactions) +

AG et (Electrostatic Interactions) + AG,(Other factors) eq. 1-3

Complexation between oppositely charged polysaccharides and proteins/polypeptides is a
spontaneous process because of decrease of Gibbs free energy, i.e. AG < 0. Decrease of free energy
is a balance of favorable enthalpic contribution (electrostatic and non-coulombic interactions) and
entropic contribution (release of counterions and water molecules) and unfavorable enthalpic
(desolvation of polar groups) and entropic (ordering of macromolecules and water molecules)

contributions?®®: 30. 68-70,

Experiments using ITC revealed that complexation between oppositely charged
polysaccharides and proteins/polypeptides may involve more than one thermodynamic stage.
Complexation between gum Arabic and B-lactoglobulin at pH 4.2 was an enthalpy driven followed
by an entropy driven process at 25-35°C. At 45-50°C, however, this binding process displayed an
entropy driven and then enthalpy driven manner®. Girard et al. reported that at 22°C and pH 4,
formation of soluble complexes between pectin (low- and high-methoxyl) and p-lactoglobulin was
enthalpy driven, while both enthalpy and entropy contributed to formation of low- and high-
methoxyl pectin-B-lactoglobulin insoluble complexes®®. Since complexation between oppositely

charged polysaccharides and proteins/polypeptides is a pH-dependent process, the thermodynamics
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involved could also be affected by pH. Harnsilawat and co-workers found complexation between
sodium alginate and B-lactoglobulin showed transition from exothermic to endothermic to
negligible enthalpies due to changes of charges on both sodium alginate and p-lactoglobulin as the

environmental pH increased from pH 3 to pH 7.

1.1.4. Application of the Polysaccharide-Protein/Polypeptide Complexes

Owing to the advantages such as non-involvement of chemical reactions during preparation as
well as the adjustable size, morphology and rheological properties, the polysaccharide-
protein/polypeptide complexes have been widely applied in the food science, nutraceutical,

pharmaceutical, and cosmetic areas.

One application of the polysaccharide-protein/polypeptide complexes is to use polysaccharides
to delivery proteins. Multiple polysaccharides for example chitosan and its derivatives were applied

to encapsulate and delivery insulin? 7*77 which showed pronounced hypoglycemic effect.

In food industry, the polysaccharide-protein complexes are widely applied in encapsulating
flavors’®. More applications such as separation and purification of proteins, immobilization of
enzymes’®, inhibition of protein aggregation and denaturation® through complexation with
polysaccharides were also reported. The polysaccharide-protein/polypeptide complexes are also
potential fat replacers to reduce the fat intake, which would be beneficial for preventing obesity-
related disorders!®. Nowadays, the coacervate-based materials are used in tissue engineering®® 8,

which is a promising application of these biocompatible materials.

Herein two applications of the polysaccharide-protein/polypeptide complexes are reviewed.
One is to directly encapsulate nutraceuticals. The other one is using the complexes to stabilize

Pickering emulsions, which may be further used to encapsulate nutraceuticals.

1.14.1. Using Polysaccharide-Protein/Polypeptide Complexes to Directly Encapsulate

Nutraceuticals
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An important application of the polysaccharide-protein/polypeptide complexes is to

encapsulate nutraceuticals.

Zimet et al. reported that DHA encapsulated in the low methoxyl pectin-B-lactoglobulin
complex had better stability against degradation during accelerated shelf life stress test®. Similarly,
the oxidative stability of tuna oil which is rich in -3 fatty acids was significantly improved when
co-encapsulated with probiotic bacteria in the gum Arabic-whey protein isolate complex®. Various
vitamins including water-soluble and water-insoluble vitamins (e.g. D2, D3, and o—tocopherol)
were encapsulated in multiple polysaccharide-protein complexes. These systems showed higher
encapsulation efficiency than using a single biopolymer. They also improved stability and

controlled release profile of the vitamins in the simulated gastrointestinal tract (GIT) conditions*

88

As important nutraceuticals, polyphenols are encapsulated in the polysaccharide-
protein/polypeptide complexes to overcome their defects such as low stability and low
bioavailability. Xiao et al. encapsulated curcumin in kafirin particle and carboxymethyl chitosan-
kafirin complex. Compared to using Kkafirin alone as the encapsulation vehicle, they found the
carboxymethyl chitosan-kafirin complex provided better protection for curcumin against UV
degradation. Moreover, both encapsulation vehicles facilitated cellular uptake of curcumin by
Caco-2 cells with carboxymethyl chitosan-kafirin complex being more efficient for internalization
of curcumin into the Caco-2 cells®. In another study, Robert et al. used maltodextrin-soybean
protein isolate complex and inulin-soybean protein isolate complex to encapsulate the polyphenols
from cactus pear pulp. These two complexes systems had similar encapsulation efficiency for the
polyphenols, meanwhile both of them had higher encapsulation efficiency than using soybean

protein isolate alone®.
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1.1.4.2. Using Polysaccharide-Protein/Polypeptide Complexes to Stabilize Pickering

Emulsions and Encapsulate Nutraceuticals

Utilizing polysaccharide-protein/polypeptide complexes to stabilize Pickering emulsions is an
emerging research area. Most of the already published work on Pickering emulsion was
investigated using the inorganic and non-food grade organic particles such as clay, silica, and latex,
etc. (details described in section 1.2). Up to now, there are only limited amount of literatures on

this area that were carried out using the polysaccharide-protein/polypeptide complexes.

Pickering emulsions stabilized by polysaccharide-protein/polypeptide complexes can be
further used to encapsulate nutraceuticals. This application can achieve the goal of encapsulating
lipophilic and hydrophilic nutraceuticals simultaneously. The lipophilic nutraceuticals can be
encapsulated in the oil phase. Both hydrophilic and hydrophobic nutraceuticals can be encapsulated
in the polysaccharide-protein/polypeptide complexes, which are anchored at the oil-water interface.
However, Study on this area is still at the initial stage and the number of publications is scarce.
Herein, the work of encapsulation of nutraceuticals in the Pickering emulsions stabilized not only
by the polysaccharide-protein/polypeptide complexes but also inorganic and organic particles are

reviewed since they share the same principles.

Tikekar and co-workers encapsulated curcumin in silica nanoparticle stabilized Pickering
emulsion. They reported that the stability of encapsulated curcumin was significantly higher than
the unencapsulated curcumin. The encapsulated curcumin showed limited release in simulated
gastric environment while in simulated intestinal environment, most of curcumin was released®.
The gelatin stabilized oil-in-water Pickering emulsion was investigated as the carrier of B-carotene.
It was found that the release of B-carotene depended on the concentration of gelatin that was used
to stabilize the emulsion. Higher concentration of gelatin hindered release of B-carotene®. In a

recently published paper, curcumin was incorporated in the chitosan-zein complex, which was
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further utilized to stabilize the Pickering emulsion. The authors found the antioxidant capacity was
enhanced after curcumin was encapsulated. Compared to being encapsulated in the oil phase,
curcumin encapsulated in the chitosan-zein complex had better antioxidative capacity®. Curcumin
was also encapsulated in the oil phase of Pickering emulsion stabilized by chitosan-
tripolyphosphate nanoparticles. The stability of curcumin was improved after encapsulation and

the control release profile of curcumin was better than in other delivery system®.

In this dissertation, chitosan (section 1.3) was used as the cationic polysaccharide and
caseinophosphopeptides (section 1.4) was used as the anionic polypeptides to fabricate a novel
polysaccharide-polypeptides complex. The chitosan-caseinophosphopeptides nanocomplexes were

used to encapsulate theaflavin-3,3’-digallate and stabilize Pickering emulsions.

1.2. Introduction of Pickering Emulsion

Emulsions are referred to as the dispersion of two immiscible liquids, e.g. water and oil that
are emulsified by emulsifiers, which can reduce the surface tension. The conventional emulsifiers
include amphiphilic small molecules, proteins, and phospholipids. Emulsions are widely used in
food, pharmaceutical, and cosmetic areas. Recently, the Pickering emulsion which is stabilized by
solid particles received extensive attention due to its excellent stability against coalescence and
Ostwald ripening® °. In addition, the feature of emulsifiers-free during preparation makes it
possible to avoid the adverse effects that are associated with the emulsifiers®” %, Unlike the
conventionally used emulsifiers which are necessarily amphiphilic, the particles for stabilizing

Pickering emulsions are only required to be partially wetted by both phases®’.
The free energy E of detachment of a spherical particle from the interface can be expressed as:

E = ynR?(1 — |cosB])? eq. 1-4
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where vy is the oil-water interfacial tension; R is the radius of particle; 0 is the oil-water-particle
three phase contact angle. The desorption energy of a single particle (>10 nm) is thousand times of
the kinetic energy of Brownian motion (KgT, where Kg is the Boltzmann constant and T is the
absolute temperature) as long as 6 is not close to 0° or 180°. The adsorption of particles on the

interface is therefore regarded as irreversibly®.

The type of Pickering emulsion is determined by 6. The hydrophilic particles (0°<6<90°) which
are preferentially wetted by the water phase stabilize the oil-in-water (O/W) type Pickering
emulsions (Figure 1-2), while the hydrophobic particles (90°<6<180°) which are preferentially
wetted by the oil phase stabilize the water-in-oil (W/O) type Pickering emulsions. If the particles

are equally wetted by oil and water, the contact angle is 90<

Particle

Oil

Figure 1-2. Schematic representation of spherical particle localized at the oil-water interface of the

O/W Pickering emulsion with the oil-water-particle three phase contact angle 6.

Extensive work has been done on Pickering emulsions stabilized by inorganic and non-food
grade organic particles, such as silica, clays, and latexes®” %1%, Recently, efforts have been made
to explore the food-grade particles that can stabilize the Pickering emulsion. Most of these work so
far was focused on either proteins®?1% or polysaccharides® 1%, while using the polysaccharide-

protein/polypeptide complexes as the Pickering stabilizers was relatively less reported.
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Generally, there are three approaches to generate the polysaccharide-protein/polypeptide
complex stabilized emulsions (Figure 1-3). The first way is to use proteins/polypeptides as the
emulsifiers to stabilize the primary emulsions, then polysaccharides are coated on the
protein/polypeptide shell as a secondary layer (layer by layer method). With rational design, more

than two layers on the oil droplets can be achieved through electrostatic deposition7: 18,

The second way is to prepare the polysaccharide-protein/polypeptide complexes through
electrostatic attraction followed by using these already formed complexes to stabilize emulsions.
Since the protein/polypeptide-polysaccharide complexes are generally insoluble particles, the

yielding emulsions belong to Pickering emulsions.

Instead of wusing the electrostatically bonded complexes, the polysaccharide-
protein/polypeptide complexes can also be chemically bonded through chemical reaction such as
Maillard reaction. The chemically connected protein-polysaccharide complexes are referred to as
polysaccharide-protein conjugates. These conjugates can also stabilize Pickering emulsions, which

is the third method.

Among the limited publications in this area, the majority employed the first approach while the

second and third approaches were scarce.
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Figure 1-3. Schematic illustration of O/W emulsions stabilized by protein-polysaccharide
complexes using layer by layer method (left), electrostatically bonded complexes (middle), and

chemically bonded complexes (conjugates, right).

1.3. Introduction of Chitosan

Chitosan (CS, Figure 1-4B) is a biocompatible, biodegradable, and non-toxic polysaccharide
deacetylated from chitin [B-(1—4)-N-acetyl-D-glucosamine, Figure 1-4A], which is the second
most abundant natural polymer in the world, just after cellulose®®. Molecular weight (Mw) and
degree of deacetylation (DD) are two important factors that determine the physical and chemical
properties of CS. CS can be dissolved in acidic environments when the primary amine groups (pKa
~ 6.3-6.4) on CS backbone are protonated by the acid. Usually, 1% acetic acid is used to dissolve
CS. CS has diverse bioefficacies including antibacterial, antifungal, immunostimulatory
activities''®, The in vivo distribution, degradation, and elimination of CS are closely related to their
Mw and DD. Lysozyme is considered as one of the most important enzymes that degrades CS, and
gut is regarded as the primary site for CS digestion!'’. The in vivo biodistribution of CS is not well
demonstrated. It is generally believed that this process is Mw-, DD-, and formulation-dependent.

Higher Mw may decrease the absorption of CS into bloodstream after oral administration. Liver is



19

an important organ of CS accumulation after intravenous administration!'t. The in vitro toxicity of
CS is also Mw- and DD-dependent. Schipper et al. found that CS with high DD showed Mw- and
concentration-dependent cytotoxicity in Caco-2 cells, while at low DD, the toxicity was less
pronounced. Kean et al. proposed that the toxicity of CS is correlated to the charge density!!*. In
an in vivo study, the LDsy of CS was higher than 16 g/kg when orally administered to mice. This

value is greater than sucrose!°.

A — — B~ —
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Figure 1-4. Chemical structures of the repeat units of (A) chitin (N-acetyl-3-D-glucosamine) and

(B) chitosan (B-D-glucosamine).

CS has been widely applied in food, cosmetic, biomedical and pharmaceutical areas in different
forms, including nanoparticles, microspheres, hydrogels, films, fibers and tablets!2. It has been
approved for dietary applications in Japan, Italy, and Finland. The Food and Drug Administration
(FDA) has approved the application of CS in wound dressings*'*. CS derived from shrimp (notice
number 000443) and Aspergillus niger (notice number 000397) received Generally Recognized as
Safe (GRAS) status in the United States. The extensive application of CS as an oral route delivery
carrier in food science and pharmaceutics is due to its cationic nature that enables it to interact with
the negatively charged sialic acid residues in mucus layer®®, This remarkable mucoadhesive
property can prolong the intestinal residence time, which extends absorption process of

nutraceuticals and drugs. In addition, in vitro and in vivo studies demonstrated that CS is able to
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transiently and reversibly open the tight junctions between small intestinal epithelial cells''4. The
tight junctions are composed of trans-membrane proteins (e.g. claudins, occludins, and junctional
adhesion molecules (JAMs)) and cytoplasmic proteins (e.g. ZO-1, Z0-2, Z0O-3, and cingulin)*,
Tight junctions can selectively limit diffusion through paracellular route based on the molecule size
and charge!®®. Studies revealed that regulating the redistribution and reconstruction of claudin-4,
Z0-1, JAM-1, and occludin proteins were involved in the process of CS reversibly opening the
tight junctions'4 116119 Moreover, CS nanoparticles and CS solution showed similar ability to open
tight junction'’. As an absorption enhancer, CS can facilitate both transcellular and paracellular
transports of poorly absorbed nutraceuticals and drugs?°. Schipper et al. studied the permeability
enhancing effects of CS with different Mw and DD for the model hydrophilic drugs **C-mannitol
and atenolol using Caco-2 monolayer model. They found that both Mw and DD can affect the
kinetics of permeability enhancement!? 122, These outstanding properties make CS an ideal
building block of the polysaccharide-protein/polypeptide complexes to encapsulate nutraceuticals

for oral delivery.

1.4.  Introduction of Caseinophosphopeptides

Caseins are the most abundant milk proteins, constituting about 80% of the total milk
proteins!?3, Caseins are consisted of as1-, as2-, B-, and k-casein, existing in proportions of 4:1:4:1
by weight in cow milk*?*. The secondary and tertiary structures of caseins have been investigated
for decades. However, the results are still under controversy?. Caseins are rich in proline, which
may interrupt the secondary structures, such as o-helix and B-sheet. Therefore, caseins were
traditionally thought as lack of defined structures?®. However, some studies using instruments such
as circular dichroism (CD) and FTIR revealed that the secondary structures actually exist in
caseins'?” 128 Caseins, especially os- and B-caseins are naturally occurred with different degree of
phosphorylation on the seryl residues!?, which provides the binding site for calcium. Binding of

calcium to these types of caseins can lead to precipitation. k-casein is singly phosphorylated. Even
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high concentrations of calcium do not precipitate this type of casein'*°. A characteristic property of
caseins (as and PB) is forming micelles in the presence of calcium phosphate with k-casein coated
on the surface, which helps to stabilize the casein micelles!? %, The opacity of milk is attributed
to the presence of casein micelles!. Since caseins are natural proteins and have GRAS status, they
have been widely used in developing delivery systems for drug/nutraceutical, including film
coatings, hydrogels, floating beads, microparticles, micelles, and polysaccharide-casein

complexes!?,

Caseinophosphopeptides (CPPs) are a group of phosphorylated bioactive polypeptides
hydrolyzed from caseins. The composition of CPPs may vary with the origin of caseins, enzymes,
and pH that are used during hydrolysis'*2134 However, there is a common sequence, i.e. three
phosphorylated seryl residues followed by two glutamic acid residues (SerP-SerP-SerP-Glu-Glu),
appearing in asl (66-70)-, as2 (8-12, 56-60)-, and B (17-21)-casein derived CPPs**, CPPs have
diverse bio-functionalities. The anionic nature of CPPs resulted from phosphorylation of seryl
residues gives CPPs the ability to bind a range of metal ions, such as calcium, magnesium, iron,
zinc, barium, chromium, nickel, cobalt, and selenium?® **_ It was thought that CPPs could improve
the bioavailability of calcium by preventing precipitation of calcium at alkaline pH, which is the
pH of distal ileum!®, Ferraretto et al. found that CPPs increased uptake of calcium in human
intestinal HT-29 cells®™’. An early study reported that co-ingestion of CPPs with calcium
significantly increased the calcium absorption in post-menopausal women with low basal
absorptive performance®®. Bouhallab et al. reported that the Fe-CPPs complex improved
absorption of iron, and this enhancement was highly depending on the origin and structure of
CPPs!®, It was reported that Fe binding to phosphopeptides prevented formation of high molecular
weight ferric hydroxides, which is poorly absorbed'®. In addition, absorption of Zn can be
improved by binding with CPPs'%°. The ability of CPPs to solubilize minerals in alkaline

environment, and as a result increase their bioavailabilities may help to prevent ion-deficiency
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related diseases, such as osteoporosis, anemia, and acrodermatitis enteropathica, etc. The
antioxidant capacity of CPPs was tested using the oxygen radical absorbance capacity (ORAC)
assay against the hydroxyl radicals. The result indicated that the antioxidant activity of CPPs was
resulted from scavenging hydroxyl radical and chelating metal*®2. A more recent study using the
Trolox equivalent antioxidant capacity (TEAC) and ORAC assays also revealed that CPPs were
antioxidant. They also reported the cytoprotective effect of CPPs in Caco-2 cells against the H,O»
induced oxidative stress via scavenging free radical, chelating metal, and modulating the

intracellular signaling cascades®3.

CPPs are generated in vivo by digesting caseins with gastrointestinal proteinases'**, and they
were detected in stomach, duodenum®#!, and ileostomy fluid'*?, indicating that they can survive
from further proteolysis in human distal ileum?®3*, which could be resulted from the negative charges
on CPPs'%. The proteolysis-resistant property combined with the anionic nature at physiological
pH make them ideal building material for the oral polysaccharide-protein/polypeptide complex

delivery systems.

1.5. Introduction of Tea and Tea Polyphenols

15.1. Teas

Tea is the second most consumed beverage worldwide, just next to water. According to the
degree of enzymatic fermentation, tea can be generally grouped into green tea (non-fermented),
Oolong tea (semi-fermented), and black tea (fully fermented). Green tea is popular in some Asian
countries, such as China and Japan. Black tea is largely consumed in India, United Kingdom, and
United States, etc. About 78% of the global tea production is black tea. Green tea constitutes
approximately 20% and Oolong tea accounts for the rest 2% of tea production worldwide*.
According to the Food and Agriculture Organization (FAO) of the United Nations, world black tea

consumption keeps an annual growth rate of 1-2% for more than 10 years.
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Polyphenols are the secondary metabolites of plants. Polyphenols can be generally classified
into flavonoids and non-flavonoids. Flavonoids can be further classified into flavones, flavonols,
flavanones, flavan-3-ols, anthocyanidins, isoflavonoids, and neoflavonoids. Polyphenols are
ubiquitous in plants and foods such as fruits, vegetables, and wines. In vitro and in vivo studies
revealed that polyphenols have multiple bio-functionalities including anti-oxidative!#*, anti-

inflammatory*®, anti-carcinogenic*® 7, and cardiovascular protective'*® effects, etc.

Tea is a rich source of polyphenols. Catechins, which belong to the monomer flavan-3-ols are
the main polyphenols in green tea. The major catechins in teas include (-)-epicatechin (EC), (-)-
epigallocatechin (EGC), (-)-epicatechin gallate (ECG), and (-)-epigallocatechin gallate (EGCG).
Their structures are shown in Figure 1-5. The major polyphenols in black tea include catechins,
theaflavins, and thearubigins, accounting for up to 10%, 6%, and 60% of solids in the black tea
infusion?® 10, Theaflavins are the characteristic polyphenols in black tea. Their chemical and
biological properties are reviewed in section 1.5.2. Thearubigins are the polymeric forms of flavan-
3-ols in black tea. The color of thearubigins is red-brown or dark brown. Their structures and
formation mechanisms are still poorly understood until now*°. In addition to these three major
groups of polyphenols, flavonols such as quercetin, kaempferol, myricetin, and their glycosides

were also identified in black tea®?.
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Figure 1-5. Structures of catechins

1.5.2. Theaflavins and Their Bio-efficacies

Theaflavins (TFs) are an important group of polyphenols in black tea, contributing greatly to
the characteristic color and mouth feel of black tea'*®. There are four major theaflavins, namely
theaflavin (TF-1), theaflavin-3-gallate (TF-2a), theaflavin-3’-gallate (TF-2b), and theaflavin-3,3’-
digallate (TF-3). They are differentiated by the number and position of galloyl groups attached on
a benzotropolone derived skeleton (Figure 1-6). They have the characteristic orange or orange-red

color*s,
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Theaflavin-3,3’-digallate R; = Galloyl R; = Galloyl

Figure 1-6. Structures of theaflavins

TFs are synthesized in black tea during fermentation process, which is actually enzymatic
oxidation. It is generally accepted that TFs are biosynthesized from the catechins in the presence
of polyphenol oxidase (PPO, EC 1.14.18.1 or EC 1.10.3.2) and peroxidase (POD, EC 1.11.1.7).
PPO is of vital importance in the oxidation of catechins into TFs. It can catalyze conversion of o-
dihydroxyphenol to o-benzoquinone®®2, Studies using purified green tea catechins and enzymes (tea
PPO and POD) or enzymes isolated from other sources have revealed that TFs were fermented
from one catechol (ortho-dyhydroxyphenyl)-type catechin (EC, ECG) and one pyrogallol (vic-
tryhydroxyphenyl)-type catechin (EGC, EGCG). The specific formation routes are listed as

follows!®::
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EC+EGC > TF-1

EC+EGCG > TF-2a

ECG+EGC > TF-2b

ECG + EGCG > TF-3

Compared to catechins, TFs are much more vulnerable to both pH- and thermo-induced
degradations®™. The lower stabilities might be owing to their higher chemical reactivity>®. Similar
to catechins, TFs also have pH-dependent stabilities. In general, TFs remain relatively stable in
acidic environments while higher pH promotes their degradation. In pH 7.4 sodium phosphate
buffer, their resistance to alkaline varied with time. TF-2b exhibited the highest stability in the first
three hours, while afterwards TF-3 turned to the most stable one. TF-1 and TF-2a were consistently
less stable than the other two components®>4, About 34.8% of TF-1 was degraded after 8h at this
pH®™. In pH 7.3 phosphate buffer (0.1 M), TF-1 degraded into theanaphthoquinone and
bistheaflavin B by auto-oxidation®®®. Another study also identified theanaphthoquinone as the auto-
oxidation product of TF-1 at pH 7.4 and 8.5'*. In boiling water, more than 40% degradation of TFs
occurred in the first hours®™. TF-3 and TF-2b showed relatively higher thermo-stabilities than TF-
1 and TF-2a in boiling water'®. TFs in solid form were rather stable. Li et al. reported that the
contents of individual TFs was almost unchanged during a one-year storage test at different
temperatures and humidities (27°C/60% humidity and 37°C/70% humidity)*3. The TFs mixture in
black tea extract can even tolerate higher temperature (75°C) for two weeks without observable

lost®53,

Epidemiological studies revealed inverse relationship between consumption of fruits,
vegetables, and teas and the incidence of some degenerative diseases, such as cancer®®’,
cardiovascular diseases®®, and type Il diabetes!. These health benefits may be attributed to the

polyphenols in these foods. TFs as an important group of polyphenols in black tea have diverse
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bio-efficacies, including anti-oxidative, anti-inflammatory, anti-carcinogenic, anti-diabetic, anti-

bacterial, and neuro-protective effects etc.

Oxidative and nitrosative stresses, which are raised from the imbalance between generation of
reactive oxygen species (ROS) and reactive nitrogen species (RNS) and the ability to neutralize
them, are associated with the development of various diseases. Excess generation of ROS, such as
superoxide (O2"), peroxyl (ROO"), alkoxyl (RO"), and hydroxyl (HO") radicals, and RNS, such as
nitric oxide, can lead to damage of DNA, proteins, and lipids. There are diverse endogenous
antioxidants, such as superoxide dismutase (SOD), polyphenols, ascorbic acid, tocopherol, and
glutathione existing in our body, serving as the defense system against the oxidative and nitrosative
stresses. Antioxidation is a remarkable property of polyphenols. They can scavenge the free radicals,
chelate metal ions, inhibit free radical-generating enzymes, and up-regulate antioxidant enzymes.
The potency of these capacities is highly depending on their structures. The antioxidant activities
of TFs have been studied by various in vitro models. The general trend is that the antioxidant
activity increases with the number of galloyl group. The relative antioxidant potency between
specific TFs and catechins, however, may vary with the methods that were employed. Yang et al.
compared the antioxidant capacities of TFs and EGCG and they found that the sequences of the
antioxidant activities of these polyphenols was TF-3 > TF-2s > TF-1 > EGCG against hydroxyl
radicals and TF-3 > TF-2s > EGCG > TF-1 using 2,2-diphenyl-1-picrylhydrazyl (DPPH) method?®,
The A-ring fission compounds were identified as the oxidation products of TF-3 by hydroxyl
radicals generated by hydrogen peroxide!®!, while theanaphthoquinone was identified as the
oxidation product of TF-1 by DPPH model**®. Another paper reported similar result of reducing
the xanthine oxidase activity by tea polyphenols as Yang’s DPPH result'®2. Miller et al. reported
the abilities of TFs to scavenge ABTS* radical as TF-3 > TF-2b > TF-2a > TF-1. They also
investigated the capacity of TFs against low-density lipoprotein (LDL) oxidation, and the sequence

of reactivity was TF-3 > TF-2a > TF-2b > TF-1'%. Leung et al. further compared the antioxidant



28

activities of TFs and catechins against human LDL oxidation model, and they reported that these
two groups of polyphenols had equally potent antioxidant capacities with the sequence in
decreasing order as TF-3 > ECG > EGCG > TF-2b > TF-2a > TF-1 > EC > EGC*®*. TFs can also

bind the metal ions!® 1% which are the catalysts of the oxidation reactions.

Chronic inflammation is associated with diverse diseases, such as cancer, cardiovascular
disease, obesity, aging, diabetes, neurological disease, and metabolic disorder?®®. TFs can exert the
anti-inflammatory effects through diverse mechanisms. Antioxidation described above is an
important mechanism as ROS and RNS are produced during inflammation®” 18, Increased
expression of the pro-inflammatory cytokines, including tumor necrosis factor o (TNF-a),
interleukin-1 (IL-1), interleukin-6 (IL-6), and enhanced levels of arachidonic acid (AA) metabolites
such as prostaglandins (PGs) generated through cyclooxygenase (COX) pathway and leukotrienes
(LTs) through lipoxygenase (LOX) pathway are involved in inflammation. The anti-inflammatory
effect of TFs was proved by in vivo 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced mouse
ear inflammatory model*®. Expression of the pro-inflammatory cytokines IL-1p, IL-6, and levels
of AA metabolites PGE>, and LTB. were reduced. The authors also found that the degree of anti-
inflammatory effect increased with the number of phenolic group, and the anti-inflammatory effect
of TFs was stronger than EGCG!°. Another important anti-inflammation mechanism of TFs is
inhibiting expression of pro-inflammatory gene. Nuclear factor-kB (NF-«B) is associated with
activating expression of cytokines, chemokines, enzymes, and adhesion molecules. Under
inflammatory states, NF-xB is released, which promotes transcription of the pro-inflammatory
genes. TFs significantly inhibited the protein level of inducible NO synthase and production of NO,
which plays an important role in inflammation, through inactivation of NF-kB in macrophage RAW

264.7 cellst™.

Cardiovascular diseases are still the leading causes of death in the United States.

Epidemiological study revealed that black tea consumption may reduce the risk of cardiovascular



29

disease!™. Atherosclerosis is a chronic inflammatory pathological condition'’?. TFs can prevent
atherosclerosis via the anti-inflammatory mechanisms described above. Vinson et al. reported that
black tea inhibited atherosclerosis in hamster model via hypolipemic, antioxidant, and
antifibrinolytic effects!’3. LDL oxidation is involved in all stages of atherosclerotic development’,
TF-3 reduced LDL oxidation in macrophages through decreasing superoxide production and iron
chelating'™. The ability of preventing LDL from oxidation may prevent development of
atherosclerosis. Besides, black tea consumption was associated with reducing platelet activation®®,
TFs may reduce production of platelet activating factor by inhibiting acetyl-CoA:lysoPAF

acetyltransferase’’. These properties may prevent formation of thrombus.

Cancer is one of the most intractable diseases. Development of cancer can be generally divided
into initiation (normal cell to initiated cell), promotion (initiated cell to preneoplastic cell), and
progression (preneoplastic cell to neoplastic cell) stages'’. At the initiation stage, TFs can prevent
development of cancers by scavenging ROS. On the other hand, TFs can regulate the phase |
enzymes, particularly cytochrome P450 (CYP450), which promote the reaction between
carcinogens and DNA. Feng et al. reported that TFs can protect DNA from damage by inhibiting
the CYP450 1A1'°, The promotion stage is a relatively slower process than the initiation stage. At
the promotion stage, strategies such as regulating cell-cycle, arrest uncontrolled cell division or
induce apoptosis of damaged cells that can lead to the balance of proliferation and apoptosis may
inhibit development of cancers. TF-3 can significantly inhibit proliferation of human A431
epidermoid carcinoma cells'®. TF-1 inhibited proliferation of human prostate cancer cell line PC-
3, and arrested the G2/M phase through inhibition of cyclin-regulated signaling pathways. TF-1
also increased apoptosis of the PC-3 cells through up-regulating the pro-apoptotic proteins Bax,
caspase-3 and caspase-9, and down-regulating the anti-apoptotic protein Bcl-28L. Angiogenesis
and metastasis are usually involved in the progression stage. Vascular endothelial growth factor

(VEGF) is an important inducer of angiogenesis. Inhibiting VEGF is an effective mechanism of
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suppressing angiogenesis. Siddiqui et al. reported black tea extract and TFs inhibited the prostate
cancer in athymic nude mice via reducing the level of VEGF protein as one mechanism?*®2, Matrix
metalloproteinases (MMPS) are involved in tumor cell invasion and metastasis. TF-1 significantly
inhibited invasion of human fibrosarcoma HT1080 cells, and suppressed secretion of MMP-2 and
MMP-9 in a dose-dependent manner'®, TF-1 and TF-3 were also able to inhibit production of

MMP-2 and MMP-9 and invasion of mouse Lewis lung carcinoma LL2-Lu3 cells'®,

1.5.3. Bioavailability of Theaflavins

Although TFs have been documented to have diverse bio-efficacies in in vitro models as
described in section 1.5.2, in vivo studies sometimes show contradictory results'®® 18, The
explanation for the inconsistency of in vitro and in vivo results could be due to their extremely low
bioavailabilities. The pharmacokinetic study on TFs is very limited, while an early study revealed
that the maximum concentration of TF-1 in blood plasma and urine of two volunteers (one male
and one female) were 1.0 pg/L and 4.2 pg/L, respectively, which were detected 2h after consuming

700 mg TFs. Neither TF-2s nor TF-3 was detected?®’.

The definition of bioavailability may vary with discipline!®. According FDA, bioavailability
is defined in 21CFR320.1 as “the rate and extent to which the active ingredient or active moiety is
absorbed from a drug product and becomes available at the site of action”. Considering that the
bioavailability is affected by absorption, metabolism, and excretion of the target compound in

human body, the bioavailability (F) can be expressed as the following equation:

F=Fg X Fr X fuy eq. 1-5

where Fg represents the fraction of bioactive compound that is bioaccessible for intestinal
absorption. Fr represents the fraction of bioactive compound that can transport through the mucus

layer and epithelial cells and is being absorbed across the intestinal lumen. fu represents the fraction
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of bioactive compound that remain unmetabolized by the enzymes in the lumen, epithelial cells,

systemic circulation, or liver®,

There are many factors that may affect the bioavailability of polyphenols. After ingestion,
polyphenols such as catechins can interact with the salivary proline-rich proteins, followed by
precipitation of these proteins, which is responsible for the astringency sensory of tea and wine!®.
This process was traditionally regarded as a defensive mechanism against the harmful tannins!®,
while recent studies indicated that these interactions can affect the bioavailability of polyphenols.
pH stability is of key importance when polyphenols go through the upper GIT, where the pH
increases dramatically from pH 1-3 in the stomach to pH 5.7-7.4 in the small intestine. Catechins
and TFs are stable in acidic environment, while after being exposed in neutral to alkaline conditions,
they are degraded very rapidly through auto-oxidation®>* ¢, Solubility is another limitation for the
bioavailability of polyphenols since only the solubilized or dispersed polyphenols are bioaccessible,
which is the prerequisite for bioavailability. Permeation through the small intestinal membrane (Fr)
also determines the bioavailability of polyphenols. The polyphenols can come across the small
intestinal membrane by transcellular (active or passive) and paracellular routes. The multidrug
resistance proteins (MRPs) located in the small intestine could pump out a fraction of absorbed
catechins and TFs back to the intestinal lumen, and therefore decreases their bioavailabilities 1%,
Presence of the mucus layer on the small intestinal epithelial cells can further associate with
polyphenols and impede entrance of polyphenols into the circulatory system. Besides, the pH
gradient across the mucus layer from the weak acidic in upper intestinal lumen to neutral to weak
alkaline also increase the possibility of pH-induced degradation. Once absorbed, catechins undergo
metabolisms, such as methylation, glucuronidation, sulfation, and ring-fission. These processes are
catalyzed by diverse enzymes which are ubiquitously distributed in tissues'“®. These
biotransformations can also affect the bioavailability (fv) of catechins. Compared to catechins, the

biotransformation of theaflavins was less studied*.
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Overall, the major reason for the low bioavailability of TFs which is similar to catechins could
be due to their low permeability through the small intestinal membrane. According to Lipinski’s
“rule of 57, any molecule satisfies 2 of the following 4 parameters would be expected to have poor
absorption or permeation: (1) Mw over 500, (2) logP over 5 or MlogP over 4.15, (3) has more than
5 hydrogen bond donors, (4) has more than 10 hydrogen bond acceptors®®. Obviously, TFs meet
at least 2 of these 4 conditions. TFs are polyhydroxylated polyphenols that can bind water
molecules to form large hydration shell. This large hydration shell can increase their apparent sizes,
which makes them hard to penetrate through the lipophilic cell membrane (transcellular route),
Improving the intestinal permeability of TFs is therefore the key to increase their bioavailabilities.
As described in section 1.3, CS is a permeation enhancer. Using the CS-based delivery systems is
one of the feasible approaches to solve this problem. In this dissertation, the CS-CPPs
nanocomplexes were used to encapsulate TF-3, which is a model of TFs, aiming to improve its

intestinal permeability.
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CHAPTER Il. CHARACTERIZATION OF CHITOSAN,

CASEINOPHOSPHOPEPTIDES, AND THEAFLAVINS

2.1. Introduction

The aim of this chapter is to characterize the physiochemical properties of the main materials,
i.e. CS, CPPs, and TF-3 that were used in this whole dissertation. The DD of CS was characterized
by the nuclear magnetic resonance (NMR). The Mw of CS was measured by the gel permeation
chromatography multi-angle laser light scattering (GPC-MALLS). The overlap concentration (C*)
of CS was determined by measuring its intrinsic viscosity using the Ubbelohde capillary viscometer.
The amino acid sequences of the CPPs sample were determined by the liquid chromatography-
tandem mass spectrometry (LC-MS/MS) and the pl of CPPs was determined by measuring the -
potential. The conformations of CS and CPPs were investigated by the SAXS. Each fraction of TFs,
i.e. TF-1, TF-2a, TF-2b, and TF-3 was purified by the column liquid chromatography. Their purities

were analyzed by the high performance liquid chromatography (HPLC).

2.2.  Materials and Methods

2.2.1. Materials
CS (labeled as 130 kDa and DD of 98%) was purchased from Kunpoong Bio. Co., Ltd. (South
Korea) and used as received without further treatment. CPPs was purchased from Greencream
Biotechnology Co., Ltd. (Guangzhou, China). Black tea extract was provided by Dr. Shiming Li in
Department of Food Science, Rutgers University. 95% ethyl alcohol, ACS/USP/NF grade acetone,
HPLC grade acetonitrile, and water were purchased from Pharmco-AAPER (CT, USA). HPLC
grade acetic acid was purchased from EMD Chemicals Inc. Deuterium oxide (D-O) and deuterium

chloride (DCI) were purchased from Sigma-Aldrich (MO, USA).
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2.2.2. NMR Measurement
The DD of the CS sample was measured by a Varian VNMRS 500 MHz spectrometer (Agilent
Technologies, CA, USA) according to Lavertu et al. method***. Briefly, 10 mg CS was dissolved
in 1.96 mL D0 and 0.04 mL DCI (20% wi/v). *H NMR spectrum was obtained at 70°C after 10

min equilibration of sample. The chemical shifts were reported in ppm. The DD was calculated by

H1D

DD = Gripraacss)

x 100 eg. 2-1

where H1D is the integral of the peak of proton H1 of the deacetylated monomer; HAC is the

integral of the peak of the three protons of the acetyl group.

2.2.3. GPC-MALLS Measurement
The Mw of the CS sample was measured by the GPC-MALLS equipped with a multi-angle
light scattering detector (DAWN HELEOS-II, Wyatt Technology, USA) and a refractometer
(Optilab T-rEX, Wyatt Technology, USA). Acetate buffer containing 0.2 M acetic acid and 0.1 M
sodium acetate (pH 4.8) was prepared and filtered by 0.22 um filter as the eluent. 2 mg/mL CS was
prepared by dissolving CS in the acetate buffer and filtered through 0.22 um filter before injection
into the OHpak SB-804HQ column. The experiment was performed at 25°C with the eluent flow

rate of 0.4 mL/min.

2.2.4. Viscosity Measurement
CS was dissolved in 1% acetic acid (10 mM NacCl) and the pH of the CS solution was adjusted
to 6, which is condition for preparation of the CS-CPPs nanocomplexes in the following
experiments. The intrinsic viscosity of CS (0.1 - 10 mg/mL) at this condition was measured using
an Ubbelohde capillary viscometer. At least 10 measurements were repeated for each concentration.

All measurements were conducted at 25°C. The specific viscosity nsp was then calculated by

Nep = 20 eq. 2-2
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where 7 is the viscosity of solution and n, is the viscosity of solvent.

2.25. LC-MS/MS of CPPs
The primary structures of CPPs were analyzed by the nanospray LC-MS/MS using an LTQ-
Orbitrap mass spectrometer. The LC-MS/MS gradient was 4-15% 80% acetonitrile/0.16% formic
acid (B) in 10 min, then 15-50% B in 45 min, then 50-90% B in 5 min. The mass spectrometry
conditions were set that MS was acquired in orbitrap with 60000 resolutions, top 10 HCD with
7500 resolutions. The data were searched against Uniprot bovine database using Mascot Search
Engine with following parameters: enzyme non-specific; variable modification: oxidation (Met),

phosphorylation (STY); Mass error tolerances of 210 ppm for MS and £0.1 Da for MS/MS.

2.2.6. ({-potential Measurement
The pl of CPPs was determined by measuring the (—potentials of CPPs on a Zetasizer Nano
(Malvern Instruments Ltd., UK). CPPs were dissolved in Milli-Q water (2 mg/mL) and the pH was
adjusted to around 4 before measurement. The (—potentials were measured during gradually
acidification of the CPPs solution by hydrochloric acid until it turned to positive. The measurements

were conducted at 25°C.

2.2.7. SAXS Measurements

The SAXS experiments were conducted at the BioCAT 18-ID beamline at the Advanced
Photon Source (APS) at Argonne National Laboratory (Chicago, IL). CS was dissolved in 1%
acetic acid (10 mM NaCl) to prepare a 5 mg/mL CS stock solution. The stock solution was diluted
with 1% acetic acid (10 mM NaCl) to the required concentrations and the pH of the CS solutions
was adjusted to pH 6. CPPs was dissolved in Milli-Q water (10 mM NaCl) with the concentration
ranging from 0.25 mg/mL to 50 mg/mL, and they were adjusted to the designated pH. A short
exposure of 1 s followed by 2 s cooling was used to acquire the scattering data. The final SAXS

profiles were obtained by subtracting the solvent from the average of 5 measurements.
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2.2.8. Purification of TFs
TFs were isolated from black tea extract by using column liquid chromatography with
Sephadex LH-20 as the stationary phase. Black tea extract was first dissolved in 95% (v/v) ethanol
and filtered through 0.45 um filter before being applied on the top of the column. The column was
equilibrated with 95% (v/v) ethanol for at least 2 bed volumes before the experiment. After
subjecting the black tea extract solution to the top of the column, the sample was eluted successively
by 95% (v/v) ethanol and 40% (v/v) acetone. The purity of TFs was then monitored by HPLC. The

eluates were rotary evaporated and freeze-dried immediately for further experiments.

2.2.9. HPLC Analysis of TFs

The purity of TFs was monitored by HPLC on a Dionex UltiMate 3000 LC Modules equipped
with a pump (Model: LPG-3400A), autosampler (Model: WPS-3000 SL), and an ultraviolet-visible
(UV-Vis) detector (Model: VWD-3400). A Luna Cis (Phenomenex, Torrance, CA) column (150 x
4.6 mm i.d., 3um particle size) was used. The TFs were detected at 280 nm and the flow rate was
kept at 0.8 mL/min. 0.2% (v/v) acetic acid (solvent A) and acetonitrile (solvent B) were chosen as
the mobile phases. The elution gradient was as follows: solvent B increased from 8% to 12% in 10
min, then linearly increased to 18% in 30 min, then increased to 21% in 1 min, then increased to
28% in 29 min, then kept for 4 min, then linearly increased to 80% in 1 min, and kept for 5 min,

and then decreased to 8% in additional 1 min and kept for 5 min for equilibrium.

A simplified HPLC program was used to quantify the concentrations of TF-1 and TF-3 in the
Caco-2 monolayer transport experiments. The elution gradient was as follows: solvent B increased
from 21% to 28% in 15 min and kept for 5 min, from 28% to 21% in 5 min and kept for 3 min for

equilibrium.
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2.3.  Results and Discussion

2.3.1. DD and Mw of CS
The DD of the CS used in this dissertation was measured by *H NMR. The *H NMR spectrum
at 70°C is shown in Figure 2-1. The chemical shifts of the proton H1 of deacetylated monomer
(H1D) and the proton of the acetyl group (HACc) are 5.25 ppm and 2.36 ppm, respectively. The DD

of the CS was 92.6% calculated by eq. 2-1.

HOD H2/6
A
H OH 4 OH

l €|‘> H o ‘ltl\\‘ H_o

G SRR Ay =
Ho\ifzmi/% HO\T{ mi/OH
H + H o=< H
CHy
H1-D H2-D

HAc

5.4 5.2 5.0 48 4.6 4.4 4.2 4.0 3.8 3.6 34 3.2 3.0 2.8 2.6 24 2.2
f1 (ppm)

Figure 2-1. CS *H NMR spectrum at 70°C

The GPC-MALLS result shows that the Mw of the CS sample was 57 kDa, which is smaller
than the labeled Mw. The polydispersity of the CS sample was 1.015, indicating the molecular

weight distribution of the CS sample was narrow.
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2.3.2. Viscosity Measurement

The intrinsic viscosity of CS was measured at pH 6 (10 mM NaCl), which is the condition for
preparation of the CS-CPPs nanocomplexes in the following experiments. The intrinsic viscosity
was converted to ns, by eq. 2-2. The specific viscosity was plotted verses CS concentration as
shown in Figure 2-2. The C* of CS at this condition was 3.47 mg/mL, from where the CS solution
changed from dilute to semidilute solution. In the dilute region (C < C*), CS molecules remain
single chains, and they interact primarily with the solvent. In the semidilute region (C* < C < C**,
C** is the critical concentration between semidilute and concentrated solution, which was not
determined in this study), CS molecules are no longer isolated from each other. They start to overlap

and entangle.

n,

0.1

0.014 "™

0.1 1 10
Chitosan (mg/mL)

Figure 2-2. Specific viscosities of CS solutions (0.1-10 mg/mL) at pH 6 in the presence of 10 mM

NaCl.
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2.3.3. SAXSof CS
The versatility of SAXS provides us a wealth of structural information of biomolecules such

as molecular mass, radius of gyration (Rg), maximum diameter, overall shape, aggregation number,

surface roughness, etc. The scattering vector q is described as

q="sin() eq. 2-3

where A is the wavelength of the incident beam and 0 is the scattering angle.

The conformation of polymers in solution is usually described by the term fractal dimension a.
The scattering intensity 1(q) of the molecule with fractal dimension o follows the power law 1(q) ~
g The scattering curves of 0.25-1.25 mg/mL CS generally follows 1(q)~q? (Figure 2-3A),

suggesting that the CS molecules exist in solution as Gaussian chain at these concentrations®®,

B e CS (mg/mL)
TR o 025 ©
a0075 v

CS (mg/mL)
o 025 o

() (a.u)

1(q) (a.0.)

q(A™"

Figure 2-3. (A) Scattering curves and (B) fitting with eq. 2-4 and eg. 2-5 of 0.25-1.25 mg/mL CS
(0.01M NaCl). The intensities were vertically shifted for clear visualization.

The scattering intensity 1(q) is expressed as

1(q) = 8V, (8p)*P(9)S(q) eq. 2-4
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where q is the scattering vector; @ is volume fraction of CS; V, is the molecular volume of CS; Ap
is the X-ray electron density contrast between CS and buffer; P(q) is the form factor, and S(q) is
the structure factor. The concentrations of the CS samples were within the dilute solution region
(C < C*, section 2.3.2). At these concentrations, S(g)=1, and the form factor P(q) is fitted by the

Debye function expressed as

2
P(q) = eThE [exp(—qZRé) +q*R; —1] eq. 2-5

The Ry of CS at different concentrations listed in Table 2-1 was obtained by fitting the
scattering curves with eq. 2-4 and eq. 2-5 (Figure 2-3B), which displayed an increased Ry as the

concentration increased.

Table 2-1. Radius of gyration of CS at 0.25-1.25 mg/mL (0.01M NaCl)

Concentration (mg/mL) Rq (A)

0.25 169.6
0.5 233.2
0.75 246.6

1 277.5
1.25 309.0

2.3.4. LC-MS/MS of CPPs
Caseins can be grouped into four types, i.e. osi-, 0s2-, B- and k-caseins. asi-, os2-, and B-caseins
are rich in phosphate groups while k-casein only contains one!?, CPPs are the phosphoseryl-

containing polypeptides hydrolyzed from caseins.

The amino acid sequences of CPPs sample were detected by the LC-MS/MS. The identified
sequences are listed in Table 2-2 with underlines and the major sequences with different amount of

phosphorylation are shown in Figure 2-4. As shown in Table 2-2, polypeptides derived from os:-,
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as2-, and B-caseins were detected with high sequence coverage while peptides derived from k-casein
were not detected. The typical regions which contain three phosphorylated serines followed by two

glutamic acid residues, i.e. SerP-SerP-SerP-Glu-Glu were present in the detected sequences.
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Table 2-2. Sequence coverage of CPPs sample from LC-MS/MS

51

101

151

201

51

101

151

201

1

51

101

151

201

CASal BOVIN

MKLLILTCLV AVALARPKHP IKHQGLPQEV LNENLLRFFV APFPEVFGKE

KVNELSKDIG SESTEDQAME DIKOMEAESI SSSEEIVPNS VEQKHIQKED

VPSERYLGYL EQLLRLKKYK VPQLEIVPNS AEERLHSMKE GIHAQQKEPM

IGVNQELAYF YPELFRQFYQ LDAYPSGAWY YVPLGTQYTD APSFSDIPNP

IGSENSEKTT MPLW
CASa2 BOVIN

MKFFIFTCLL AVALAKNTME HVSSSEESII SQETYKQEKN MAINPSKENL

CSTFCKEVVR NANEEEYSIG SSSEESAEVA TEEVKITVDD KHYQKALNEI

NOQFYQKFPQY LOYLYQGPIV LNPWDQVKRN AVPITPTLNR EQLSTSEENS

KKTVDMESTE VFTKKTKLTE EEKNRLNFLK KISQRYQKFA LPQYLKTVYQ

HQKAMKPWIQ PKTKVIPYVR YL
CASB_BOVIN

MKVLILACLV ALALARELEE LNVPGEIVES LSSSEESITR INKKIEKFQS

EEQQQTEDEL QDKIHPFAQT QSLVYPFPGP IPNSLPONIP PLTQTPVVVP

PFLOPEVMGYV SKVKEAMAPK HKEMPFPKYP VEPFTESQSL TLTDVENLHL

PLPLLOQSWMH QPHQPLPPTY MFPPQSVLSL SQSKVLPVPQ KAVPYPOQRDM

PIQAFLLYQE PVLGPVRGPF PIIV

The sequences with underlines were detected in our CPPs sample
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Figure 2-4. LC-MS/MS result of CPPs. The identified major sequences were marked. The

lowercase letter P in red color represents phosphorylation and the number after peptide sequence

indicates the amount of phosphorylation modifications.
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2.3.5. (-Potential Measurement
The surface charge ({-potential) of CPPs was investigated as a function of pH to determine its
pl. As shown in Figure 2-5, in the studied pH range, the {-potential increased linearly during the
acidification process, and the {-potential reached 0 at pH =~ 3.3, which was determined as the pl of

CPPs.

Zeta-Potential (mV)
IS

y=-9.795 +32.712
-8 1 R*=0.9997

-10

3.2 34 3.6 3.8 4.0 4.2 4.4
pH

Figure 2-5. (—potentials of 2 mg/mL CPPs solution at different pH

2.3.6. SAXS of CPPs

The conformations of CPPs at different concentrations and pH were investigated by the SAXS.

The scattering profiles of 0.25-50 mg/mL CPPs solutions (10 mM NaCl) at pH 6 are shown in
Figure 2-6A. In the large q range, the slope of the scattering curves changed from -1.06 (0.25
mg/mL) to -1.98 (50 mg/mL), indicating that the shape of CPPs molecules in the solution changed
from rod-like to disk-like as the concentration increased®. In the small q range, the scattering
curves show upturn when CPPs concentration was higher than 5 mg/mL, suggesting that CPPs

aggregated at these concentrations. The aggregates existed in the fractal dimension from 1.40 (5
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mg/mL) to 1.79 (50 mg/mL). In the Kratky plot (Figure 2-6B), no peak was observed, which means

that CPPs remained unfolded at these concentrations.

The Ry of CPPs was calculated by the classic Guinier equation expressed as

(qRg)?

I(q@) =1(0)e 3 eq. 2-6

where 1(0) is the scattering intensity at zero-vector. This equation can be further converted into

In(1()) = In(1(0)) — 5 eq. 2-7

Therefore, Ry can be determined by linearly fitting the Guinier plot [In(I(q)) vs. g?] (Figure
2-6A inset). The fitting region satisfy gRy < 1.3. The Ry of CPPs at these concentrations are listed
in Table 2-3. The Ry increased from 13.1 A to 15.4 A when the concentration increased from 0.25
mg/mL to 0.5 mg/mL. The Ry remained at 15.5 A at 1 mg/mL. Further increase the concentration

to 30 mg/mL, the Ry slightly decreased to 13-14 A. At 50 mg/mL, the Rq returned to 14.9 A,

The conformation of proteins/polypeptides is determined by the environmental pH. Figure
2-6C shows the scattering profiles of 1 mg/mL CPPs in 10 mM NaCl solutions at pH 2-10. In the
large q range, the scattering intensity decayed in 1(q)~q 2% to 1(g)~g™%. In the small g range, it was
noticed that the slopes of pH 2-4 increased, suggesting that large structures formed. This pH range
was close to the pl (section 2.3.5). The net charge of CPPs was low and therefore CPPs aggregated
due to loss of electrostatic repulsion. There was no peak showing in the Kratky plot (Figure 2-6D),
which means pH change did not induce folding of CPPs. The Ry of 1 mg/mL CPPs at these pH
values are also listed in Table 2-3. At pH 2 where CPPs were positively charged, the Ry was 15.3
A. The Ry decreased to 13.3 A when pH was increased to the pl (pH 3.3), which means CPPs are
more compact at pl. When pH was increased away from the pl (pH 4-8), Ry returned to around 15
A. When pH was further increased to pH 10, the Ry increased considerably to 17.9 A, which may

result from fully unfolding of CPPs molecules.



Table 2-3. Radius of gyration of CPPs

Concentration (mg/mL) pH Ry (A)
0.25 6.0 13.1
0.5 6.0 154

1 6.0 155
5 6.0 139
10 6.0 134
30 6.0 139
50 6.0 149
1 20 153
1 33 133
1 40 16.0
1 80 153
1 100 17.9

46
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Figure 2-6. (A) Scattering profiles and (B) Kratky plot of 0.25-50 mg/mL CPPs solutions
(containing 10 mM NacCl) at pH 6 (inset is the Guinier fitting of 30 mg/mL CPPs). (C) Scattering
profiles and (D) Kratky plot of 1 mg/mL CPPs at pH 2-10 (containing10 mM NacCl). The scattering

intensities were vertically shifted for clear visualization.

2.3.7. Purification of Theaflavins
The purities of theaflavins after column liquid chromatography purification were analyzed by
HPLC. As shown in Figure 2-7, the purities of TF-1 (Figure 2-7A) and TF-3 (Figure 2-7C) were
almost 100%. TF-2a and TF-2b still remained as a mixture (Figure 2-7B). However, their relative
ratio (TF-2a:TF-2b) varied with elution time. Longer elution time lead to higher TF-2a:TF-2b ratio.

TF-2a could reach higher than 98% of the mixture. Other purification approaches such as
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preparative HPLC may be applied to obtain pure TF-2a and TF-2b. As TF-2a and TF-2b were not
used in this dissertation, they were not further purified. The purified TF-1 and TF-3 were

lyophilized and was used in subsequent experiments.

The simplified HPLC program was used to quatify the concentrations of TF-1 and TF-3 in the
Caco-2 monolayer transport experiment. As presented in Figure 2-7D, this simplified HPLC

program can effectively separate the peaks of TF-1 and TF-3.

500
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1A
200
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50— — — ———— — .
5.0 20.0 30.0 40.0 50.0 60.0 75.0
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Figure 2-7. HPLC results of (A) TF-1, (B) TF-2s, and (C) TF-3 after purification, and (D) mixture

of TF-1 and TF-3 analyzed using simplified HPLC program.
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2.4. Conclusions

In this chapter, the basic physicochemical properties of the major material used in this Ph.D.
research i.e. DD, Mw, viscosity, and Ry of CS, amino acid sequence, pl, and Ry of CPPs, and purity
of TF-1 and TF-3 were characterized. Understanding these physicochemical characteristics would

be beneficial for the following experiments.
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CHAPTER I11. ASSEMBLY AND CHARACTERIZATION OF

THE CHITOSAN-CASEINOPHOSPHOPEPTIDES

NANOCOMPLEXES

As of submission of this dissertation, the work in this chapter has been written as two research
papers in the titles of “Assembly of Chitosan-Caseinophosphopeptides Nanocomplexes to
Encapsulate and Enhance Intestinal Permeation of Theaflavin-3,3-digallate” and
“Microstructures of Chitosan-Caseinophosphopeptides Nanocomplexes Encapsulated with
Theaflavin-3,3-digallate: A Small Angle X-Ray Scattering and Ultra-Small Angle X-Ray

Scattering Study” which are ready for submission.

3.1. Abstract

The associations between CS and CPPs were investigated by turbidimetric titration by varying
the CS:CPPs weight ratio, ionic strength, temperature, contents of urea, and ethanol. The results
indicate that electrostatic interaction was the major force between CS and CPPs. Hydrogen bond
and hydrophobic interactions may also be involved in the complexation process. The complexes
assembled from CS and CPPs at different CS:CPPs weight ratios were characterized in terms of
their particle sizes, polydispersity indexes (PDI), and { — potentials. Their morphologies were
monitored by the atomic force microscopy (AFM). The microstructures of these nanocomplexes

were characterized by the ultra-small angle X-ray scattering (USAXS) combined with SAXS.

3.2. Introduction

It is necessary to build the phase diagram of the CS-CPPs complexation process before
encapsulation of TF-3 in the CS-CPPs nanocomplexes. In this chapter, the phase diagram and
associations of CS-CPPs complexation were characterized by turbidimetric titration. The CS-CPPs

complexes were assembled at pH 6, which is in the pH range of human small intestine. The CS-



51

CPPs nanocomplexes composed of CS:CPPs = 1-5 were further investigated by the SAXS and

USAXS to gain insight of their microstructures..

3.3.  Materials and Methods

3.3.1. Materials
CS was purchased from Kunpoong Bio. Co., Ltd. (South Korea) and used as received without
further treatment. CPPs was purchased from Greencream Biotechnology Co., Ltd. (Guangzhou,

China). Milli-Q water was used in all experiments.

3.3.2. Turbidimetric Titration

The pH-dependent turbidity was monitored by a Brinkmann PC910 colorimeter equipped with
a 1 cm-path-length optical probe at light wavelength of 420 nm. The colorimeter was calibrated
with Milli-Q water as 100% transmittance. CS was dissolved in 1% acetic acid. CPPs was dissolved
Milli-Q water. Both CS and CPPs solutions were filtrated through 0.45 um filter and adjusted to
pH 2 before use. For studying the turbidity changes at different CS:CPPs weight ratios, 0.5 mg/mL
CPPs solution (containing 0.01 M NaCl) and equal volumes of CS solution (containing 0.01 M
NaCl) at various concentrations were mixed at ambient temperature with magnetic stirring, and pH
was increased from 2.0 to 10.0 gradually. Turbidity and pH of the mixed system were monitored
simultaneously. For investigating the effect of ionic strength on the associations between CS and
CPPs, 0.5 mg/mL CPPs and same volume of 0.125 mg/mL CS were mixed in the presence of 0.01
M, 0.05 M, 0.1 M, 0.15 M, 0.3 M, 0.5 M, and 1.0 M NaCl. Turbidity was monitored from pH 2.0
to 10.0. To study the effects of temperature and urea on complexation between CS and CPPs, equal
volumes of 0.5 mg/mL CPPs (0.01 M NaCl) and 0.125 mg/mL CS (0.01 M NaCl) were mixed with
different concentrations of urea (0 M, 1 M and 2 M), or at different temperatures (20°C, 30°C, and
40°C). Turbidity was also recorded from pH 2.0 to 10.0. For studying the effect of ethanol on

turbidity change, CS (final concentration 0.0625 mg/mL) and CPPs (final concentration 0.25
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mg/mL) solutions were mixed with ethanol to reach the final concentrations of 0%, 10%, 30%, and
50% ethanol. Turbidity was also recorded from pH 2.0 to 10.0. The experiments were conducted

in triplicate. Error bars were omitted for the clearance of the figures.

3.3.3. Preparation and Characterization of the CS-CPPs Nanocomplexes

CS was dissolved in 1% acetic acid (0.01 M NaCl) with moderate stirring, and adjusted to pH
6 after fully dissolved. CPPs was dissolved in 0.01 M NaCl solution and the pH was adjusted to 6.
The CS-CPPs complexes were prepared by mixing 0.5 mg/mL CPPs with same volume of CS

solution of different concentrations at ambient temperature with magnetic stirring.

Particle size, PDI, and ¢ — potential of the complexes composed of various CS:CPPs weight
ratios were measured by a Zetasizer Nano ZS90 (Malvern Instruments Ltd, Westborough, MA).

The measurements were conducted in triplicate at 25°C.

The morphology of the CS-CPPs complexes was monitored by a Nanoscope Illa Multi-Mode
AFM (Veeco Instruments Inc., Santa Barbara, CA). Fresh made complexes were dripped on the
surface of pre-cleaned mica slides for 1 h. The surface of the mica slides was rinsed with Milli-Q

water and dried with nitrogen. Tapping mode was utilized.

3.3.4. SAXS and USAXS Measurements

The SAXS experiments were conducted at BioCAT 18-1D beamline of the APS at Argonne
National Laboratory (Chicago, USA). A short exposure of 1 s followed by 5 s cooling was used to
acquire the scattering data. The final SAXS profiles were obtained by subtracting the solvent from
the average of 10 measurements. The USAXS experiments were performed at beamline 9-1D-C of
the APS at Argonne National Laboratory. The samples were sealed in the 1 mm-thick silicone
isolators (Grace Bio-Labs, Inc., OR, USA) with glass slides. The USAXS and SAXS data were

merged and analyzed by the Irena software package®®’.
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3.4. Results and Discussion

3.4.1. Turbidimetric Titration

It is generally accepted that the primary interaction between proteins/polypeptides and
oppositely charged polyelectrolytes is electrostatic interaction, which is pH dependent. Therefore,
it is necessary to clarify how they interact at different pH. As an indicator of the strength of
electrostatic interaction, turbidity of the CS-CPPs binary-component system was firstly monitored

at different CS:CPPs weight ratios in a broad pH range from pH 2 to 10.

As shown in Figure 3-1, CPPs without addition of CS (CS:CPPs = 0) reached its maximum
turbidity at approximately pH 4, which was attributed to the loss of electrostatic repulsion close to
the pl. Below pH 4, the turbidities were very low for all CS:CPPs weight ratios, reflecting that there
were no insoluble complexes formed by CS and CPPs. Starting from pH 4, all the curves increased
vigorously at different initial pH (pH,1) until the turbidities reached their maximum values at
various pH (pHmax), indicating that more insoluble complexes were assembled when pH increased
from pHyi t0 pHmax. Both pHei and pHmax shifted to higher pH when the CS:CPPs weight ratio
increased. Notable, the curves of CS:CPPs from 2 to 5 almost overlapped between pH,: and pHmax,
which could be resulted from saturation of CPPs by CS when CS:CPPs was higher than 2. Further
increasing pH above pHmax resulted in different patterns of turbidity change. For CS:CPPs < 2, the
turbidity decreased and then leveled off, and the final levels of turbidities increased with CS
concentrations. For CS:CPPs = 3-5, the turbidities tended to be stable after pHmax. NO apparent

sharp decreases were observed in this weight ratio range.
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Figure 3-1. Turbidity change as a function of pH at CS:CPPs weight ratios of @ 0, 0 0.125, ¥ 0.25,

A0S, ml1,02, €3, 4 A5,

The turbidity change of the CS-CPPs mixtures at different pH indicates their complexation
process. In general, two specific pH values i.e. pH; and pH,: are characterized as the onset of
formation of soluble and insoluble complexes, respectively. The soluble complexes were formed
by electrostatic attraction between positively charged CS and negatively charged patches on CPPs,
although the net charge of CPPs was still positive at this pH. This process occurred at the pH (pHc)
lower than the pl of CPPs, prior to formation of the insoluble complexes. When pH was higher than
pHyi1, CS and CPPs were oppositely charged. They were strongly associated by electrostatic
attraction, leading to phase separation. As correspond to the increased concentrations of CS, pHg:
shifted to higher value where CPPs carried more negative charges to associate with the extra
amount of positive charges derived from CS. The pHmax at which the charges of the systems
inverted shifted to higher pH as well. The maximum turbidity increased when the concentration of

CS became higher, indicating the size and/or number of insoluble complexes increased. When pH
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increased over the pK, (6.3-6.4) of CS, the amine cations on CS molecular chains became
deprotonated, and as a result CS became insoluble. The insolubility of CS in neutral to alkaline

conditions explains the final high turbidities at high CS concentrations (CS:CPPs = 3-5).

The strength of electrostatic interactions is also affected by ionic strength. Therefore, the effect
of ionic strength was characterized. As displayed in Figure 3-2, pHy: and pHmax shifted to higher
pH and the turbidity at pHmax decreased accordingly with increasing concentration of NaCl. The
maximum turbidity in the presence of 0.3 M NaCl was only half of the maximum turbidity in the
presence of 0.01 M NaCl. Further increasing ionic strength to 0.5 M NaCl and higher almost
completely inhibited the interaction between CPPs and CS, which was reflected by the almost flat
turbidity curves before CS became insoluble. It is worth noting that at pH 6-7.5, which is the
physiological pH range of small intestine, the turbidities did not show significant difference when
NaCl concentration was lower than 0.15 M. This phenomenon indicates when using the CS-CPPs
complex as a delivery system, the difference of ionic strength between the physiological condition
(0.15 M) and nanocomplex preparation condition (0.01 M, method in section 3.3.3) may not

significantly affect the interaction between CS and CPPs at the site of intestinal absorption.
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Figure 3-2. Turbidity change as a function of pH at CS:CPPs = 0.25 in the presence of e 0.01 M,

00.05M, ¥0.10M, A0.15M,m0.3M,00.5M, ¢ 1M NaCl

It is generally accepted that salt has charge screening effect at high concentration. Weinbreck
et al. reported that at low concentration (17 mM), NaCl enhanced complexation between whey
proteins and gum Arabic by increasing the solubility of polymers®’. They also found the similar
effect between whey proteins and carrageenan in the presence of 45 mM NaCl. They attributed this
result to neutralization of extra charges by small amount of NaCl and thereby reduced of the electro-
repulsion between the complexes®. This phenomenon was not observed in the CS-CPPs system.
In a broad NaCl concentration (0.01-1 M), pH,: shifted to higher pH where CPPs carried more
negative charges. The maximum turbidity decreased as the concentration of NaCl increased. When
high concentrations of NaCl (> 0.5 mg/mL) were applied to the system, the electrostatic interactions

were almost suppressed, which was reflected by the very low turbidities before CS became
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deprotonated. The electrostatic screening effect combined with pH-dependent turbidity proved that

electrostatic interaction was the predominant interaction between CS and CPPs.

To further understand the forces that were involved in complexation between CS and CPPs,
different concentrations of urea were added into their mixture and the turbidity was monitored upon
alkalization. It was reported that urea can effectively suppress hydrogen bond!®. In CS, the
deacetylated glucosamine units have both proton donor and acceptor?®, which can form hydrogen
bond with certain groups such as the peptide bond in CPPs. Similar to the effects of ionic strengths,
addition of urea disrupted formation of the CS-CPPs complexes (Figure 3-3), which was reflected
by shifting of pH,i and pHmax to higher pH and decreasing of the highest turbidity with increasing

concentration of urea. The final levels of turbidity also decreased with increasing amount of urea.

100

100-T%

Figure 3-3. Turbidity change as a function of pH at CS:CPPs = 0.25 in the presence of e 0 M, o 1

M, V¥ 2 M urea.
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Although urea is an effective hydrogen bond inhibitor, it may also suppress the hydrophobic
interaction!> 1%, Ethanol was used to clarify whether hydrophobic interaction was involved in
complexation between CS and CPPs because ethanol can disrupt the hydrophobic interaction!®®. As
shown in Figure 3-4, the turbidity decreased with increasing content of ethanol (from 10% to 30%)
when pH was between pHyi to pHmax, While above pHmax the difference was not obvious. 50%
ethanol significantly changed the process of CS-CPPs complexation where pH ,; shifted to lower
pH and the maximum turbidity was about 20% smaller than that at lower ethanol contents. This

result allows us to suggest that hydrophobic interaction was involved in CS-CPPs complexation.

100

100-T%

Figure 3-4. Turbidity change as a function of pH at CS:CPPs = 0.25 in the presence of e 0%, o

10%, ¥ 30%, and A 50% ethanol.

The effect of temperature on CS-CPPs complexation was also investigated. As illustrated in
Figure 3-5, the turbidities at the studied three temperatures almost overlapped, indicating that the

tested temperature range had negligible effect on formation of the CS-CPPs complexes.
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Temperature can affect the interactions between polymers by influencing the Flory-Huggins
interaction energy?®. Generally, higher temperature suppresses formation of hydrogen bond, while
it promotes the magnitude of hydrophobic interaction®®. In the studied temperature range (20°C-
40°C), temperature had little role on complexation between CS and CPPs. pHgi, PHmax, and
maximum turbidities were almost identical at these three different temperatures, which may be
resulted from involvement of entropy effect, such as hydrophobic interaction®. Therefore, the
invariability of CS-CPPs complexation upon temperature change (20°C-40°C) could be resulted
from a balance between the strength change of hydrogen bond and hydrophobic interaction. The
temperatures tested in this study covered the room temperature and body temperature. Overlapping
of the turbidities at this temperature range indicates that the difference of temperature between
physiological condition (37°C) and nanocomplex preparation condition (25°C) may not disrupt the

interactions between CPPs and CS if the CS-CPPs complexes are used as oral delivery system.

100

100-T%

Figure 3-5. Turbidity change as a function of pH at CS:CPPs =0.25 at ® 20 °C, o 30 °C, ¥ 40 °C.
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3.4.2. Characterization of the CS-CPPs Nanocomplexes
The CS-CPPs nanocomplexes were assembled at pH 6 where CS molecule was positively
charged. In addition, pH 6 is in the pH range of duodenum?®®® and is very close to the pH of proximal

part of jejunum?,

The physical properties including particle size, { — potential, and PDI of the CS-CPPs
complexes composed of different CS:CPPs weight ratios at pH 6 are listed in Table 3-1. The particle
size of the CS-CPPs complexes increased with the CS:CPPs weight ratio until CS:CPPs = 0.5 then
decreased dramatically. This is consistent with the titration result (Figure 3-1). The size of the
complex decreased until CS:CPPs=2 then gradually increased as the content of CS increased. The
PDI which is a measure of the homogeneity of the system also decreased significantly when the
CS:CPPs was higher than 0.5. The PDI value smaller than 0.3 is generally regarded as a narrow
size distribution of the particles. The complexes assembled at CS:CPPs=1-3 had PDI smaller than
0.3, indicating that these complexes were more homogenous than the complexes assembled at other
CS:CPPs weight ratios. CS was cationic at pH 6. Not surprisingly, as the amount of CS increased
in the complexes, the { — potential experienced a significant increase from +2.82 mV to + 26.9 mV.
It was noticed that the { — potential change was highly correlated to the weight ratio change when
CS:CPPs was between 0.125 — 1, as reflected by doubling of the { — potential when the
concentration of CS doubled. While when CS:CPPs = 1 and higher, the { — potential change was
not proportional to the CS concentration change. This result could be ascribed to gradually
saturation of the complexes surface with the CS molecules after CS:CPPs was higher than 1. This
result was consistent with the titration result (Figure 3-1), in which the turbidities at CS:CPPs = 2

— 5 almost overlapped at in the pH range between pH,: and pHmax.
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Table 3-1. Particle size, PDI, and { — potential of the complexes composed of different CS:CPPs

atpH 6

CS:CPPs  Particle Size (nm) PDI ¢ - Potential (mV)

0.125:1 661.4428.4 0.15340.008 +2.840.3

0.25:1 681.5436.6 0.51940.028 +4.440.2

05:1 764.949.6 0.49440.087 +9.040.0

1:1 174.313.0 0.15840.037 +17.740.3

2:1 186.0+2.6 0.19240.016 +21.940.6

3:1 201.843.6 0.21740.005 +23.1#4.1

4:1 264.7416.2 0.32240.048 +24.940.9

5:1 338.8437.3 0.41840.070 +26.940.5

AFM was utilized with tapping mode to study the morphology of the CS-CPPs complexes. As
shown in Figure 3-6A, large aggregates were observed at CS:CPPs = 0.5. The complex assembled
at CS:CPPs = 2 had sphere shape and smooth surface (Figure 3-6B). When CS:CPPs increased to
4, the sphere complexes still existed, but some larger particles were observed (Figure 3-6C). These

observations were consistent with the particle size measurement.

Figure 3-6. Morphologies of the CS-CPPs complexes composed of (A) CS:CPPs = 0.5, (B)

CS:CPPs =2, and (C) CS:CPPs =4
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3.4.3. SAXS and USAXS Measurements
The CS-CPPs nanocomplexes composed of CS:CPPs=1-5 were further subjected to SAXS and
USAXS studies. The scattering profiles of these CS-CPPs nanocomplexes are shown in Figure

3-7TA.

The scattering profiles of the CS-CPPs nanocomplexes composed of different CS:CPPs weight
ratios were firstly qualitatively analyzed. They displayed completely different patterns of single CS
and CPPs at same concentrations (section 2.3.3 and 2.3.6). The shape of these nanocomplexes can
be manifested in 0.005 A < g < 0.03 Al, where the scattering intensities decayed in 1(q) ~ g7 to
I(q) ~ g* (Figure 3-7A). This means these CS-CPPs nanocomplexes existed as compact globular
structures in solution and the surface of these nanocomplexes was relatively smooth. The scattering
curves of CS:CPPs = 4 and 5 in the ultra-small g region (q < 0.001 A™Y) upturned in I1(q) ~ g™ and
1(q) ~ g>2 manners. This increase of intensity was due to formation of larger structures (aggregates)
in this length scale. The shape of the aggregates may experience a transition from rod-like (a=1) to

sphere (a=3).

The peaks presented in the Kratky plot (Figure 3-7B) indicate existence of folded structures.
The peak shifted to higher g as CS:CPPs increased from 1 to 4, then it shifted back to lower g at
CS:CPPs=5. The peak position in the Kratky plot can reflect Rq. The peak position at higher q
represents smaller size?®. Therefore, the Ry of the CS-CPPs nanocomplexes initially decrease and

then rise.
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Figure 3-7. (A) Scattering profiles of the CS-CPPs nanocomplexes composed of 0.25 mg/mL CPPs
and 0.25-1.25 mg/mL CS (CS:CPPs=1-5). The scattering curves were vertically shifted for clear
visualization. Inset is the fitting (red solid line) of the scattering of the nanocomplex composed of

CS:CPPs=1:1. (B) Kratky plot of the nanocomplexes composed of CS:CPPs=1-5.

The Ry of these CS-CPPs nanocomplexes was quantitatively analyzed by fitting the scattering
curves with the Irena software!® (Figure 3-7A inset). Table 3-2 shows the Ry of the CS-CPPs
nanocomplexes. Same as the result obtained from the Kratky plot, as the CS:CPPs weight ratio
increased, the Ry of the CS-CPPs nanocomplexes initially decreased from 698 A (CS:CPPs=1) to

289 A (CS:CPPs=4), then increased to 331 A (CS:CPPs=5) again.
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Table 3-2. Radius of gyration of the CS-CPPs nanocomplexes composed of different CS:CPPs

weight ratios

CS:CPPs Ry (A)

1:1

2:1

3:1

4:1

5:1

698+13.36

41749.80

31949.26

289+10.08

33149.21

Based on these results, complexation between CS and CPPs is proposed in the following ways

(Figure 3-8). When CS:CPPs weight ratio was low, the system was relatively rich in CPPs, which

can act as the linkers between the CS molecules. The CS-CPPs nanocomplexes were loose CS

network connected by CPPs (Figure 3-8A). When the concentration of CS increased, the system

was gradually dominated by CS. More CS molecules bind to a single CPPs molecules until the

CPPs molecule was almost surrounded by the CS molecules (Figure 3-8B), which inhibited further

linking with another CPPs-bonded CS. Thus, the Ry of the nanocomplexes decreased. When

CS:CPPs further increased to 5, the CPPs molecules in the system were insufficient to constrain

the CS in a compact structure (Figure 3-8C). Therefore, the Rq increased again.

Figure 3-8. Schematic representation of the CS-CPPs nanocomplexes composed of different

CS:CPPs weight ratios.



65

3.5. Conclusions

In this chapter, the phase diagram and interactions involved in complexation of CS and CPPs
were systematically studied using turbidimetric titration by varying the weight ratio, ionic strength,
temperature, and the contents of urea and ethanol. Electrostatic interaction was the predominant
force between these two building materials. Hydrogen bond and hydrophobic interaction may also
be involved in formation of the CS-CPPs complexes. The CS-CPPs nanocomplexes composed of
CS:CPPs = 1-5 showed increased particle size, PDI and -potential. However, change of R of these
nanocomplexes did not follow the same pattern, which stem from the microstructural change

induced by the relative weight ratio between CS and CPPs.
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CHAPTER IV. INVESTIGATION OF THE INTERACTIONS
BETWEEN CASEINOPHOSPHOPEPTIDES AND THEAFLAVIN-

3,3’-DIGALLATE

As of submission of this dissertation, the work in this chapter has been written as a research paper
in the title of “Investigation of the Associations Between Caseinophosphopeptides and Theaflavin-

3,3 -digallate” which is ready for submission.

4.1. Abstract

In this chapter, the interactions between CPPs and TF-3 in aqueous environment and on the
solid-liquid interface had been systematically studied with fluorescence quenching, CD, SAXS,
and quartz crystal microbalance with dissipation monitoring (QCM-D). The binding process in the
aqueous environment was enthalpy driven and hydrogen bond was the major force. Addition of
TF-3 did not change the secondary structures and Ry of CPPs, but it could induce aggregation of
CPPs. The size of aggregates increased with the concentration of TF-3. QCM-D results revealed
that hydrogen bond was involved in the adsorption of TF-3 onto the CPPs modified gold-coated

quartz crystal surface.

4.2. Introduction

The CS-CPPs nanocomplex was used to encapsulate TF-3 in this dissertation. The procedure
of encapsulation was firstly mixing CPPs solution with TF-3 solution. The CPPs/TF-3 mixture was
then added into the CS solution. In this chapter, multiple approaches including fluorescence
guenching, CD, SAXS, and QCM-D were employed to gain insight into the interactions and
conformational changes involved in the first step of encapsulation, which is mixing CPPs with TF-

3.
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Studying the interactions between CPPs and TF-3 also has its biological significance. Drinking
black tea with milk is a tradition in many countries. However, the impact of milk proteins on the
functionalities of tea polyphenols and vice versa are still controversial?®2%, As TF-3 is a major
polyphenol in black tea and CPPs are the polypeptides hydrolyzed from caseins, which are the most
abundant proteins in milk, studying their association at the small intestinal physiological condition

would be beneficial for clarifying these controversies.

4.3. Materials and Methods

4.3.1. Materials

CPPs was purchased from Greencream Biotechnology Co., Ltd. (Guangzhou, China). TF-3 was
purified from black tea extract as described in section 2.2.8. 11-Mercaptoundecanoic acid (11-
MUA), 1l-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), and N-
hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich (MO, USA). Gold-coated quartz

crystal was obtained from Q-Sense AB (Sweden). Milli-Q water was used in all experiments.

4.3.2. Fluorescence Quenching

The fluorescence emission spectra and lifetime were recorded with a FluoroMax-3
spectrofluorometer (Horiba Jobin Yvon, Inc., NJ, USA). The excitation wavelength (Ae) and
emission wavelength (Aem) Were 295 nm and 320-500 nm, respectively. The excitation and emission
slit widths were kept at 5 nm. CPPs and TF-3 were dissolved in Milli-Q water containing 0.15M
NaCl at pH 6. A series of TF-3 solutions (1.95>10 - 0.0625 mg/mL) were prepared from 0.125
mg/mL TF-3 stock solution by successive dilution. 0.5 mg/mL CPPs and equal volume of TF-3
solutions were mixed to obtain the final concentrations of 9.77x10* - 0.03125 mg/mL TF-3 and
0.25 mg/mL CPPs. The measurements were conducted at 20°C, 30°C, and 40°C. Each measurement

was triplicated.
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The time-resolved (time-domain) fluorescence lifetime was calculated by fitting the William-

Watts (WW) stretched exponential function?'® expressed as

I(t) = Iyexp[—(t/7)#] eq. 4-1

where I is the pre-exponential factor; t is the lifetime; P is the stretching coefficient ranging from
0 to 1, which reflects the distribution of local environment of the fluorophore. For a uniform local
environment, 3 = 1, while for a distribution of local environment, 0 < § < 1. The average lifetime

<1 > was calculated by
= Irid -
<> = BF(B) eq. 4-2

where I is the gamma function.

4.3.3. CD Spectra

The secondary and tertiary structural changes of CPPs after associating with different
concentrations of TF-3 were studied on an Aviv 420SF circular dichroism spectrometer
(Biomedical, Inc., Lakewood, NJ, USA) using quartz cell with the path length of 1 mm. CPPs and
TF-3 were dissolved in 0.15 M NaCl at pH 6.0 before mixing. 0.5 mg/mL CPPs and same volume
of TF-3 (0.0315, 0.625, 0.125, 0.25 mg/mL) were mixed and measured in the far (190-260 nm) -
and near (260-320 nm)-UV regions in nitrogen atmosphere at 25 °C. Each sample was scanned
with a scan speed of 5 s/nm and data were collected for each nm. The results were expressed in
terms of mean residue ellipticity [0] in deg cm? dmol™?. The secondary structures of CPPs before
and after binding with TF-3 were analyzed by the CDPro software using CONTIN/LL procedure

with the database of Sreerama and Woody.

4.3.4. SAXS Measurement
The SAXS experiments were conducted at BioCAT 18-1D beamline of the APS at Argonne

National Laboratory (Chicago, USA). CPPs and TF-3 were dissolved in Milli-Q water containing
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0.15 M NaCl at pH 6 and mixed at ambient temperature. The final concentration of CPPs was fixed
at 2 mg/mL and the final concentrations of TF-3 varied from 0.03125-0.5 mg/mL. A short exposure
of 1 s followed by 5 s cooling was used to acquire the scattering data. The final SAXS profiles were

obtained by subtracting the solvent from the average of 10 measurements.

4.35. QCM-D Measurement

The CPPs modified gold-coated quartz crystals were prepared according to Wang et al.
method?!*, Briefly, the gold-coated quartz crystals were cleaned in an UV/ozone chamber for 10
min and then immersed in a mixture of 25% NH4OH, 30% H:0-, and Milli-Q water (1:1:5, v/v) for
5 min at 75°C, then the gold-coated quartz crystals were cleaned by UV/ozone again for 10 min.
After rinsed with Milli-Q water and dried with N2, the gold-coated quartz crystals were immersed
in 10 mM 11-MUA dissolved in 100% ethanol at 60°C for at least 24 h, and then rinsed with 100%
ethanol and dried with N.. The 11-MUA attached gold-coated quartz crystals were activated by a
mixture of 100 mg/mL NHS and 100 mg/mL EDC (1:1, v/v) for 1 h, and they were transferred to
10 mg/mL CPPs solution (0.15 M NaCl, pH 6) for at least 24 h at 4°C. The CPPs modified gold-

coated quartz crystal surface was rinsed with Milli-Q water and dried by N before use.

The interaction between CPPs and TF-3 on the solid-liquid interface was studied on a Q-Sense
D300 system (Q-Sense AB, Sweden). The loop and sensor were rinsed before the CPPs modified
gold-coated quartz crystal was placed in the QCM-D chamber. 0.15 M NaCl solution (pH 6) was
pumped into the chamber. After a stable baseline was obtained, different concentrations (0.1, 0.3,
0.5, 0.7, and 0.9 mg/mL) of TF-3 solutions (0.15 M NaCl, pH 6) were injected into the QCM-D
chamber to interact with CPPs that were chemically connected to the quartz crystal surface as
described above. The shift of frequency (AF) and energy dissipation (AD) at the fundamental
resonant frequency, as well as the third, fifth, and seventh overtones were monitored
simultaneously, and the results were analyzed by the QTools software. The experiments were

conducted in triplicate at 25°C, and the results were expressed as mean =+ standard deviation.
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4.4. Results and Discussion

4.4.1. Fluorescence Quenching

Fluorescence quenching has been widely used in studying the interactions between polyphenols
and proteins/polypeptides. Tryptophan (Trp, W), tyrosine (Tyr, Y) and phenylalanine (Phe, F) are
fluorescent amino acids which contribute to the fluorescence of proteins and polypeptides. Among
these three fluorescent amino acids, tryptophan is very sensitive to polarity and local environment
changes. Therefore, tryptophan which has a typical emission peak at 350 nm in water is often used
as the indicator in studying the fluorescence properties of proteins and polypeptides. The
characteristic emission peak of tyrosine at 303 nm in water may shift to 350 nm at certain conditions
that can cause ionization of the phenolic hydroxyl group, e.g. in the pH higher than the pKa of the
phenolic hydroxyl group at excited state (pKa = 4) or in buffers that can accept protons?2, Therefore,
when proteins/polypeptides are rich in tyrosine, exciting at 280 nm (which is often applied in
studying the fluorescence of proteins) at these conditions could result in the co-excitation of
tryptophan (278 nm) and tyrosine (275 nm), and the emission from tyrosine can interfere with the
emission spectrum of tryptophan. The LC-MS/MS result of the primary structures of CPPs (section
2.3.4) revealed that the CPPs sample is rich in tyrosine. Therefore, the fluorescence quenching
experiments were performed at the excitation wavelength of 295 nm to only excite tryptophan, and

the interference from tyrosine was eliminated.

The fluorescence quenching experiments were performed at pH 6, which is within the pH range
of human duodenum and is very close to the pH of the proximal part of jejunum?®® 2% TF-3 was
also relatively stable at this pH. 0.15M NaCl was used since it is the physiological NaCl
concentration. The fluorescence quenching of CPPs by TF-3 was studied at 20°C, 30°C, and 40°C.
Figure 4-1 shows the fluorescence emission spectra of CPPs with addition of various concentrations

of TF-3 as quenchers. As the concentration of TF-3 increased, the fluorescence intensity decreased
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accordingly. No apparent red shift or blue shift was observed, indicating that the polarity of

environment around tryptophan did not change.
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Figure 4-1. Fluorescence emission spectra of CPPs excited at 295 nm in the presence of increasing

concentrations of TF-3 at (A) 20°C, (B) 30°C, and (C) 40°C. The insets are the representative

lifetime decay.
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Fluorescence quenching can be subdivided into static quenching and dynamic (collisional)
guenching depending on how fluorophore contacts with the quencher. The most accurate way to
determine the type of fluorescence quenching is to measure the fluorescence lifetime?'2. The
fluorescence lifetime of CPPs in the absence and presence of TF-3 (Figure 4-1 insets) were
calculated with eq. 4-1 and eq. 4-2. It was found that the fluorescence lifetime of CPPs did not
change after associating with TF-3 (to/t = 1). This result suggests that the type of quenching
between CPPs and TF-3 was static quenching?2. The non-fluorescent complexes at the ground
energy state were formed after adding TF-3 to CPPs. The static quenching process can be expressed

as

B + nQ & Q,B eg. 4-3

where B is the fluorophore (CPPs); Q represents the quencher (TF-3); n is the number of binding
sites; QnB is the non-fluorescent complexes formed between CPPs and TF-3. The binding constant

Ka between fluorophore and quencher can be expressed as

[@nB]
[QI"[B]

KA = eq 4-4

where [Q] and [B] are the concentrations of quencher and fluorophore, respectively. [QnB] is the

concentration of the complexes, which can be expressed as

[@nB] = [Blo —[B] eq. 4-5

where [B]o is the concentration of total CPPs. By substituting eq. 4-5 into eq. 4-4, the binding

constant Ka can be expressed as

_ [Blo—I[B] )
Ky = Q" 5] eg. 4-6

The fluorescence intensity (F) is proportional to the concentration of fluorophore in static

quenching
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[B] F
E X F_o €q. 4-7

here Fo is fluorescence intensity of CPPs without TF-3. The binding constant Ka can be obtained
from the following equation with logarithmic form derived eq. 4-613
log [@] = logK, + nlog[Q] eq. 4-8
The fractional accessibility of tryptophan to the quencher and the Stern-Volmer quenching
constant (Ks ) can be calculated from the modified Stern-Volmer equation?2

(Fo-F) ~ fKsylQ]

+ eg. 4-9

1
f

where F is the fluorescence intensity of CPPs with TF-3; Ksv is the Stern-Volmer quenching

constant; f is the fraction of the initial fluorescence that is accessible to quencher.

Ka and Ksy were determined graphically by eg. 4-8 and eq. 4-9. A plot of log [(Fo-F)/F] versus
log [Q] vields log Ka as the intercept on the y axis and the number of binding sites n as the slope.
The quenching constant Ksy can be obtained from a plot of Fo/(Fo-F) versus 1/[Q]. The binding
constant Ka, Stern-Volmer quenching constant Ksy, and fluorescence lifetime 1 (calculated by eq.

4-1 and eq. 4-2) at different temperatures are listed in Table 4-1.
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Table 4-1. Quenching constant (Ksv), binding constant (Ka), lifetime and thermodynamic

parameters of TF-3 binding to CPPs

AS
Temperature Ksv Ka Lifetime AH AG
(Jemol?
(K) (x10* M) (x10* MY (ns) (kJemol™) (kJemol™)
K1)
293 6.5640.063 14.0040.064 8.72 +0.11 -29.00
303 3.7940.29 9.574.12 855+0.18 -39.32 -35.19 -28.65
313 1.8840.11 498+).12 8.16 +0.36 -28.30

Enthalpy change (AH), entropy change (AS), and free energy change (AG) are important
thermodynamic parameters in determining the type of interactions between CPPs and TF-3. In this
research, 293 K, 303 K, and 313 K were applied in studying this temperature-dependent binding
process. In this temperature range, CPPs and TF-3 were stable and AH and AS were considered

constant, so AH and AS can be calculated by the van’t Hoff equation

Ink =242 eq. 4-10
RT R

where K is the binding constant at the corresponding temperature; R is the gas constant; and T is

the Kelvin temperature. The free energy change (AG) was calculated by the following equation
AG =AH — TAS = —RTInK eg. 4-11

The negative AH and AS values listed in Table 4-1 indicate that the binding process was
enthalpy driven, and hydrogen bond was the predominant interaction between CPPs and TF-3 in
the studied aqueous environment?**. The negative free energy change (AG) suggests that this

binding process was spontaneous.
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4.4.2. CD Spectra

The bio-functionalities of proteins and polypeptides significantly rely on their conformations.
The conformations including secondary and tertiary structures might be changed after binding with
polyphenols. In the present study, the conformations of CPPs after associating with different

concentrations of TF-3 were studied by measuring the far- and near-UV CD spectra.

Farrell et al. reported that B-sheet (34%), turns (28%), and random coil (29%) were the
dominant secondary structures of a phosphopeptide derived from B-casein at 25°C?'5, By measuring
the far-UV (190-260 nm) CD spectra (Figure 4-2A), it was found that random coil was one of the
major secondary structures of CPPs, as reflected by the characteristic negative band near 195 nm.
The weak broad negative shoulder at 220-230 nm indicates the presence of B-sheet'?®, Analyzing
by CONTIN/LL revealed that the secondary structures of CPPs contained 2.6% o-helix, 40.9% [-
Sheet, 19.4% turn and 37.1% random coil. After adding different concentrations of TF-3 (0.015625
—0.125 mg/mL) into CPPs solutions, no significant changes were observed, demonstrating that in
the tested concentrations, association of TF-3 with CPPs did not induce secondary structural

alteration of CPPs.

Binding of CPPs with TF-3 was also characterized by the near-UV (260-320 nm) CD spectra
(Figure 4-2B). Pure CPPs showed a weak negative band around 270 — 300 nm. After adding TF-3,
there was a dose-dependent increase around 270 - 290 nm, which may be attributed to the
tryptophan and tyrosine side chains?!®. This result indicates that binding of TF-3 was close to these
groups. The fluorescence quenching of the tryptophan in CPPs by TF-3 confirmed that binding of
TF-3 in vicinity of tryptophan. The increase of [0] also indicates a decrease of mobility of these

aromatic residues?1.
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Figure 4-2. (A) Far (190 — 260 nm)- and (B) near (260 — 320 nm)-UV CD spectra of 0.25 mg/mL
CPPs associating with various concentrations of TF-3: (a) 0 mg/mL; (b) 0.125 mg/mL; (c) 0.0625

mg/mL; (d) 0.03125 mg/mL; (e) 0.015625 mg/mL.

4.4.3. SAXS Measurement

The conformation of CPPs after associating with TF-3 was further studied by the SAXS. The
scattering profiles of CPPs associated with different concentrations of TF-3 are shown in Figure
4-3A. Fitting the power law to the intermediate g range yielded the power about -0.8, which was
very close to the power of rod-like structure (power of -1), meaning that the CPPs may exist in a
rod-like shape in solution. In the small g range, the power increased significantly from -0.85 to -
2.56 upon addition of TF-3, indicating that aggregates were formed, and the aggregates may

experience a transformation from the rod-like shape (power of -1) to disk- (power of -2) or sphere-
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like (power of -3) shape!®. The Kratky plot (Figure 4-3B) shows the upward curves without peaks,

suggesting CPPs remained unfolded upon interacting with TF-3.

The Ry was determined by Guinier fitting (eq. 2-6) at the region of qRq < 1.3 (Figure 4-3C).

The Ry of 2 mg/mL CPPs was 1.5 nm. After associating with TF-3, the Ry remained 1.5 - 1.6 nm.

The size of aggregates was obtained by fitting the scattering curves at the small g-ranges with

the Debye-Bueche function?’ (Figure 4-3D), which is expressed as

I(q) = —=9_ eq, 4-12

(1+E82q2)?

where lex(0) is the extrapolated scattering intensity at zero wave vector; = is the size of aggregates

in the system. The aggregate size after addition of TF-3 increased from 13.1 nm to 19.5 nm.
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Figure 4-3. (A) Small angle X-ray scattering profiles, (B) Kratky plot, (C) Guinier fitting at the
region qRq < 1.3, and (D) Debye-Bueche fitting of 2 mg/mL CPPs associated with 0-0.5 mg/mL

TF-3. The curves in (A) (C) and (D) were vertically shifted for better visualization of the results.

4.4.4. QCM-D Study

Most of the studies on the interactions between proteins/polypeptides and polyphenols were
carried out in the aqueous environments, while little was known about their associations on the
solid-liquid interface, although this situation is often seen in vivo. In this study, QCM-D was
employed, which recently emerged as a versatile equipment in investigating the in-situ association

between biomolecules on the solid-liquid interface?,

The shift of frequency (AF) and energy dissipation (AD) were monitored simultaneously. When

TF-3 solution was injected into the chamber (at t1) after a stable baseline was achieved, the shift
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of frequency (AF) decreased sharply (Figure 4-4A), while the energy dissipation (AD) only slightly
decreased (Figure 4-4B). Decreasing in AF means an increasing amount of TF-3 adsorbed on the
CPPs surface. Decreasing in AD indicates formation of a more rigid film, while a viscoelastic
adlayer can lead to a positive AD value. After rinsing with 0.15 M NaCl solution (at t2), AF at each
TF-3 concentration increased, suggesting that parts of the adsorbed TF-3 were loosely bound to the
CPPs layer and they were washed away with the NaCl solution. As the concentration of injected
TF-3 increased from 0.1 mg/mL to 0.9 mg/mL, AF became more negative while the corresponding
AD tended to be less negative, but not very significantly. These results indicate that the amount of
TF-3 adsorbed on the CPPs surface increased with concentration, and the rigidity of CPPs film
decreased upon contacting with little amount of TF-3. However, further increase the concentration

of TF-3 did not significantly influence the rigidity of the TF-3 adsorbed CPPs film.

The ratios of the frequency shift to its corresponding overtone number (AFy/n) at different
overtones (n = 3, 5, 7) overlapped (Figure 4-4C) at all the studied TF-3 concentrations (0.1 — 0.9
mg/mL), indicating that the TF-3 adsorbed CPPs layer was a rigid film at these TF-3 concentrations,
which was in accordance with the negative AD values. The adsorbed mass of adsorbate on a thin

and rigid layer can be calculated by the Sauerbrey equation
Cc
M = —;AF eg. 4-13

where M is the adsorbed mass of adsorbate per unit area; C is the mass sensitivity constant (17.7
ng/cm? Hz); n is the overtone number; and AF is the frequency change. The dissipation factor D

can be expressed as

D= —= 2 eq. 4-14

TfoTo WTo

where fy is the resonance frequency and 1o is the decay time.
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The adsorbed mass of TF-3 per unit area and thickness of TF-3 can be obtained from the QTools
software based on the Sauerbrey equation. As shown in Figure 4-5A and B, the adsorbed mass and
thickness of TF-3 increased as the TF-3 concentration increased from 0.1 mg/mL to 0.7 mg/mL.
Further increasing TF-3 concentration to 0.9 mg/mL did not lead to increase of mass and thickness,

suggesting that the CPPs modified surface was saturated with TF-3 at high TF-3 concentration.

The adsorption isotherm of TF-3 on the CPPs modified quartz crystal surface can be determined
by the Langmuir model and Freundlich model. The Langmuir model was proposed based on the
assumption that the adsorbate on the adsorbent was a monolayer, and there were finite binding sites
for the adsorbate. The adsorbate has the ability to occupy these binding sites independently of the

occupation of neighboring binding sites. The amount of adsorbed adsorbate can be calculated by

= YmKC eq. 4-15
1+KC
It can also be expressed as
I eq. 4-16
M KMy, My,

where M represents the amount of adsorbate on the adsorbent; C is the concentration of adsorbate;
M is a constant related to the area of adsorbed adsorbate; and K is a direct measure of the intensity

of the adsorption process.
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Figure 4-4. Time-dependent (A) frequency shift and (B) energy dissipation at the third overtone
upon adsorption of TF-3 onto the CPPs connected quartz crystal surface at different concentrations
of TF-3: (a) 0.1 mg/mL; (b) 0.3 mg/mL; (c) 0.5 mg/mL; (d) 0.7 mg/mL; (e) 0.9 mg/mL. TF-3
solution was injected at t1 and the TF-3 adsorbed surface was rinsed with 0.15 M NaCl at t2. (C)
Ratios of frequency shift to the corresponding overtone number (AFq/n) at different overtones (n =

3,5, 7) upon 0.9 mg/mL TF-3 adsorbing on CPPs surface.
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The Freundlich model assumes that the mass of adsorbed adsorbate increases with the
concentration of adsorbate. According to the Freundlich model, the amount of adsorbate on the

adsorbent can be calculated by
1
M = K¢Cn eq. 4-17

where Krand n are constants; C is the concentration of adsorbate. It can be expressed in logarithmic

form
logM = logKy, +~logC eq. 4-18

As shown in Figure 4-5C and D, Langmuir model and Freundlich model have the correlation
coefficients of 0.993 and 0.9722, respectively. Studies revealed that well fits of Langmuir model
and Freundlich model represent that the interactions on the solid-liquid interface are governed by
hydrogen bond and hydrophobic interactions, respectively? 219, Although both models had high
correlation coefficients, the fact that increasing the TF-3 concentration from 0.7 mg/mL to 0.9
mg/mL did not increase the mass and thickness of TF-3 adsorbed on the CPPs surface let us believe
that the Langmuir model may be a better model for explaining the interactions between TF-3 and
CPPs. Therefore, it is concluded that hydrogen bond was the predominant attractive force between
CPPs and TF-3 on the solid-liquid interface, which was similar as their association in the aqueous

environment.
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Figure 4-5. (A) Mass per unit area and (B) thickness of adsorbed TF-3 on CPPs surface at different
TF-3 concentration. Adsorption isotherm of TF-3 onto CPPs surface fitted by (C) Langmuir model

and (D) Frundlich model.

45. Conclusions

In summary, the interactions between CPPs and TF-3 in the aqueous environment and on the
solid-liquid interface, and the conformational changes of CPPs accompanied with these interactions
were investigated. Fluorescence quenching study revealed that TF-3 associated with CPPs through
hydrogen bond in the aqueous phase, and the binding process was enthalpy driven. These
interactions did not change the secondary structures of CPPs. SAXS results revealed that addition

of TF-3 did not change the Ry of CPPs, but it induced aggregation of CPPs. The size of the
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aggregates increased with the concentration of TF-3. At the solid-liquid interface, hydrogen bond

was also involved in their interactions.
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CHAPTER V. ENCAPSULATION OF THEAFLAVIN-3,3’-
DIGALLATE IN THE CHITOSAN-

CASEINOPHOSPHOPEPTIDES NANOCOMPLEX

As of submission of this dissertation, the work in this chapter has been written as two research
papers in the titles of “Assembly of Chitosan-Caseinophosphopeptides Nanocomplexes to
Encapsulate and Enhance Intestinal Permeation of Theaflavin-3,3 -digallate” and
“Microstructures of Chitosan-Caseinophosphopeptides Nanocomplexes Encapsulated with
Theaflavin-3,3-digallate: A Small Angle X-Ray Scattering and Ultra-Small Angle X-Ray

Scattering Study” which are ready for submission.

5.1. Abstract

The CS-CPPs nanocomplex was applied to encapsulate TF-3, which showed almost 100%
encapsulation efficiency. These nanocomplexes were positively charged. As the concentration of
TF-3 increased, the particle size increased from 214 nm to 295 nm. However, the radius of gyration
of these nanocomplexes decreased as the concentration of TF-3 increased. The increased
hydrodynamic radius was resulted from large aggregates. These nanocomplexes had low
cytotoxicity. The intestinal permeability of TF-3 encapsulated in the CS-CPPs nanocomplex was

significantly increased.

5.2.  Introduction

Polyphenols are ubiquitous in fruits and vegetables. They have a wide spectrum of bioactivities,
such as antioxidation'*, antiinflammation*°, anticancer*®, and cardiovascular protective effect!*,
However, the discrepancies between in vitro and in vivo effects were reported. An example is the
TFs. Although TFs displayed inhibitory effect on cancer cells through diverse mechanisms?%% 221,
the in vitro results are not always supported by in vivo and epidemiological studies®® 18, This

inconsistency is very likely related to their low bioavailabilities as reviewed in section 1.5.3.
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Besides fast metabolism, which is essentially hard to modulate, the bioavailability of
polyphenols is usually restricted by low water solubility and/or intestinal permeability. TFs are
polyhydroxylated polyphenols. The hydroxyl groups can bind with surrounding water molecules
to form a large hydration shell, which makes it hard for them to penetrate through the lipophilic
cell membrane (transcellular route)??2. Therefore, the low bioavailability of TFs is very likely
resulted from their low intestinal permeability. The emulsion-based delivery systems were used to
improve the bioavailability of polyphenols with low solubility??®, meanwhile using the permeation
enhancers such as polysaccharide-based delivery systems is an promising approach to increase the

bioavailability of polyphenols with low intestinal permeability??.

CS is a permeation enhancer as described in section 1.3. In this chapter, TF-3 was encapsulated

in the CS-CPPs nanocomplex, in order to improve its intestinal permeability.

5.3.  Materials and Methods

5.3.1. Materials

CS was purchased from Kunpoong Bio. Co., Ltd. (South Korea) and used as received without
further treatment. CPPs was purchased from Greencream Biotechnology Co., Ltd. (Guangzhou,
China). TF-1 and TF-3 were purified from black tea as described in section 2.2.8. Ultracentrifuge
tubes were purchased from EMD Millipore Co. (MA, USA). Caco-2 cell line was purchased from
American Type Culture Collection (ATCC). Dulbecco’s modified Eagle’s medium (DMEM), non-
essential amino acid, phosphate buffered saline (PBS), and fetal bovine serum (FBS) were
purchased from Life Technologies (Gibco® NY, USA). 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), and Hanks’ balanced salt
solution (HBSS) were purchased from Sigma-Aldrich (MO, USA). Milli-Q water was used in all

experiments.
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5.3.2. Encapsulate TF-3 in the CS-CPPs Nanocomplex

CS was dissolved in 1% acetic acid (0.01 M NaCl) with moderate stirring, and adjusted to pH
6 after fully dissolved. CPPs and TF-3 were dissolved in 0.01 M NaCl and their pH was adjusted
to pH 6. To encapsulate TF-3 in the CS-CPPs nanocomplex, TF-3 solution was added drop-wise
into equal volume of CPPs solution with constant stirring at ambient temperature to ensure CPPs
interact with TF-3 thoroughly. Then equal volumes of the TF-3/CPPs mixture and CS solution were

then mixed at room temperature.

Particle size, PDI, and { — potential of the CS-CPPs nanocomplexes encapsulated with different
concentrations of TF-3 were measured by a Zetasizer Nano ZS90 (Malvern Instruments Ltd,

Westborough, MA). The measurements were conducted in triplicate at 25°C.

The morphology of the CS-CPPs nanocomplexes encapsulated with TF-3 was monitored by a
Nanoscope Il1a Multi-Mode AFM (Veeco Instruments Inc., Santa Barbara, CA) with tapping mode.
Fresh made nanocomplexes encapsulated with TF-3 were dripped on the surface of pre-cleaned
mica slides for 1 h. The surface of the mica slides was rinsed with Milli-Q water and dried with

nitrogen.

The microstructural information of the CS-CPPs nanocomplexes encapsulated with TF-3 was
obtained from the USAXS and SAXS experiments using the same method described in section

3.3.4.

The fresh made TF-3 loaded nanocomplexes were subjected to ultracentrifugation (MWCO of
10 kDa) to determine the encapsulation efficiency. After centrifugation at 6,000 g for 40 min, the
amount of TF-3 in the filtrate was determined by HPLC. The HPLC method was same as described
in section 2.2.9. The amount of TF-3 encapsulated in the nanocomplexes was obtained by

subtracting the amount of TF-3 in the filtrate from the total amount of TF-3 that was used in
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generating the nanocomplexes. The encapsulation efficiency was calculated by the following

equation

Amount of TF—3 Loaded in Nanocomplexes
Total Amount of TF—-3

Encapsulation Ef ficiency (%) = X 100 eq. 5-1

5.3.3. Evaluation of Cytotoxicity

The cytotoxicity was determined by the MTT assay using the Caco-2 cell line. Caco-2 cells
were seeded in 96-well plate with the density of 5,000 cells/well, and cultured in 100 uL. DMEM
at 37°C and 5% CO; for 24 h. The culture medium was then replaced with 200 uL. DMEM
containing different samples and cultured at 37°C and 5% CO.. After the designed treatment time
(24h, 48h, and 72h), the sample solutions were decanted and all wells were rinsed with PBS. PBS
was then replaced with 100 uL MTT solution (0.5 mg/mL) and incubated at 37°C for 4 h. The MTT
solution was then decanted and 100 uL. DMSO was added in each well to dissolve the insoluble
formazan. The absorbance of the solution in each well was measured by a microplate reader

(BioTek Instruments Inc., VT, USA) at 570 nm. All experiments were performed in triplicate.

5.3.4. Caco-2 Transport Experiment

0.5 mL Caco-2 cells (610° cell/mL) was seeded in each apical compartment (diameter 12 mm,
pore size 0.4 um permeable membrane) of 12 well plate (Costar®, Corning Inc., NY, USA), and
1.5 mL culture medium was added in each basolateral chamber. Cells were cultivated at 37°C and
5% CO, for 25 days before the transport experiment. Culture media in both apical and basolateral
chambers were replaced every two days and the media were finally replaced 24 h before the
experiment. TF-3 in the pure form and encapsulated in the CS-CPPs nanocomplex (CS:CPPs=2)
were diluted with HBSS (containing 0.01% ascorbic acid, pH 6) as the donor solutions. The final
concentration of TF-3 in all the donor solutions was 20 uM. To start the experiment, medium in the
apical side was decanted and the filters were transferred to a new 12 well plate containing 1.5 mL

pre-warmed HBSS (containing 0.01% ascorbic acid, pH 7.4, 37°C) in each well. 0.5 mL of pre-
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warmed HBSS (containing 0.01% ascorbic acid, pH 6, 37°C) was added to each apical
compartment to rinse the Caco-2 monolayer under gentle shaking (100 rpm) for 20 min at 37°C.
The pH of HBSS in the apical chambers was adjusted to pH 6 to simulate the “microclimate” of
small intestine'?: 122, Transepithelial resistance (TER) of each filter was measured at the end of the
rinsing step. The buffer was then decanted from the filters and the filters were transferred to a new
12-well plate containing 1.2 mL of pre-warmed HBSS (containing 0.01% ascorbic acid, pH 7.4,
37°C) in each well. 0.45 mL donor solutions were added to the filters, and 0.05 mL sample was
withdrawn from each filter immediately. The plate was incubated at 37°C under gentle shaking. 0.6
mL samples were withdrawn from the basolateral chambers at 20, 40, 60, 80, 100, 120 min, and
replaced with 0.6 mL pre-warmed HBSS (containing 0.01% ascorbic acid, pH 7.4, 37°C). 0.05 mL
sample was withdrawn from each apical compartment at the end of the experiment. TER of each
filter was measured before sampling at each time interval. After 2 h experiment, HBSS in both
apical and basolateral chambers were replaced with culture medium and incubated at 37°C for

another 22 h, and TER was measured after incubation.

To analyze the concentration of TF-3 in the samples, 100 uL. TF-1 dissolved in 0.1 M HCI
solution was added into each sample as the internal standard. The samples were extracted with 600
uL ethyl acetate twice. The upper phases were collected and dried completely with N». The residues
were dissolved in 100 puL 0.1 M HCI, and the concentrations of TF-1 and TF-3 were determined by

the simplified HPLC as described in section 2.2.9.

The apparent permeability coefficient (Papp) Was calculated by the following equation®?

— 4 1 -
Papp = YT eq. 5-2

where dQ/dt is the steady-state flux (umol/s), A is the surface area of the filter (1.131 cm?), Co is

the initial concentration of TF-3 in the donor solutions (uM).
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5.4. Results and Discussion

5.4.1. Characterization of the CS-CPPs Nanocomplexes Encapsulated with TF-3

The CS-CPPs nanocomplex composed of CS:CPPs = 2 was used to encapsulate TF-3. The
encapsulation process can be described as: TF-3 was first bonded to CPPs molecules through
hydrogen bond (CHAPTER 1V), then the TF-3/CPPs mixture interacted with CS via predominantly

electrostatic interaction (CHAPTER III).

When increasing amount of TF-3 was incorporated into the nanocomplex, the particle size
increased from 186 nm (TF-3:CPPs=0, Table 3-1) to 295 nm (TF-3:CPPs=1) accordingly (Table
5-1). The PDI values were all in the range of 0.2 — 0.3, indicating that the size distribution of the
CS-CPPs nanocomplexes encapsulated with TF-3 was narrow. The { — potential values were almost
consistent at + 22 mV when TF-3:CPPs increased from 0.1 to 1. The high positive { — potential
indicates that the CS-CPPs nanocomplex was a promising delivery system for TF-3 since the
positive charges could facilitate the electrostatic interaction between the TF-3 loaded
nanocomplexes and the negatively charged biological barriers, such as mucus layer and cell
membrane. The encapsulation efficiencies of all tested groups were all higher than 98%, indicating

that the TF-3 molecules were strongly associated with the CS-CPPs nanocomplexes.

AFM was utilized with tapping mode to study the morphology of the CS-CPPs nanocomplexes
encapsulated with TF-3 (Figure 5-1). When small amount of TF-3 (TF-3:CPPs = 0.1, Figure 5-1B)
was encapsulated, the nanocomplexes still remained sphere, and the surface was smooth, which
was similar as the nanocomplex (CS:CPPs=2) without encapsulation of TF-3 (Figure 5-1A). When
high concentration of TF-3 (TF-3:CPPs = 1, Figure 5-1C) was incorporated, the shape of the

nanocomplex became irregular, which is due to formation of aggregates.
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Figure 5-1. Morphologies of the CS-CPPs nanocomplexes encapsulated with TF-3 at TF-3:CPPs

ratios of (A) 0, (B) 0.1 and (C) 1.

Table 5-1. Particle size, PDI, { — potential and encapsulation efficiency of the CS-CPPs

nanocomplexes encapsulated with different concentrations of TF-3

TF-3: CPPs  Particle Size (nm) PDI C - Potential Encapsulation

(mV) Efficiency (%)
01:1 214.547.6 0.27440.046 +22.440.3 10040.1
02:1 218.015.9 0.23640.026 + 22.240.6 10040.2
04:1 240.312.8 0.27440.055 +22.540.3 99.840.2
06:1 246.1+4.8 0.20240.026 +21.640.1 99.7H).4
08:1 281.844.3 0.22640.019 +21.640.4 99.740.1
1:1 295.443.3 0.21140.011 +21.640.6 98.3#0.5

The microstructures of the CS-CPPs nanocomplexes encapsulated with TF-3 were

characterized by USAXS and SAXS. The scattering profiles of the nanocomplexes after

encapsulation showed similar pattern as the non-encapsulated curve in g > 0.01 A, where these

scattering curves displayed the decay of 1(q) ~ g* (Figure 5-2A), suggesting presence of globular

structures with smooth surface. However, in the ultra-small g range (q < 0.001A™), notable

difference is observed. All the scattering curves of the encapsulated groups upturn. This feature
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represents that incorporation of TF-3 lead to aggregation of the nanocomplexes in fractal ways (1(q)
~ g1 to ~q29). The Kratky plot also show peaks (Figure 5-2B), suggesting the nanocomplexes
encapsulated with TF-3 remained in folded structures. The position of the peak gradually shifts to

larger g as TF-3 concentration increases, which corresponds to a reduction of Ry of the

nanocomplexes.

Encapsulated TF-3 (mg/mL)

A7
S YO 0 © 0025 o 005

A0 v 015

1(q) (1)

Figure 5-2. (A) Scattering profiles of the nanocomplexes encapsulated with different
concentrations of TF-3. The scattering curves were vertically shifted for clear visualization. (B)

Kratky plot of the nanocomplexes encapsulated with different concentrations of TF-3.
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Table 5-2 lists the Ry of the nanocomplexes encapsulated with different concentrations of TF-
3. The Ry decreased as the concentration of encapsulated TF-3 increased. When TF-3 was
incorporated, it can bind with both CS and CPPs, which condensed the nanocomplexes into a more
compact structure. Nevertheless, increasing TF-3 concentration could expose more TF-3 at the
surface of a basic structure of the nanocomplex, which could associate with other neighboring
nanocomplex particle and form aggregates. As a result, the hydrodynamic size increased (Table

5-1).

Table 5-2. Radius of gyration of the CS-CPPs nanocomplexes (CS:CPPs=2:1) encapsulated with

different amount of TF-3

TF-3:CPPs Ry (A)

0.1:11 37647.14
0.2:1 353346.71
04:1 27136.71
0.6:1 23645.05

5.4.2. Evaluation of Cytotoxicity
The cytotoxicity of the nanocomplexes composed of different CS:CPPs weight ratios, pure TF-

3 at different concentrations, and the nanocomplex (CS:CPPs=2) encapsulated with different
amount of TF-3 were evaluated by the MTT assay against the Caco-2 cell line.

As shown in Figure 5-3A, the Caco-2 cells treated with the complexes composed of different
CS:CPPs weight ratios for 24h remained more than 80% viability, which means that these
complexes had low cytotoxicity.

The cytotoxicity of TF-3 (0-50 uM) was investigated for 24h to 72h (Figure 5-3B). After 24h
treatment, TF-3 at these concentrations did not lead to reduction of cell viability. However, treating
Caco-2 cells with TF-3 for 48h and longer resulted in the cell viability lower than 80% at TF-3

concentration > 30 M. Su et al. reported that almost all TF-3 degraded in about 6h at the pH of
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cell culture medium®“. The pH induced degradation of theaflavins yields thearubigins through
auto-oxidation®®. The reduced cell viability after 48h treatment is therefore more likely resulted
from thearubigins.

Although treating the cells with the nanocomplexes encapsulated with TF-3 for 24h resulted in
relatively lower cell viability than pure TF-3 at corresponding concentrations, there were still more
than 75% of viable cells (Figure 5-3C). For longer treatments (48h-72h), the cells treated with the
nanocomplexes encapsulated with TF-3 had almost identical viabilities as the cells treated with
pure TF-3 at same concentration, which means the reduced cell viability would be resulted from
TF-3 (or thearubigins). These results demonstrate that the CS-CPPs nanocomplexes as the

encapsulation systems are low cytotoxic.
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Figure 5-3. Caco-2 cell viability after treating with (A) the CS-CPPs nanocomplexes composed of
different CS:CPPs weight ratios; (B) 0-50 uM TF-3; and (C) the CS-CPPs nanocomplex

encapsulated with 0-50 uM TF-3.
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5.4.3. Caco-2 Transport Experiment

The bioavailability of TF-3 is very likely restricted by its low intestinal permeability. The CS-
CPPs nanocomplexes were designed to encapsulate TF-3, aiming to improve its permeability. The
Caco-2 monolayer transport experiment was performed to investigate the effectiveness of

encapsulation on the intestinal permeability of TF-3.

During 2h experiment, the total amount of transported TF-3 increased 9 times when TF-3 was
encapsulated in the CS-CPPs nanocomplex. The Py 0f pure TF-3 was 3.010 cm/s, while the Papp
of TF-3 encapsulated in the nanocomplex increased to 2.7><10° cm/s, which means TF-3 became
highly permeable through the Caco-2 monolayer after being encapsulated in the CS-CPPs
nanocomplex. This result demonstrates that the CS-CPPs nanocomplex can effectively increase the

intestinal permeability of TF-3, which would potentially increase its bioavailability.

0.0057 _u— pure TF-3

®  Encapsulated TF-3
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Figure 5-4. Cumulative amount of transported TF-3 in pure form and encapsulated by the CS-CPPs

nanocomplex

The enhanced permeability is attributed to CS, which can reversibly and transiently open the

tight junctions between small intestinal epithelial cells'*4. This process can facilitate paracellular
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transport of hydrophilic molecules, such as TF-3. The integrity of the monolayer and status of the
tight junctions were monitored during the experiment by measuring the TER. Before the
experiment, the TER of all monolayers was above 1000 Q-cm™, which means the monolayers were
intact and the tight junctions were closed. By adding the CS-containing samples to the monolayers,
the TER decreased dramatically to 400-500 Q-cm, indicating opening of the tight junctions. After
removal of the CS-containing samples and re-culture of the monolayers with cell culture medium
for another 22h, the TER recovered to the initial values, indicating closure of the tight junctions.

This result indicates the enhanced permeation of TF-3 could be attribute to CS in the nanocomplex

5.5. Conclusions

In this chapter, TF-3 was encapsulated in the CS-CPPs nanocomplex with very high
encapsulation efficiency. These nanocomplexes remained positively charged. Incorporation of TF-
3 made the nanocomplex more compact as reflected by decrease of Rq. However, the hydrodynamic
size of these nanocomplexes increased with the concentration of TF-3 due to formation of
aggregates. The cytotoxicity of these nanocomplexes was low. In addition, the CS-CPPs

nanocomplex can effectively improve the intestinal permeability of TF-3.
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CHAPTER VI. ENHANCING INTESTINAL PERMEABILITY OF
THEAFLAVIN-3,3’-DIGALLATE BY GENIPIN CROSSLINKED
CHITOSAN-CASEINOPHOSPHOPEPTIDES

NANOCOMPLEXES

As of submission of this dissertation, the work in this chapter has been written as a research paper
in the title of “Enhancing Intestinal Permeability of Theaflavin-3,3 -digallate by Genipin

Crosslinked Chitosan-Caseinophosphopeptides Nanocomplexes” which is ready for submission.

6.1. Abstract

The CS-CPPs nanocomplex encapsulated with TF-3 was chemically crosslinked by genipin, in
order to prevent the acid-induced burst release of TF-3. The crosslinking reaction was conducted
in the presence of different concentrations of genipin for different crosslinking durations. The
resulting genipin crosslinked CS-CPPs nanocomplexes (GCNs) showed much better resistance to
the acid-induced size increase. The GCNs encapsulated with TF-3 can effectively improve the

intestinal permeability of TF-3 as demonstrated in the Caco-2 monolayer transport experiment.

6.2. Introduction

The CS-CPPs nanocomplex was designed to encapsulate TF-3, aiming to improve its intestinal
permeability, which would potentially increase its bioavailability. However, as mentioned in
section 1.1.2, the polysaccharide-protein/polypeptide complexes are assembled predominantly
through electrostatic attraction, which is susceptible to change of environmental factors, such as
pH, ionic strength, and temperature. Therefore, using the polysaccharide-protein/polypeptide
complexes as oral delivery systems may have some problems when the complexes go through the
human GIT where the pH changes dramatically from very acidic pH in the stomach to weak acidic

to neutral pH in the small intestine??®, Using crosslinkers to covalently crosslink the polysaccharide-
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protein/polypeptide complexes is a feasible approach to solve this problem. Genipin is a natural
crosslinker that is usually obtained by hydrolyzing geniposide, which is isolated from the fruit of
Gardenia jasminoides Ellis. Genipin is thousand times less toxic than the traditionally used
synthetic crosslinker glutaraldehyde?”’. It is used as a precursor of edible blue pigments in food

industry??,

In this chapter, the CS-CPPs nanocomplex was crosslinked by genipin. The crosslinking
process at different conditions was monitored by the UV-Vis spectra. The genipin crosslinked CS-
CPPs nanocomplexes (GCNs) were applied to encapsulate TF-3. The particle size, {-potential,
morphology, microstructure, and pH stability of these GCNs in the absence and presence of TF-3
were characterized. Caco-2 transport experiment was performed to evaluate the effectiveness of

encapsulation on the intestinal permeability of TF-3.

6.3. Materials and Methods

6.3.1. Materials

CS was purchased from Kunpoong Bio. Co., Ltd. (South Korea) and used as received without
further treatment. CPPs was purchased from Greencream Biotechnology Co., Ltd. (Guangzhou,
China). Genipin (purity > 98%) was purchased from Wako Pure Chemical Industries, Ltd. (VA,
USA). TF-1 and TF-3 were purified from black tea extract as described in section 2.2.8. Caco-2
cell line was purchased from ATCC. DMEM, FBS, non-essential amino acid, and PBS were
purchased from Life Technologies (Gibco®, NY, USA). MTT, DMSO, and HBSS were purchased

from Sigma-Aldrich (MO, USA). Milli-Q water was used in all the experiments.

6.3.2. Preparation and Characterization of the GCNs Encapsulated with TF-3
CS was dissolved in 1% acetic acid containing 10 mM NaCl. CPPs was dissolved in Milli-Q
water containing 10 mM NaCl. The pH of CS and CPPs solutions was adjusted to 6. To prepare the

GCNs, genipin was mixed with 1 mg/mL CS solution for 5 min followed by addition of same
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volume of 0.5 mg/mL CPPs solution dropwise during stirring. To prepare the GCNs encapsulated
with TF-3, equal volumes of TF-3 and 1 mg/mL CPPs were mixed and added into the CS/genipin
mixture during stirring (the final concentration of genipin was kept at 0.5 mg/mL). The crosslinking

reaction was carried at 25°C.

The UV-Vis spectra of the CS-CPPs nanocomplexes crosslinked with different concentrations
of genipin and different crosslinking durations were measured on a Cary 60 UV-Vis
Spectrophotometer (Agilent Technologies, CA, USA). The GCNs were diluted with Milli-Q water
(10 mM NacCl, pH 6) and the UV-Vis spectra were collected from 800 nm to 200 nm with the scan

rate of 300 nm/min.

The particle sizes of the GCNs and GCNs encapsulated with TF-3 were measured on a 90Plus
Particle Size Analyzer equipped with a Brookhaven BI-9000AT digital correlator (Brookhaven
Instruments Corporation, NY, USA). All measurements were conducted at the fixed scattering
angle of 90< The particle size was obtained through a series of calculations from the intensity-

intensity autocorrelation function G(q,t)?*°.

Measurements of the (-potentials were conducted on a Nano ZS Zetasizer (Malvern
Instruments Ltd., MA, USA). The GCNs and GCNs encapsulated with TF-3 were diluted 1:2 with
Milli-Q water (10 mM NaCl, pH 6) before measurements. The electrophoretic mobility of these
particles was measured and converted to their (-potentials by the Helmholtz-Smoluchowski

equation. The measurements were triplicated at 25°C.

The morphologies were monitored by a Nanoscope Illa Multi-Mode AFM (Veeco Instruments
Inc., CA, USA) with tapping mode. Freshly made samples were diluted with Milli-Q water (10 mM
NaCl, pH 6) and dripped on the surface of pre-cleaned mica slides. The surface of the mica slides

was then rinsed with Milli-Q water and dried with N for analysis.
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The USAXS and SAXS experiments were conducted at beamline 9 ID-C at the APS of Argonne
National Laboratory (Chicago, USA). Samples were filled in the 1 mm-thick silicone isolators
(Grace Bio-Labs, Inc., OR, USA) and sealed with glass slides. The USAXS and SAXS data were

processed and analyzed by the software packages of Indra 2, Irena 2, and Nika 17 2%,

The pH Stability of the GCNs was investigated by adjusting the pH to 2 and stirring for 2h to

simulate retention at the human gastric pH. The particle size was monitored afterwards.

6.3.3. Evaluation of Cytotoxicity

The cytotoxicity of GCNs was evaluated by the MTT assay using Caco-2 cell line. The Caco-
2 cells were cultured according to ATCC recommended method. To start the experiments, 10,000
cell/well Caco-2 cells were seeded in 96 well plate and cultured in 100 uL DMEM (containing 20%
FBS and 1% non-essential amino acid) at 37°C and 5% CO, for 24h. The culture medium was
decanted and the cells were treated with 100 uL. GCNs samples (diluted by cell culture medium)
and cultured at 37°C and 5% CO; for another 24h. The samples were then removed and the cells
were rinsed with 100 uL PBS. PBS was then replaced with 100 uL MTT (0.5 mg/mL) and incubated
at 37°C and 5% CO; for 4h. The MTT solution was then decanted and 100 u. DMSO was added
in each well. The absorbance of the solution in each well was measured by a microplate reader

(BioTek Instruments Inc., VT, USA) at 570 nm. All experiments were performed in triplicate.

6.3.4. Caco-2 Transport Experiment

The Caco-2 transport experiments were performed according to Hubatsch et al. method?®. 0.5
mL Caco-2 cell (6x10° cell/mL) was seeded in each apical compartment (diameter 12 mm, pore
size 0.4 um permeable membrane) of 12 well plate (Costar®, Corning Inc., NY, USA), and 1.5 mL
culture medium was added in each basolateral chamber. Cells were cultivated at 37°C and 5% CO>
for 25 days before the transport experiment. Culture media in both apical and basolateral chambers

were replaced every two days and the media were finally replaced 24 h before the experiment. Pure
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TF-3 and the GCNs encapsulated with TF-3 (crosslinked by 0.1 mg/mL, 0.5 mg/mL, and 1 mg/mL
genipin for 4h) were diluted with HBSS (containing 0.01% ascorbic acid, pH 6) as the donor
solutions. The final concentration of TF-3 in all the donor solutions was 20 uM. To start the
experiment, medium in the apical side was decanted and the filters were transferred to a new 12
well plate containing 1.5 mL pre-warmed HBSS (containing 0.01% ascorbic acid, pH 7.4, 37°C) in
each well. 0.5 mL of pre-warmed HBSS (containing 0.01% ascorbic acid, pH 6, 37°C) was added
to each apical compartment to rinse the Caco-2 monolayer under gentle shaking (100 rpm) for 20
min at 37°C. The pH of HBSS in the apical chambers was adjusted to pH 6 to simulate the
“microclimate” of small intestine?! 122, TER of each filter was measured at the end of the rinsing
step. The buffer was then decanted from the filters and the filters were transferred to a new 12-well
plate containing 1.2 mL of pre-warmed HBSS (containing 0.01% ascorbic acid, pH 7.4, 37°C) in
each well. 0.45 mL donor solutions were added to the filters, and 0.05 mL sample was withdrawn
from each filter immediately. The plate was incubated at 37°C under gentle shaking. 0.6 mL
samples were withdrawn from the basolateral chambers at 20, 40, 60, 80, 100, 120 min, and
replaced with 0.6 mL pre-warmed HBSS (containing 0.01% ascorbic acid, pH 7.4, 37°C). 0.05 mL
sample was withdrawn from each apical compartment at the end of the experiment. TER of each
filter was measured before sampling at each time interval. After 2 h experiment, HBSS in both
apical and basolateral chambers were replaced with culture medium and incubated at 37°C for
another 22 h, and TER was measured after incubation.

To analyze the concentration of TF-3 in the samples, 100 uL. TF-1 dissolved in 0.1 M HCI
solution was added into each sample as the internal standard. The samples were extracted with 600
uL ethyl acetate twice. The upper phases were collected and dried completely with N». The residues
were dissolved in 100 puL 0.1 M HCI, and the concentrations of TF-1 and TF-3 were determined by

HPLC as described in section 2.2.9. The P4y, was calculated by eq. 5-2%%,
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6.4. Results and Discussion

Genipin is a natural crosslinker. It can react with the primary amine groups. The crosslinking
reactions of genipin with primary amine groups are pH dependent. In the acidic to neutral
conditions, the primary amine group nucleophilically reacts with the carbon atom on C3 position
of genipin molecule, followed by opening of the dihydropyran ring and formation of an aldehyde
group. This intermediate aldehyde group further reacts with the secondary amine group, forming a
heterocyclic molecule. Another crosslinking route that happens in acidic to neutral conditions
involves the conversion of the ester group on genipin molecule into the secondary amide bond?.
These molecules can further undergo dimerization, trimerization, and tetramerization?% 2%, In the
basic condition, genipin molecules can undergo self-polymerization through aldol condensation®2

2% The polymerized genipin then reacts with molecules that contain primary amine groups.

6.4.1. UV-Vis Spectrum

The UV-Vis spectrum was firstly used to monitor the crosslinking process. The CS-CPPs
nanocomplex without genipin crosslinking exhibited identical UV-Vis spectra during 16h stirring
(Figure 6-1A). However, after addition of genipin, the absorption peak at 240 nm appeared at the
beginning (0h) of the crosslinking reaction. This peak gradually decreased as the reaction extended
(Figure 6-1B and C). The peak at 240 nm was attributed to absorption of genipin molecules?®.
Decreasing of this peak therefore owes to decreased amount of free genipin molecules during the
crosslinking reaction. Another peak at 290 nm appeared after 2h reaction and the intensity of this
peak gradually increased as the reaction extended. This characteristic peak at 290 nm was attributed
to absorption of the heterocyclic molecule formed in acidic to neutral conditions?®. These results

demonstrate that the crosslinking process was initiated after 2h reaction.
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Figure 6-1. UV-Vis spectra of the CS-CPPs nanocomplexes crosslinked by (A) 0 mg/mL, (B) 0.5

mg/mL, and (C) 1mg/mL genipin for different crosslinking durations
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6.4.2. Characterization of the GCNs Encapsulated with TF-3

The particle sizes of the CS-CPPs nanocomplexes crosslinked by different concentrations of
genipin with different crosslinking durations are shown in Figure 6-2A. When the nanocomplexes
were crosslinked by 0.1-0.3 mg/mL genipin, the particle size kept decreasing over 48h crosslinking
reaction, suggesting that these nanocomplexes became more compact upon crosslinking. The
particle size of the nanocomplex crosslinked by 0.5 mg/mL genipin first decreased and then leveled
off. When the concentration of genipin increased to 0.7 mg/mL, the particle size decreased until
16h and then increased. Visible large aggregates were observed after even longer crosslinking. The
sizes of these aggregates were unable to be measured. Rise of particle size after 16h crosslinking
was due to the dimerization, trimerization, tetramerization process. Further increasing the genipin
concentration to 1 mg/mL led to faster decrease of the particle size until 16h followed by formation

of large aggregates.

Different concentrations of TF-3 (TF-3:CPPs = 0.1, 0.4, 0.8) were then encapsulated in the
GCNs (concentration of genipin was 0.5 mg/mL). As shown in Figure 6-2B, after encapsulation,
the particle size increased with the concentration of encapsulated TF-3. The size of these GCNs
encapsulated TF-3 also decreased as the crosslinking reaction extended until 16h and then leveled
off, which was similar to the nanocomplex crosslinked by 0.5 mg/mL genipin without

encapsulation of TF-3.
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Figure 6-2. Particle sizes of (A) the CS-CPPs nanocomplexes crosslinked by different
concentrations of genipin (0-1 mg/mL) and different crosslinking durations (0-48h), and (B) GCNs
encapsulated with different concentrations of TF-3 (TF-3:CPPs = 0-0.8, concentration of genipin

was 0.5 mg/mL).

The (-potentials of the nanocomplexes without crosslinking remained almost constant while
the C-potentials of the GCNs decreased as the crosslinking reaction extended (Figure 6-3A). Higher
concentration of genipin led to faster decrease of the (-potential. The decrease of {-potential was
due to loss of the primary amine groups which carried positive charges at pH 6. After incorporation
of TF-3 into the GCNs, the (-potentials did not change significantly compared to the non-

encapsulated group (Figure 6-3B). The positive charges can facilitate binding of GCNs with the
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negatively charged mucus layer'!3, which could prolong the retention time of the GCNs loaded with

TF-3 on small intestinal epithelial cells.
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Figure 6-3. (—potentials of (A) CS-CPPs nanocomplexes crosslinked by different concentrations
of genipin (0, 0.5, 1 mg/mL) for different crosslinking durations (0-48h), and (B) GCNs

encapsulated with different concentrations of TF-3 (TF-3:CPPs=0-0.8, concentration of genipin

was 0.5 mg/mL).

Figure 6-4 shows the morphologies of the nanocomplexes crosslinked by 0.5 mg/mL genipin
for different crosslinking durations (Figure 6-4A-C) and encapsulated with different amount of TF-

3 (Figure 6-4D-F). Generally, these GCNs remained as spherical particles. The relative sizes of
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these GCNs observed from the AFM images were same as the dynamic light scattering results

(Figure 6-2).

100.0 nm

50.0 nm

0.0 nm

Figure 6-4. AFM images of the CS-CPPs nanocomplexes crosslinked by 0.5 mg/mL genipin for
(A) Oh, (B) 8h, and (C) 24h, and crosslinked by 0.5 mg/mL genipin for 4 h and encapsulated with

TF-3 with the TF-3:CPPs weight ratio of (D) 0.1, (E) 0.4, and (F) 0.8.

The microstructures of the GCNs in the absence and presence of TF-3 were characterized by
the USAXS coupled with SAXS, which provide the structural information at the length scale from
nanometer to micrometer. The scattering profiles of the CS-CPPs nanocomplexes crosslinked by
different concentrations of genipin with different crosslinking durations are displayed in Figure 6-5.
The conformation of an object in solution is usually described by its fractal dimension a. The
scattering intensity 1(q) of the object with fractal dimension a follows the power law 1(q) ~ g The
overall structure of a single GCN particle is reflected in the small to intermediate ¢ range (0.004 A-
1 < q<0.03 AY). As shown in Figure 6-5, after 4h crosslinking reaction, the scattering decay
changed from I(q) ~ g3 to I(q) ~ q*® as the concentration of genipin increased from 0 mg/mL to
1 mg/mL, which means the crosslinking reaction changed the shape of the GCNs. It was also
noticed that at the ultra-small g range, the nanocomplexes without crosslinking (0 mg/mL genipin)
showed upturned intensity at g < 0.001 A%, suggesting large aggregates formed and the aggregates

existed in globular shape (1(q) ~ g®). The nanocomplexes crosslinked with 0.1 mg/mL genipin for
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4h still aggregated, but the aggregates existed in a different fractal way (1(q) ~ g°). However, the
nanocomplexes crosslinked by higher concentrations of genipin (0.5-1 mg/mL) showed plateau at

q < 0.001 A, indicating these particles became more homogeneous.

However, when the crosslinking reaction extended to 8h and longer, all the scattering curves
upturned at g < 0.001 A (Figure 6-5B-D), which means longer crosslinking resulted in aggregation
(dimerization, trimerization, and tetramerization). The fractal dimension of these aggregates was
around 1. It was also observed that as the crosslinking reaction continued, the scattering curves in
the intermedium ¢ range tend to decay in I(q) ~ g*7. This result demonstrated that the shape of
GCNs crosslinked by different concentrations of genipin may eventually become identical upon

24h reaction.

It is interesting to observe that there was a peak appearing at 0.43 A%, which correspond to the
length scale of 14.6 A in the real space. This is probably related to the internal structure within the

GCNeE.
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Figure 6-5. USAXS and SAXS of the CS-CPPs nanocomplexes crosslinked by different
concentrations of genipin for (A) 4h, (B) 8h, (C) 16h, and (D) 24h (inset is the fitting of
nanocomplex crosslinked by 0.1 mg/mL genipin for 24h). The scattering curves were vertically

shifted for better visualization.

The Ry of the GCNs was calculated by the Irena software by fitting the scattering curves (Figure
6-5D inset). As listed in Table 6-1, the Ry of the GCNs changed in the same way as the

hydrodynamic size (Figure 6-2A) when the crosslinking reaction extended.
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Table 6-1. Radius of gyration of the CS-CPPs nanocomplexes crosslinked by different

concentrations of genipin for different crosslinking durations

Crosslinking Duration

(h) 0 mg/mL 0.1 mg/mL 0.5 mg/mL 1 mg/mL
genipin genipin genipin genipin
4 351.1 282.0 271.3 264.8
8 332.6 275.6 229.6 207.3
16 297.3 240.0 227.5 211.6
24 245.6 235.0 227.4 N/A

N/A: not applicable

The microstructures of the GCNs (crosslinked by 0.5 mg/mL genipin) encapsulated with

different concentrations of TF-3 were further characterized. Generally, the encapsulated groups

displayed similar scattering pattern as the non-encapsulated groups (Figure 6-6), which indicates

incorporation of TF-3 did not significantly change the shape of the GCNSs.
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Figure 6-6. USAXS and SAXS of the nanocomplexes encapsulated with different amount of TF-3

and crosslinked by 0.5 mg/mL genipin for (A) 4h (inset is the fitting of TF-3:CPPs=0.1), (B) 8h,

(C) 16h, and (D) 24h. The scattering curves are vertically shifted for better visualization.

Table 6-2 list the Ry of the GCNs encapsulated with different concentrations of TF-3. It was
noticed that incorporation of TF-3 increased the Ry of GCNSs, which is also similar as the trend of

hydrodynamic size change (Figure 6-2B). Higher concentration of TF-3 lead to larger Rq.
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Table 6-2. Radius of gyration of the GCNs encapsulated with different concentrations of TF-3

Crosslinking Duration Rg (A)
(h) TF-3:CPPs = TF-3:CPPs = TF-3:CPPs = TF-3:CPPs =
0 0.1 0.4 0.8
4 271.3 273.2 278.1 284.4
8 229.6 244.9 253.4 265.5
16 227.5 241.4 248.4 262.2
24 227.4 235.8 240.5 248.6

The polysaccharide-protein/polypeptide complexes are predominantly associated by
electrostatic interaction, which is susceptible to pH change. Exposing these complexes in acidic
environment e.g. gastric environment may cause burst release of the loaded molecules. One way to
solve this problem is wusing crosslinker to covalently crosslink the polysaccharide-
protein/polypeptide complexes. The pH of the GCNs after crosslinking was adjusted to pH 2 and
stayed for 2h to mimic retention at gastric environment. The particle sizes after exposure to pH 2
were compared with their initial sizes (at pH 6). As shown in Figure 6-7, the particle size of the
nanocomplexes without crosslinking increased dramatically. Nanocomplexes crosslinked by
genipin were more resistant to acid-induced size increase. Higher concentration of genipin and
longer crosslinking duration lead to smaller increase of the particle size because these two
parameters can give rise to higher degree of crosslinking. This result demonstrates that using
genipin to crosslink the CS-CPPs nanocomplexes can effectively inhibit dissociation of the

nanocomplexes, and therefore prevent burst release of the encapsulated TF-3.
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Figure 6-7. Comparison of the particle sizes of the nanocomplexes crosslinked with 0 - 1 mg/mL

genipin for (A) 4h, (B) 8h, (C) 16h, and (D) 24h at pH 6 and after exposing at pH 2 for 2h.

6.4.3. Evaluation of the Cytotoxicity

The cytotoxicity of the GCNs on Caco-2 cell line was screened using MTT assay before the

transport experiment. Generally, these GCNs were low-cytotoxic as reflected by cell viability

higher than 80% viability in most conditions except for the groups treated with high level of GCNs

which were crosslinked by high concentration of genipin and/or for long crosslinking duration (i.e.

75ug/mL GCNs crosslinked by 1 mg/ml genipin for 4h and 8h, 37.5-75 pg/mL GCNs crosslinked

by 1 mg/ml genipin for 16h, and 75ug/mL GCNs crosslinked by 0.5 mg/ml genipin for 24h) (Figure

6-8).
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Figure 6-8. Viabilities of Caco-2 cell treated with GCNs crosslinked with 0.1-1 mg/mL genipin

for (A) 4h, (B) 8h, (C) 16h, and (D) 24h at 25°C

6.4.4. Evaluation of the Intestinal Permeability

The bioavailability of TFs is extremely low!¥’. According to the Lipinski’s “rule of 57, any
molecule meets 2 of the following 4 conditions would be expected to have poor absorption or
permeation: (i) Mw over 500, (ii) logP over 5 or MlogP over 4.15, (iii) has more than 5 hydrogen
bond donors, (iv) has more than 10 hydrogen bond acceptorsi®®. TF-3 is a polyhydroxylated
polyphenol with 13 hydroxyl groups and molecular weight of 868 g/mol. Therefore, it is very likely
that the low bioavailability of TF-3 stems from its low permeability through small intestinal

epithelium.
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The human colon carcinoma Caco-2 cells grown on a permeable filter for at least 21 days can
differentiate into a monolayer which has similar functionality of human small intestinal villus
epithelium. Therefore, the Caco-2 monolayer model is a golden standard to predict the in vitro
permeability and absorption of drugs?®. The intestinal permeability of TF-3 in pure form and in
encapsulated form was investigated by the Caco-2 monolayer transport model for 2h. As shown in
Figure 6-9, the total amount of transported TF-3 encapsulated in the GCNs was 7.8 to 9.5 folds of
pure TF-3. GCNs crosslinked by higher concentration of genipin slightly lowered the cumulative
amount of transported TF-3, which is probably due to slower release of TF-3 from the GCNs

crosslinked by higher concentration of genipin.
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Figure 6-9. Cumulative fraction of transported TF-3

The Papp of pure TF-3 was 3.05%10° cm/s, while the Pap, increased significantly to 2.89x10°
cm/s, 2.56x10° cm/s, and 2.38x10° cm/s when TF-3 was encapsulated in the GCNs which were
crosslinked for 4h with 0.1 mg/mL, 0.5 mg/mL, and 1 mg/mL genipin, respectively. This result

demonstrated that TF-3 encapsulated in the GCNs became highly intestinal permeable.
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The increased intestinal permeability was resulted from CS, which is a permeability enhancer.
It was proved both in vitro and in vivo that CS can reversibly and transiently open the tight junctions
between small intestinal epithelial cells''* 116 118 This process can facilitate paracellular transport
of hydrophilic drugs and nutraceuticals?!. Before treating the Caco-2 monolayers with the samples,
the TER of every monolayer was measured which showed higher than 800 Q-cm? in all the
monolayers, indicating the integrity of the monolayer. During 2h transport experiment, decrease of
TER of the monolayers treated with GCNs encapsulated with TF-3 was observed, which indicates
opening of the tight junctions. Nevertheless, the TER of the monolayer treated with pure TF-3 did
not decrease. After removal of the CS-containing samples and re-culture of the monolayer with cell

culture medium, the TER recovered to initial values, which represents closure of the tight junctions.

6.5. Conclusions

In this chapter, the CS-CPPs nanocomplexes were crosslinked by genipin, a natural crosslinker.
The crosslinking reaction was conducted in the presence of different concentrations of genipin for
different crosslinking durations. The GCNs were used to encapsulate TF-3. It was found that after
crosslinking, the nanocomplexes became more resistant to the acid-induced size increase, which
may be helpful to prevent the burst release of encapsulated TF-3 in human gastric environment.
The Caco-2 transport experiment proved that GCNs can effectively enhance the intestinal

permeability of TF-3, which may improve the bioavailability of TF-3.
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CHAPTER VII. FABRICATION AND CHARACTERIZATION OF
PIKCERING EMULSIONS STABILIZED BY THE CHITOSAN-

CASEINOPHOSPHOPEPTIDES NANOCOMPLEXES

As of submission of this dissertation, the work in this chapter has been written as a research paper
in the title of “Fabrication and Characterization of Emulsions Stabilized by Chitosan-

Caseinophosphopeptides Nanocomplexes” which is ready for submission.

7.1. Abstract

The nanocomplexes assembled from CS and CPPs were utilized to stabilize Pickering
emulsions with medium chain triglyceride (MCT) as the oil phase. There kinds of CS-CPPs
nanocomplexes composed of different CS:CPPs weight ratios [1:1 (C1P1), 2:1 (C2P1), 4:1 (C4P1)]
were prepared and characterized in terms of their particle sizes, contact angles and surface tensions.
Their abilities to stabilize Pickering emulsions were compared. The concentration ranges of these
nanocomplexes that can stabilize Picking emulsion decreased in the following way, C1P1 > C2P1 >
C4P1. The oil fraction (@) that can be stabilized by these three kinds of nanocomplexes at 0.15 wt%
concentration was similar (&©~0.5, w/w). Increasing complex concentration can stabilize even
higher fraction of MCT. The fluorescence microscopic image indicates that the Pickering emulsions
were O/W type Pickering emulsions. These emulsions were stable against ionic strength (0-0.3 M
NaCl) changes after 24h storage but low pH could affect their sizes. The CS-CPPs nanocomplexes
stabilized Pickering emulsions showed gel-like behavior as proved by the rheological

characterization.

7.2. Introduction

As introduced in section 1.2, Pickering emulsions are stabilized by solid particles. They
received extensive attention due to their excellent stability against coalescence and Ostwald

ripening®. Moreover, the feature of surfactants-free during preparation makes them possible to
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avoid the adverse effects that are associated with these surfactants, such as irritancy, hemolytic
behavior, colitis, and metabolic syndromes®” %, Extensive work has been done on Pickering
emulsions stabilized by inorganic and non-food grade organic particles®” *-1%1, Although people
now start to pay attention to the food-grade particles such as proteins'%>1% or polysaccharides®
16 ysing the polysaccharide-protein/polypeptide complexes as the Pickering stabilizers were

relatively less reported.

In this chapter, the CS-CPPs nanocomplexes were used to stabilize Pickering emulsion with
MCT as the oil phase. Three kinds of nanocomplexes were compared in terms of their ability to
stabilize the Pickering emulsions. The stabilities of the Pickering emulsions against pH and ionic
strength changes were characterized. The rheological properties of these Pickering emulsions were

also investigated.

7.3. Materials and Methods

7.3.1. Materials

CS was purchased from Kunpoong Bio. Co., Ltd. (South Korea) and used as received without
further treatment. CPPs was purchased from Greencream Biotechnology Co., Ltd. (Guangzhou,
China). Neobee® 1053 MCT was provided by Stepan Company (IL, USA). Nile red was purchased
from Chem-Impex International, Inc. (IL, USA). Fluorescein isothiocyanate (FITC) was purchased

from Sigma-Aldrich (MO, USA). Milli-Q water was used in all the experiments.

7.3.2. Preparation and Characterization of the CS-CPPs Nanocomplexes

CS was dissolved in 1% acetic acid containing 10 mM NaCl. CPPs were dissolved in Milli-Q
water containing 10 mM NaCl. The pH of CS and CPPs solutions was adjusted to pH 6 followed
by addition of the CPPs solution dropwise into same volume of CS solution during magnetic stirring

to generate the nanocomplexes.
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The FITC labeled CS-CPPs nanocomplexes were prepared in the same way described above
using CPPs and FITC-labeled CS. The FITC-labeled CS was synthesized as described elsewhere?3®
with little modification. Briefly, 50 mL dehydrated methanol and 25 mL 1 mg/mL FITC (dissolved
in methanol) were added into 50 mL 1% CS solution (dissolved in 1% acetic acid) and stirred in
the dark for 3h at ambient temperature. The FITC-labeled CS was then precipitated in 0.25 M
NaOH. The unreacted FITC was removed by centrifugation at 4,000 g for 10 min and washing the
precipitate with methanol:water (70:30, v/v) repeatedly until no fluorescence was detected at
hex=492 nm and Aem=520 nm in the supernatant. The precipitate was re-dissolved in 1% acetic acid
and dialyzed in distilled water for 2 days in the dark. The distilled water was replaced every 6h.

The FITC-labeled CS was then freeze dried for further use.

The particle size of the CS-CPPs nanocomplexes was measured by a 90Plus Particle Size
Analyzer equipped with a Brookhaven BI-9000AT digital correlator (Brookhaven Instruments
Corporation, NY, USA). All measurements were conducted at the fixed scattering angle of 90<
The particle size of the CS-CPPs nanocomplexes was obtained from the intensity-intensity

autocorrelation function

¢ d
G(g,t) = a+bx (exp(— (%) )? eq. 7-1
The normalized autocorrelation function g(qg,t) was obtained using Sigert relation
9(q.t) = [G(q,t) — 1]*/? eq. 7-2
The William-Watts (WW) stretched exponential function was used to fit g(q,t)
_ 13V
9(q,t) = exp[-()"] eq. 7-3

where [ is the distribution parameter ranging from 0 to 1. The mean relaxation times were obtained

from
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<T>= T% eq. 7-4

The diffusion coefficient D was calculated from
D=<t>1qg7? eq. 7-5
where q is the amplitude of scattering vector obtained from

__4nn

q= Tsin(g) eq. 7-6
where n is the solution refractive index; A is the laser wavelength; 0 is the scattering angle. The
hydrodynamics diameter was then calculated by the Stokes-Einstein equation

__ kT
- 3nnD

eq. 7-7

where k is the Boltzmann constant; T is the absolute temperature; 1) is the solvent viscosity.

The morphology of the CS-CPPs nanocomplexes was monitored by a Nanoscope Illa Multi-
Mode AFM (Veeco Instruments Inc., CA, USA) with tapping mode. Fresh made CS-CPPs
nanocomplexes were dripped on the surface of pre-cleaned mica slides and kept for 1h. The surface

of the mica slides was then rinsed with Milli-Q water and dried for analysis.

7.3.3. Contact Angle Measurement

The contact angle was measured on a VCA-Optima XE Dynamic Contact Angle Analyzer
(AST Products, Inc., MA, USA). The CS-CPPs nanocomplexes (8 mg/mL) were dripped onto the
pre-cleaned glass slides and dried before measuring. The images were captured by a CCD camera
immediately after a drop of Milli-Q water (2 uL) was deposited onto the hanocomplexes film
surface. The contact angle was determined by the software associated with the analyzer. At least

ten measurements were repeated and averaged for each sample.
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7.3.4. Surface Tension Measurement

The surface tension of the CS-CPPs nanocomplexes was studied using a contact angle
goniometer (Rame-Hart Instrument Co., NJ, USA). The pendant drop method was applied to
measure the surface tension. Briefly, the CS-CPPs nanocomplexes droplets (5mg/mL) were
hanging to the end of a needle that was immersed in MCT. The shape of the droplets was captured
by a super-speed digital camera and analyzed by the KSV CAM101 software. The surface tension

was calculated by

o = ApgR?/B eq. 7-8

where Ap is the difference of density between nanocomplexes and MCT; g is the gravity constant;
R is the radius of the curvature of the droplet; B is the shape factor determined by Young-Laplace

equation. At least ten measurements were repeated and averaged for each sample.

7.3.5. Preparation and Characterization of the Pickering Emulsions

The CS-CPPs nanocomplexes stabilized Pickering emulsions were generated by mixing MCT
with the CS-CPPs nanocomplexes on a vortex mixer. A typical emulsion (oil fraction & = 0.5 w/w)
stabilized by 0.5 wt% C1P1 nanocomplexes, for example, was fabricated as follows: 2 g MCT and
2 g 1 wt% C1P1 were slowly added into a glass vial. This mixture was vigorously mixed on a
vortex mixer for 1 min at room temperature. The fluorescence labeled Pickering emulsions (& =
0.5 w/w) were prepared in the same way using nile red (1 uM)-stained MCT and FITC-labeled CS-

CPPs nanocomplexes.

The stability of the Pickering emulsions against pH change was determined by 1:5 diluting the
cream layer of the Pickering emulsions with Milli-Q water at pH 2, 4, 6, and 8. Similarly, the
stability against ionic strength change was determined by 1:5 diluting the cream layer of the
Pickering emulsions with Milli-Q water containing 0 M, 0.05 M, 0.1 M, 0.15 M, and 0.3 M NaCl.

The microscopic images were then observed by microscope after 24h storage.
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7.3.6. Visualization of the Pickering Emulsions

The microscopic images of Pickering emulsions were monitored by a Nikon TE-2000-U
inverted fluorescence microscope equipped with a CCD camera (Retiga Exi, Q-imaging). For
visualizing the fluorescence of the Pickering emulsions prepared with nile red-stained MCT and
FITC-labeled nanocomplexes, the light was filtered through the bandpass filters, which yielded the
excitation wavelengths of 488+10 nm for FITC and 55010 nm for nile red. The fluorescence

images were processed by the SimplePCI C-Imaging software (Compix, Inc., PA, USA).

7.3.7. Rheological Measurement

The rheological properties of the Pickering emulsions (& = 0.5 w/w) were measured on a
Discovery HR-2 Hybrid Rheometer (TA Instruments, DE, USA) with 25 mm stainless-steel parallel
plate geometry and a temperature-controlled stainless-steel Peltier plate. Dynamic strain sweep
tests (0.1%-100% strain at 0.1 Hz frequency) were carried out to determine the linear viscoelastic
region before each dynamic frequency sweep test, which adopted the strain value of 5% and the
angular frequency ® from 0.1 to 100 rad/s with 20 data points per decade. All the measurements

were carried out at 25°C.

7.4. Results and Discussion

7.4.1. Preparation and Characterization of the CS-CPPs Nanocomplexes

Three kinds of CS-CPPs nanocomplexes were assembled with CS:CPPs weight ratio of 1:1
(C1P1), 2:1 (C2P1), and 4:1 (C4P1). The CS molecules were cationic and CPPs were anionic at
pH 6. They strongly associated with each other via predominantly electrostatic attraction. Different
concentrations of the CS-CPPs nanocomplexes were prepared and their representative AFM height
images are shown in Figure 7-1A-C. 0.3 wt% C1P1 (Figure 7-1A) and C2P1 (Figure 7-1B) were
almost single particles with spherical shape, while C4P1 (Figure 7-1C) at the same concentration

had irregular shape, which could be resulted from the aggregation of single particles. The particle
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sizes were obtained by fitting the correlation functions (Figure 7-1D-F) and calculated by eq. 7-1

to eq. 7-7. Generally, the particle size of the nanocomplex increased with the content of CS. The

particle sizes of 0.3 wt% C1P1, C2P1 and C4P1 were 295 nm, 340 nm, and 386 nm, respectively.
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Figure 7-1. AFM height images of 0.3 wt% (A) C1P1, (B) C2P1, and (C) C4P1. Correlation

function fitting for mean size of 0.3 wt% (D) C1P1, (E) C2P1, and (F) C4P1.

The contact angles of C1P1, C2P1, and C4P1 at the air-water interface were measured at

constant concentration (8 mg/mL). The representative data of the contact angles are shown in

Figure 7-2. Their contact angles at the air-water interface were 37.545.3< 26.942.5<and 17.0+1.9%

respectively. This decreased contact angle indicates that the surface hydrophilicity of the

nanocomplexes increased. This phenomenon may be attributed to increasing proportion of CS in

the nanocomplexes. CS is the N-deacetylated derivative of chitin (B-(1—4)-N-acetyl-D-

glucosamine). The CS molecule itself is hydrophilic due to presence of the amine groups when

environmental pH is below its pK, value (6.3~6.4)!2, Therefore, the nanocomplexes became more

hydrophilic when the surface was more saturated with CS molecules.
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Figure 7-2. Representative contact angles of 8 mg/mL (A) C1P1, (B) C2P1, and (C) C4P1 at the

air-water interface.

The interfacial properties of the CS-CPPs nanocomplexes were also characterized by
measuring their surface tensions at the oil-water interface. The surface tensions of 5 mg/mL C1P1,
C2P1, and C4P1 were 18.4940.58 mN/m, 19.2840.76 mN/m, and 20.0140.13 mN/m, respectively.
It was reported that the peptides hydrolyzed from caseins were surface active®”-2%, which could
reduce the surface tension. Thus, higher CS:CPPs weight ratio which reduced the opportunity of
exposing CPPs at the nanocomplex surface could increase the surface tension between the

nanocomplexes and MCT.

7.4.2. Characterization of the Pickering Emulsions
To study the impacts of nanocomplex composition on their ability as the Pickering stabilizer,

C1P1, C2P1, and C4P1 were mixed with equal weight of MCT (oil fraction @ = 0.5 w/w), yielding
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the final nanocomplex concentrations ranged from 0.05 wt% to 0.5 wt%. As shown in Figure 7-3,
C1P1can stabilize the Pickering emulsions at the concentration ranging from 0.05 wt% to 0.5 wt%,
while for the other two kinds of CS-CPPs nanocomplexes, only 0.05-0.25 wt% C2P1 and 0.05-0.15
wt% C4P1 can form stable Pickering emulsions. The reason for the narrower concentration ranges
of C2P1 and C4P1that can stabilize Pickering emulsion could be attributed to their higher surface
hydrophilicity. The droplet size of Pickering emulsion stabilized by C1P1 decreased gradually from
400-500 um (0.05 wt% C1P1) to 150-200 pum (0.25 wt% C1P1). Further increasing C1P1
concentration did not significantly change the emulsion droplet size. This result is similar to the
general observations that the droplet size of Pickering emulsion decreases with increasing
concentrations of the colloidal particles to a certain value, after which the droplet size becomes
almost constant'% 1%, The reduction of emulsion droplet size was related to higher amount of
nanocomplexes that can cover larger interfacial area. It was also found that the sizes of emulsion
stabilized by C2P1 and C4P1 were larger than those stabilized by C1P1 at corresponding
concentrations. In all the Pickering emulsions, creaming was observed. As the concentration of the
nanocomplexes increased, the serum layer became more turbid, indicating that excess amount of

nanocomplexes that were not adsorbed to the oil-water interface was appearing in the serum layer.
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Figure 7-3. Pickering emulsions stabilized by different concentrations of the CS-CPPs

nanocomplexes, @ = 0.5 w/w. The scale bar is 100 um.

Fluorescence labeling was used to determine the type of the CS-CPPs nanocomplexes
stabilized Pickering emulsions. MCT was pre-stained with nile red, which released red fluorescence.
CS molecules were labeled with FITC, which emitted green fluorescence. As shown in Figure 7-4,
the red oil droplets were surrounded by the green nanocomplexes, indicating that the CS-CPPs
nanocomplexes were adsorbed on the surface of the oil droplets. This result demonstrates that the

CS-CPPs nanocomplex stabilized Pickering emulsions were O/W emulsions.

100 pm

Figure 7-4. Fluorescence microscopy (overlay) images of Pickering emulsion formed by nile red

(1 uM)-stained MCT and FITC-labeled 0.25 wt% C1P1. The scale bar is 100 um.
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The fraction of oil that can be stabilized by the CS-CPPs nanocomplexes were investigated at
@ =20%-80% (w/w). As shown in Figure 7-5, the Pickering emulsions containing 20%-40% MCT
can be stabilized by 0.15 wt% C1P1, C2P1, and C4P1, while higher oil fraction (60%-80%) cannot
be stabilized. Therefore, it is concluded that these three kinds of nanocomplexes at 0.15 wt%
concentration can stabilize at least 50% MCT (Figure 7-3). When the concentration of C1P1
increased to 0.25 wt%, 60% MCT was stabilized, indicating that more oil can be stabilized with
higher concentration of nanocomplexes. It was observed that the emulsion droplet sizes increased
with the oil fraction, because the amount of available nanocomplexes for covering the oil-water
interface became relatively less when the oil fraction increased. The thickness of the cream layer

also increased with the oil fraction.

Figure 7-5. Pickering emulsions of different oil fractions (& =0.2-0.8 w/w) stabilized by (A) 0.15
wt% C1P1, (B) 0.15 wt% C2P1, (C) 0.15 wt% C4P1, and (D) 0.25 wt% C1P1. The scale bar is 100

um.
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Complexation between polysaccharides and proteins/polypeptides dependents on
environmental pH because pH determines the charge density of these polyelectrolytes (section
3.4.1). The pH stability of the CS-CPPs nanocomplexes stabilized Pickering emulsions was
characterized by diluting the cream layers of the Pickering emulsions with Milli-Q water at pH 2-
8. This pH range covered 3 states of the CS-CPPs binary components system. At pH 2, CS and
CPPs repelled with each other and they cannot assemble into complex because they all carried
positive charges. At pH 4 and 6, CS and CPPs carried opposite net charges and they self-assembled
into complexes through electrostatic attraction. At pH 8, no electrostatic attraction occurred
between CS and CPPs because of neutralization of CS (section 3.4.1). This pH range also covered
the pH of human stomach, small intestine, and most foods. After 24h storage, no macroscopic phase
separation was observed (Figure 7-6). Microscopic images show that at pH 2 the droplet sizes of
the tested Pickering emulsions became smaller. These emulsions were also easier to spread on the
glass slides upon microscopical observation. This phenomenon could be resulted from disassembly
of the nanocomplexes at pH 2. The droplet size at pH 4-8 did not change much. Jourdain et al.
reported that the pH stability of Pickering emulsions stabilized by dextran sulfate-sodium caseinate
complex depended on the concentration of dextran sulfate?. In their study, higher concentration
of dextran sulfate provided better resistance to acidification. In the present system, the pH stability
was relatively independent on the concentration of CS. Higher concentration of C1P1 did not

improve the stability at pH 2.
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0.15% CIP1

0.15% C2P1

0.15% C4P1

0.25% C1P1

0.5% CI1P1

Figure 7-6. pH stability of Pickering emulsions stabilized by the CS-CPPs nanocomplexes, @ =

0.5 w/w. The scale bar is 100 pum.

It is well documented that NaCl at high concentrations can inhibit the electrostatic interaction
between proteins/polypeptides and polysaccharides since NaCl can screen the charge density. This
phenomenon was also observed in complexation between CS and CPPs (CHAPTER I11). Herein
the stability of Pickering emulsions against ionic strength change was studied. As shown in Figure
7-7, when subjected to 0-0.3 M NacCl, the emulsion droplet size remained almost unchanged after
24h storage, which means that these Pickering emulsions were stable at this ionic strength range.
This result also implies that the CS-CPPs nanocomplexes stabilized Pickering emulsions could be

stable at physiological ionic strength (0.15 M NaCl).
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0.15% CI1P1

0.15% C2P1

0.15% C4P1

0.25% CI1P1

0.5% CIPI

Figure 7-7. Stability of CS-CPPs nanocomplexes stabilized Pickering emulsions against ionic

strength change, @ = 0.5 w/w. The scale bar is 100 pum.

7.4.3. Rheological Properties

Before each oscillating frequency sweep, the dynamic strain sweep tests were carried out from
0.1% to 100% strain at fixed 0.1 Hz frequency to obtain the linear viscoelastic regions. The strain
value of 5% was adopted as it was within the linear viscoelastic regions of all the tested Pickering

emulsions.

In a rheological study of the Pickering emulsion stabilized by CS-sodium caseinate complex,
the storage modulus G’ was consistently lower than the loss modulus G” over the frequency range
of 0.1-100 Hz?*t, The CS-CPPs nanocomplexes stabilized Pickering emulsions did not show same
rheological manners. These Pickering emulsions were highly viscous. They did not flow even when

the vials were inverted, which means they may behave like gel. The rheological behaviors of the
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Pickering emulsions stabilized by different nanocomplexes at 0.15 wt% concentration were firstly
compared. They exhibited similar manner with G’ greater than G” over the tested angular frequency
range (Figure 7-8A, B, C). Both G’ and G” were independent of frequency at low angular frequency.
These results confirm that the Pickering emulsions stabilized by the CS-CPPs nanocomplexes had
gel-like property. This gel-like behavior could be attributed to formation of three-dimensional
particle network. When comparing emulsions stabilized by different concentrations of C1P1, it was
found that G” and G” were almost identical in these Pickering emulsions (Figure 7-8A, D, E). The
decreasing complex viscosity (n*) in all the tested Pickering emulsions upon increasing angular

frequency reflects breakdown of the network within the emulsions?#,

A} oG B oG C ] oG
Ly, G" G" N G"
LA Y A
2, A g n* o e
100 ., al 100 "
7 4 el o o Yo
£ : D T cru:ELE“Jr':HJJ s iy, -WT:I‘}LG(
= = [TTTCILIIIIITIIIE I ‘ & & Ty
b e R e o
= = = e
] 2 R, 5 o,
g N g 104 2y
2 20 M, 210 Dy,
= =3 D & Dy
o 5 o o ity
= I 5
] ) L > Q’N
Wy, © T,
| T, | D,
Ty, 2y,
N
0.1 1 10 100 0.1 1 10 100 0.1 1 10 100
Frequence (rad/s) Frequence (rad/s) Frequence (rad/s)
D1 oG
% G

2y,
2y A ot
~ 100 oy,
Ty,

jea)
N ey
T
mmmmjﬁgr-E#L—-
N

ke
104

G, G" (Pa)and n* (Pa

G',G" (Pa) and n* (Pa‘s)

0.1 1 10 100 0.1 1 10 100

Figure 7-8. Frequency sweep of Pickering emulsions stabilized by (A) 0.15 wt% C1P1, (B) 0.15

Wt% C2P1, (C) 0.15 wt% C4P1, (D) 0.25 wt% C1P1, and (E) 0.5 wt% C1P1.

7.5.  Conclusions
The CS-CPPs nanocomplexes can stabilize Pickering emulsion with MCT as the oil phase. The
surface hydrophilicity and oil-water surface tension of these nanocomplexes increased with the

content of CS in the nanocomplexes. The nanocomplex containing higher CPPs content could
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stabilize the Pickering emulsion in a wider concentration range. These emulsions had gel-like
behavior and they were stable against ionic strength changes after 24h storage. Low pH could affect

their stability.
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CHAPTER VIII. STABILIZATION OF PICKERING
EMULSIONS BY THE GENIPIN CROSSLINKED CHITOSAN-
CASEINOPHOSPHOPEPTIDES NANOCOMPLEXES: IMPACTS

OF CROSSLINKING DURATION

As of submission of this dissertation, the work in this chapter has been written as a research paper
in the title of “Stabilization of Pickering Emulsions by the Genipin Crosslinked Chitosan-

Caseinophosphopeptides Nanocomplexes” which is ready for submission.

8.1. Abstract

In this chapter, genipin was used to covalently crosslink the CS-CPPs nanocomplexes. The
crosslinking reaction initiated after 0.5h. The GCNs were characterized by dynamic light scattering,
{-potential, contact angle, surface tension measurements, AFM, USAXS and SAXS at different
reaction time intervals. The GCNs with different crosslinking durations were further applied to
stabilize Pickering emulsions with MCT as the oil phase. The effects of GCNs concentration (0.05
- 0.25 wt%) and oil fraction (& = 0.2 — 0.6, w/w) on emulsion droplet size and creaming stability
were investigated. Generally higher concentration of GCNSs led to smaller emulsion droplet size
and higher stability against creaming. The Pickering emulsion stabilized by GCNs with longer
crosslinking duration had larger droplet size. Higher oil fraction also enhanced the creaming
stability but increased emulsion droplet size. These emulsions were O/W type Pickering emulsions.
They were stable against both pH and ionic strength changes. Rheological study revealed that these
Pickering emulsions were gel-like and GCNs with shorter crosslinking duration stabilized stronger

gel-like emulsion.
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8.2. Introduction

In CHAPTER VII, the CS-CPPs nanocomplexes were utilized to stabilize Pickering emulsions
with MCT as the oil phase. These emulsions were O/W type and they had gel-like rheological
behavior due to formation of three-dimensional particle network. Complexation between
polysaccharides and proteins/polypeptides in aqueous solution is pH-dependent, which means that
altering the environmental pH can affect their associations (CHAPTER | and CHAPTER II1). The
insoluble complexes only form at a certain pH range where proteins/polypeptides and
polysaccharides carry opposite net charges. Beyond this pH range, these biomolecules either form

soluble complexes or cosolubilize in solution.

Although no conclusion was reached whether pH can influence the magnitude of association
within the polysaccharide-protein/polypeptide complexes anchored at the oil-water interface, there
are literatures reporting that changing pH can change the droplet size of the Pickering emulsions
stabilized by the complexes®®® 243, In CHAPTER VII, it was observed that the droplet sizes of the
CS-CPPs nanocomplexes stabilized Pickering emulsions decreased at pH 2, and the emulsions were
less viscous at this pH. These phenomena could be due to disassembly of the CS-CPPs
nanocomplexes at this very acidic condition. Similarly, the polysaccharide-protein/polypeptide
complexes are usually susceptible to ionic strength change. High concentration of NaCl can
suppress their interactions (section 3.4.1). Therefore, ionic strength change may potentially affect
the stability of the complex stabilized Pickering emulsions. Besides, the major interactions involved
in formation of the polysaccharide-protein/polypeptide complexes are electrostatic interaction,
hydrogen bond, and hydrophobic interactions, which are all weak interactions (section 1.1.1).
Subjecting to high shear, e.g. high-speed homogenization during preparing the Pickering emulsions
may disrupt the structures of the complexes. Using crosslinker to covalently crosslink the
proteins/polypeptides and polysaccharides is a strategy to solve the aforementioned problems.

Littoz et al. reported that the pectin-B-lactoglobulin stabilized emulsion crosslinked by laccase had
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better stability against high concentration of NaCl than non-crosslinked emulsion?**. In another
study, the pH stability of pectin-gelatin stabilized emulsion was improved after being crosslinked

by laccase?®.

Genipin is a natural crosslinker that is usually enzymatically hydrolyzed from its parent
compound geniposide, which is isolated from the fruit of Gardenia jasminoides Ellis. The fruit of
Gardenia jasminoides Ellis has been used in traditional Chinese medicine for long time 246, Genipin
is the major compound that is responsible for the pharmacological properties of gardenia including
anti-carcinogenic, anti-inflammatory, neuroprotective, and choleretic effects 24 247, In food
industry, genipin is applied as a precursor of blue pigments 22, The toxicity of genipin is thousand
times lower than the traditionally used crosslinker glutaraldehyde?®. Besides, genipin is
biodegradable. It is biotransformed through demethylation, ring-opening, cysteine-conjugation,

hydroformylation, glucuronidation, and sulfation?¥’.

In this chapter, genipin was used to crosslink the CS-CPPs nanocomplexes for different
crosslinking durations and these GCNs were characterized and applied to stabilize Pickering
emulsions. Their capacities as the Pickering stabilizers were compared. The Pickering emulsions

stabilized by GCNs with different crosslinking durations were also investigated.

8.3. Materials and Methods

8.3.1. Materials

CS was purchased from Kunpoong Bio. Co., Ltd. (South Korea) and used as received without
further treatment. CPPs was purchased from Greencream Biotechnology Co., Ltd. (Guangzhou,
China). Neobee® 1053 MCT was provided by Stepan Company (IL, USA). Genipin (purity > 98%)
was purchased from Wako Pure Chemical Industries, Ltd. (VA, USA). Coumarin 6 was purchased

from Sigma-Aldrich (MO, USA). Milli-Q water was used in all the experiments.
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8.3.2. Preparation and Characterization of the GCNs

CS was dissolved in 1% acetic acid containing 10 mM NaCl. CPPs was dissolved in Milli-Q
water containing 10 mM NaCl. Before generating the GCNSs, the pH of CS and CPPs solutions was
adjusted to 6. To start preparing the GCNs, genipin was mixed with CS solution at room
temperature for 5 min, and then equal volume of CPPs solution was added dropwise into the CS-
genipin solution during magnetic stirring. The final concentrations of CS, CPPs, and genipin were
2.5 mg/mL, 2.5 mg/mL, and 0.5 mg/mL, respectively. The crosslinking reaction was carried out at

40°C.

The UV-Vis measurements were conducted on a Cary 60 UV-Vis Spectrophotometer (Agilent
Technologies, CA, USA). The GCNs were diluted with Milli-Q water (10 mM NacCl, pH 6) for 50

times. The UV-Vis spectra were recorded from 800 nm to 200 nm with the scan rate of 300 nm/min.

The particle size of GCNs was measured by the 90Plus Particle Size Analyzer equipped with a
Brookhaven BI-9000AT digital correlator (Brookhaven Instruments Corporation, NY, USA). All
measurements were conducted at the fixed scattering angle of 90< The particle size of the GCNs
was obtained through a series of calculation. The normalized autocorrelation function g(q,t) was

calculated from the intensity-intensity autocorrelation function G(q,t) same as eg. 7-1 to eq. 7-7.

The (-potentials of the GCNs were measured using a Nano ZS Zetasizer (Malvern Instruments
Ltd., MA, USA). The GCNs with different reaction time were 1:5 diluted with 10 mM NacCl

solution (pH 6) before measuring. The measurements were triplicated at 25°C.

The contact angles were measured using a VCA-Optima XE Dynamic Contact Angle Analyzer
(AST Products, Inc., MA, USA). The GCNs (0.5 wt%) with different crosslinking durations were
dripped onto pre-cleaned glass slides and dried in a vacuum oven before measuring. The images

were captured by a CCD camera immediately after a drop of Milli-Q water (2 uL) was deposited
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onto the GCNs film surface. The contact angle was determined by the software associated with the

analyzer. At least twenty measurements were conducted and averaged for each sample.

The surface tension of the GCNs with different reaction durations was investigated on a contact
angle goniometer (Rame-Hart Instrument Co., NJ, USA) with pendant drop method. Briefly, the
GCNs were hanging to the end of a needle that was immersed in MCT. The shape of the droplets
was captured by a super-speed digital camera and analyzed by the KSV CAM101 software. The
surface tension was calculated by eq. 7-8. At least ten measurements were repeated and averaged

for each sample.

The morphology of the GCNs was monitored by a Nanoscope Illa Multi-Mode AFM (Veeco
Instruments Inc., CA, USA) with tapping mode. Fresh made GCNs were diluted with Milli-Q water
(10 mM NaCl, pH 6) and dripped on the surface of pre-cleaned mica slides. The surface of the mica

slides was then rinsed with Milli-Q water and dried with N> for analysis.

The fluorescence emission spectrum of the GCNs was recorded on a FluoroMax-3
spectrofluorometer (Horiba Jobin Yvon, Inc., NJ, USA). GCNs solution was excited at 550 nm (hex)

and the emission spectrum was recorded from 610 to 800 nm (Aem).

The USAXS and SAXS experiments were performed at beamline 9 ID-C at the APS of
Argonne National Laboratory (Chicago, USA). Samples were filled in the 1 mm-thick silicone
isolators (Grace Bio-Labs, Inc., OR, USA) and sealed with glass slides. The USAXS and SAXS

data were processed and analyzed by the software packages of Indra 2, Irena 2, and Nika 197230,

8.3.3. Preparation and Characterization of the GCNs Stabilized Pickering Emulsions

The GCNs stabilized Pickering emulsions were prepared by mixing different amount of MCT
(oil fraction &, w/w) with GCNs. The mixtures were subjected to high-speed homogenization (T25
digital ULTRA-TURRAX®, IKA Works Inc., USA) at 12,000 rpm for 1 min. A typical emulsion

(#=0.5, wiw) stabilized by 0.25 wt% GCNs for example was prepared by mixing 2 g MCT with 2



139

g 0.5 wt% GCNs in a glass vial which was then subjected to high speed homogenization. The
fluorescence labeled Pickering emulsion was prepared in the same way using coumarin 6 -

prestained MCT as the oil phase.

The heights of total emulsion (Ht) and bottom serum layer (Hs) were measured after 24h

storage. The creaming index (CI) was calculated by
CI(%) = == X 100% eq. 8-1
t

The microscopic images of Pickering emulsions were monitored by a Nikon TE-2000-U
inverted fluorescence microscope equipped with a CCD camera (Retiga Exi, Q-imaging). For
visualizing the fluorescence of the Pickering emulsions, the light was filtered through the bandpass
filters, which yielded the excitation wavelengths of 488+10 nm for coumarin 6 and 55010 nm for
GCNs. The fluorescence images were processed by the SimplePCl C-Imaging software (Compix,

Inc., PA, USA) and the images were overlaid by the ImageJ software.

The diameters of the Pickering emulsion droplets were measured by the ImageJ software. At
least 500 droplets were measured and averaged for each sample (except for 0.05 wt% GCNs
stabilized emulsions). The size distribution fittings were performed on the @Risk software version

7 (Palisade Corporation, NY, USA).

The pH stability of the GCNs stabilized Pickering emulsions (& = 0.5, 0.25 wt% GCNs) was
evaluated by diluting the cream layer of the emulsions 1:5 with Milli-Q water at pH 2, 4, 6, 8, 10.
Similarly, the stability of the GCNs stabilized Pickering emulsions (& = 0.5, 0.25 wt% GCNs)
against ionic strength change was evaluated by diluting the cream layer of the emulsions 1:5 with
Milli-Q water containing 0 M, 0.05 M, 0.1 M, 0.15 M, and 0.3 M NaCl. The droplet sizes of the
diluted Pickering emulsions at these conditions were measured after 24h storage at room

temperature.
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The rheological properties of the Pickering emulsions (& = 0.5, 0.25 wt% GCNs) were
measured on a Discovery HR-2 Hybrid Rheometer (TA Instruments, DE, USA) with 25 mm
stainless-steel parallel plate geometry and a temperature-controlled stainless-steel Peltier plate.
First dynamic strain sweep tests (0.1%-100% strain at 0.1 Hz frequency) were carried out to
determine the linear viscoelastic region before each dynamic frequency sweep test, which adopted
the strain value of 1% and the angular frequency ® from 0.1 to 100 rad/s with 20 data points per

decade. All the measurements were carried out at 25°C.

8.4. Results and Discussion

8.4.1. UV-Vis Measurements

The reason genipin can serve as a crosslinker is that it can react with the primary amine groups.
This reaction is pH dependent. At acidic to neutral conditions, the olefinic carbon atom at the C3
position on genipin is firstly nucleophilically attacked by the primary amine groups which opens
the dihydropyran ring of genipin, forming an intermediate aldehyde group. This aldehyde group
then reacts with the secondary amine group formed in the first step, forming a heterocyclic structure,
which is covalently connected to the molecules containing primary amine groups, such as CS and
CPPs?3L 246 At basic conditions, the crosslinking reaction is initiated by nucleophilic attack from
the hydroxyl ions in aqueous solution, resulting in ring-opening and formation of intermediate
aldehyde groups on genipin. The aldehyde groups then undergo aldol condensation followed by

Schiff reaction with the amine groups to form crosslinked compounds?*®.

UV-Vis was firstly utilized to monitor the crosslinking reaction process. As shown in Figure
8-1, although not very significantly, the peak at 240 nm decreased as the crosslinking reaction went
on. The absorption peak at 240 nm was attributed to genipin molecule per se?*°. The decreased
absorption at 240 nm was due to the reduced amount of free genipin molecules in solution during

the crosslinking reaction. The peak at about 290 nm gradually appeared after 0.5 h reaction. Park
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et al. reported that a colorless compound that had maximum UV absorption at 292 nm was the
intermediate of the blue pigments in the reaction of genipin with methylamine?®. This intermediate
is same as the heterocyclic structure formed in the reaction between genipin and primary amine
group at acidic to neutral conditions?®! 2%, Therefore, the increased absorption peak at about 290
nm should be attributed to formation of the heterocyclic compound and it indicates that the
crosslinking process had already been initiated after 0.5h reaction. The peak at around 610 nm
became obvious after 2h reaction. This peak was resulted from the blue pigments. It can be visually

observed that the blue color of the solution became darker as the crosslinking process went on.
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Figure 8-1. UV-Vis spectra of GCNs with different crosslinking durations

8.4.2. Characterization of the GCNs
The CS-CPPs nanocomplexes were used as the Pickering stabilizers in CHAPTER VII. Based
on that, herein genipin was used to covalently crosslink the CS-CPPs nanocomplexes and the GCNs

were further applied as the Pickering stabilizer.
The stability of Pickering emulsions is determined by eq. 1-4 expressed as:

E = ymR?(1 — |cos @ |)?
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where E is the free energy of detachment of a spherical particle from the interface; vy is the oil-water
interfacial tension; R is the radius of particle; 0 is the oil-water-particle three phase contact angle.
Higher free energy of detachment E indicates stronger affinity of the particles that are anchored at
the oil-water interface. From this equation, multiple parameters contribute together to the stability

of Pickering emulsions.

The particle sizes of the GCNs with different crosslinking durations were firstly investigated,
which was obtained by fitting the autocorrelation function (Figure 8-2A inset) followed by
calculation with eq. 7-2 to eq. 7-7. As shown in Figure 8-2A, at the first 8h, the particle size of
GCNs gradually decreased from 328 nm (0h) to 218 nm (8h). Extending the crosslinking reaction
led to increase of the particle size. The increase of particle size after 8h reaction was due to
dimerization, oligomerization, and esterization between the heterocyclic structures of GCNs?33 24%
20, These dimer, oligomer, and ester structures were detected in the blue pigments during the
reaction between genipin with methylamine??, which explains why the blue color of the system

became darker when the crosslinking reaction continued.

One of the important factors that maintain the stability of Pickering emulsions is electrostatic
repulsion, which is correlated with the surface charges of the Pickering stabilizers. The surface
charges of the GCNs with different crosslinking durations were investigated by measuring their (-
potentials (Figure 8-2B). At the first 8h of the crosslinking reaction, {-potential slightly decreased
from +21.8 mV (Oh) to +20 mV (8h). Then the {-potential of GCNs experienced a dramatic decrease
to +14.1 mV (16h) and further decreased to +13.6 mV (24h). Since genipin reacted with the primary
amine groups which carried positive charges at the tested pH (pH 6), it is not surprising that the

amount of positive charges on GCNs surface decreased as the reaction continued.
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Figure 8-2. (A) Particle sizes (inset is an example of auto correlation function fitting of GCN

crosslinked for 8h) and (B) C-potentials of GCNs with different crosslinking durations.

The surface hydrophilicity/hydrophobicity is critical in determining the type and stability of
Pickering emulsions. Hydrophilic particles which are preferentially wetted by water phase stabilize
O/W type Pickering emulsions while hydrophobic particles which are preferentially wetted by oil
phase stabilize W/O type Pickering emulsions®®. The surface hydrophilicity/hydrophobicity of the
GCNs were investigated by measuring their contact angles at the particle-air-water interface. As
shown in Figure 8-3A, the contact angle did not change much at the first 8h, and then it became

smaller as the crosslinking reaction extended, indicating that the GCNs became more hydrophilic
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after 8h reaction. In another study, a similar phenomenon that the surface hydrophilicity increased

with genipin crosslinking duration was also reported®2.

The oil-water (GCNs suspension) interfacial tensions were measured by the pendant drop
method and the results are shown in Figure 8-3B. The surface tension between MCT and GCNs
suspension almost remained consistent within first 8h reaction. The surface tension then increased

dramatically when crosslinking reaction reached 16h and longer.
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Figure 8-3. (A) Contact angles and (B) surface tensions of GCNs with different crosslinking

durations
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The morphologies of the GCNs with different crosslinking durations were monitored by the
AFM. As shown in Figure 8-4, at the early crosslinking stage (0-8h), the GCNs were almost single
spherical particles, and the particle size gradually decreased (Figure 8-4A-D), which is consistent
with the particle size measurement results (Figure 8-2A). When the crosslinking reaction extended
to 16h, paired particles were observed, which could be the dimers of the GCNs as described above.
Large aggregates also appeared (Figure 8-4E). When the crosslinking reaction further extended to

24h, even larger aggregates were observed (Figure 8-4F).

300.0 nm

150.0 nm

0.0 nm

Figure 8-4. AFM height images of GCNs with (A) Oh, (B) 2h, (C) 4h, (D) 8h, (E) 16h, and (F) 24h

reaction.

The microstructures of the GCNs were investigated by the USAXS and SAXS. The scattering
curves of the GCNs with different crosslinking durations are shown in Figure 8-5A. The
conformation of molecules in solution is usually described by the term fractal dimension a. The
scattering intensity 1(g) of the molecule with fractal dimension o follows the power law 1(q) ~ g™

The USAXS and SAXS results show that the GCNs have hierarchical structures. The overall shape
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of the GCNs which is reflected in the small g range (q < 0.01 A™') was sphere and the surface of
the GCNs became relatively rougher [I1(q) ~ g3 to I(q) ~ g>'4] as the crosslinking reaction
extended. The internal structures of the GCNs are reflected from the fractal dimensions at higher g
range. A small shoulder presented in all the scattering curves at g=0.01 A, corresponding to the
length scale of 628 A in real space. At larger g, the scattering curves decayed in two distinct fractal
ways. As the crosslinking duration increased, the transition position shifted from q ~ 0.02 A to g
~0.03 A, corresponding to a distance decreased from 314 A to 209 A in real space, which could
be related to the structural change of inner subunits. A small correlation peak at approximately 0.4
Al which corresponded to a distance about 16 A in real space was also observed when the

crosslinking duration was longer than 16h.

The scattering curves were fitted by the Irena software package (Figure 8-5B solid lines) and
the Ry of the GCNs were quantitatively calculated, which are listed in Table 8-1. Generally, the
change of Ry follows the trend of change of the particle size of the GCNs (Figure 8-2A). The Ry

initially decreased until 8h and longer crosslinking led to increase of Rg.

Table 8-1. Radius of gyration of the GCNs with different crosslinking durations

Crosslinking Duration (h) Rg (A)

4 681+1
8 64149
16 66549

24 69248
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Figure 8-5. (A) Scattering profiles and (B) fitting (black solid line) of the GCNs with different

crosslinking durations. The scattering intensities were vertically shifted for clear visualization.

8.4.3. Characterization of the GCNs Stabilized Pickering Emulsions

The effect of GCNs concentration on stabilization of Pickering emulsions was first investigated
(oil fraction @=0.5 w/w). Figure 8-6 shows the Pickering emulsions stabilized by GCNs with 4h
crosslinking reaction. Pickering emulsions were formed at all the tested concentrations (0.05-0.25
wt%) and creaming was observed in all the emulsions. A thicker creaming layer was observed with
increasing concentration of GCNs (Table 8-2). Similar phenomenon was observed in the emulsions

stabilized by GCNs with longer crosslinking durations (8h, 16h, and 24h). However, after 16h and
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24h reactions, 0.05 wt% GCNs cannot stabilize the Pickering emulsions (Figure 8-7), and the
emulsion stabilized by 0.1 wt% GCNSs with 24h reaction was very unstable after 24h storage. These
results indicate that longer crosslinking reaction could reduce the capacity of GCNs as the Pickering

stabilizer at low concentrations.

Figure 8-6. Macroscopic and microscopic images of Pickering emulsions (&=0.5 w/w) stabilized

by GCNs (4h reaction) and emulsion droplet size distribution fitting

The emulsion droplet sizes were measured by the ImageJ software for at least 500
measurements (except for the 0.05 wt% GCNSs groups). The droplet sizes of Pickering emulsions
(@=0.5 w/w) stabilized by different concentrations of GCNs with different crosslinking durations
are summarized in Figure 8-7. Generally, the droplet size of Pickering emulsions stabilized by
GCNs with 4h and 8h reactions initially decreased dramatically as the concentration of GCNs
increased from 0.05 wt% to 0.1 wt%. The emulsion droplet size further decreased as the GCNs
concentration increased from 0.1 wt% to 0.2 wt% while the droplet size did not change much when
the concentration of GCNs increased from 0.2 wt% to 0.25 wt%. Similar trend that increasing
concentration of Pickering stabilizer reduced the emulsion droplet size until a specific
concentration beyond which the emulsion droplet size remained almost consistent was observed in

the Pickering emulsions stabilized by the CS-CPPs nanocomplexes. This phenomenon was also
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reported in other literatures®® 1%, The decreased emulsion droplet size was attributed to increasing
amount of available GCNs to cover the newly created oil-water interface. The emulsion droplet
size also became more normally distributed and the distribution became narrower as GCNs
concentration increased, indicating that the emulsion droplet size became more homogenous
(Figure 8-6). When the GCNs with 16h and 24h reactions were investigated, the emulsion droplet
sizes kept decreasing in the studied concentrations. It was also noticed that as the crosslinking
duration increased, the size of Pickering emulsion stabilized by same concentration of GCNs
increased accordingly (Figure 8-7). The reason could be that GCNs with longer crosslinking
duration were more hydrophilic and they could cover smaller interfacial area.
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Figure 8-7. Droplet sizes of Pickering emulsions (@=0.5 w/w) stabilized by GCNs with different

crosslinking durations at different concentrations

The Cl were calculated by eg. 8-1 and the values of CI of the Pickering emulsions (£=0.5 w/w)
stabilized by different concentrations of GCNs with different crosslinking durations are listed in
Table 8-2. As the concentration of GCNs increased, the proportion of the serum layer decreased,
indicating that the stability of these emulsions against creaming increased with the concentration

of GCN:s.
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Table 8-2. Creaming indexes of Pickering emulsions (©=0.5) stabilized by different concentrations

of GCNs with different crosslinking durations

GCNs Concentration Creaming Index (%)
(Wt%) 4h 8h 16h 24h
0.05 333 38.9 - -
0.1 27.8 22.2 31.6 316
0.15 22.2 22.2 26.3 26.3
0.2 15.8 15.8 26.3 21.0
0.25 15.8 15.8 21.0 21.0

The fraction of oil that can be stabilized by GCNs was also characterized. The microscopic
images of the Pickering emulsions (£=0.2-0.6, w/w) stabilized by 0.2 wt% GCNs are shown in
Figure 8-8. All these GCNs at 0.2 wt% concentration can stabilize at least ®=0.6 MCT. The
emulsion droplet size increased with the oil fraction, which was due to fewer amounts of GCNs
that were available to cover the oil-water interface. The CI of these emulsions are listed in Table
8-3. The thickness of the creaming layer increased with the fraction of oil. Creaming was almost

inhibited in the emulsions stabilized by 0.2 wt% GCNs with 4h and 8h crosslinking reactions.
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Figure 8-8. Microscopic images of Pickering emulsions containing different fractions of oil

(©=0.2-0.6 w/w) stabilized by 0.2 wt% GCNs with different crosslinking durations

Table 8-3. Creaming indexes of Pickering emulsions containing different fractions of oil (@)

stabilized by 0.2 wt% GCNs with different crosslinking durations

Oil Fraction Creaming Index (%)
(®) 4h 8h 16h 24h
0.2 61.1 61.1 61.1 61.1
0.4 31.6 36.8 36.8 36.8
0.6 5.3 5.3 10.5 15.8
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It was reported that the genipin crosslinked product was fluorescent??’. The fluorescence
emission spectrum of GCNs excited at 550 nm showed a peak at 650 nm (Figure 8-9 inset), which
was red fluorescence. The fluorescence microscope was used to monitor the fluorescence of GCNs
stabilized Pickering emulsion. The fluorescence images were taken by exciting either coumarin 6
(green fluorescence) or GCNs (red fluorescence) and fluorescence images were overlaid to identify
the position of each phase. As shown in Figure 8-9, the red fluorescence was located at the edge of
the emulsion droplets, indicating the GCNs were anchored at the oil-water interface. The green
fluorescence was located inside the red fluorescence shell. These results demonstrate that the GCNs

stabilized Pickering emulsion was the O/W type emulsion.

Figure 8-9. Fluorescence image of GCNSs stabilized Pickering emulsion. Inset is the fluorescence
emission spectrum of GCNs excited at 550 nm. Emission wavelength was recorded from 610-800

nm

The polysaccharide-protein/polypeptide complexes are susceptible to pH change in solution
(section 1.1.2). The insoluble complexes only form at the pH range where polysaccharides and

proteins/polypeptides carry opposite net charges. The droplet sizes of the CS-CPPs nanocomplexes
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stabilized Pickering emulsions were smaller at pH 2 compared to those at higher pH after 24h
storage (CHAPTER VII). This result could be resulted from disassembly of the nanocomplexes at
pH 2. In the present study, the pH stability of the GCNs stabilized Pickering emulsions was
investigated from pH 2 to pH 10, which covers the gastric pH, intestinal pH, and pH of most foods.
As shown in Figure 8-10A, the droplet sizes of the emulsions (#=0.5 w/w) stabilized by 0.25 wt%
GCNs with different crosslinking durations were relatively consistent in the tested pH range, which

means that the GCNs stabilized Pickering emulsions were stable against pH change.

lonic strength is also an important factor that affects the associations between polysaccharides
and proteins/polypeptides. It is well known that high concentration of NaCl can screen the charges
on charged polysaccharides, proteins and polypeptides, and therefore dissociate the polysaccharide-
protein/polypeptides complexes (section 1.1.2). The stability of the Pickering emulsions against
ionic strength change was tested from 0 to 0.3 M NaCl. Their droplet sizes at these ionic strengths
are shown in Figure 8-10B. Similar to the pH stability test, the tested ionic strengths did not change
the droplet size of the Pickering emulsions (#=0.5 w/w) stabilized by 0.25 wt% GCNs with
different crosslinking durations. Altogether, both pH and ionic strength did not affect the stability
of the GCNs stabilized Pickering emulsions. It is reasonable since the GCNs were crosslinked by

covalent bonds, which are stable against pH and ionic strength changes.



154

A 400+ —=—4h
1 o 8h
3501 —4a— 6h
1 v 24h
300 ,
I v v
T 250
= { A_
g 2004 & A4 A
7 ]
= 150
2 j
(=]
100
*r— — _ o o -o
50' Fgl\_,,_;_f,_,}lﬁ.
0 T T T
2 6 10
pH
B 400- —=—4h
—e—8h
A— [6h
v—24h
3004 ¥ I I z T
e
\_:‘; x_ _
T I S b
wy
5
=
g
(=]
100
R — - S
0 T T T T T T
0.00 005 0.0 0.5 025 030

Ionic Strength (M NaCl)

Figure 8-10. Droplet sizes of Pickering emulsions (£=0.5 w/w) stabilized by 0.25 wt% GCNSs with

different crosslinking durations (4, 8, 16, 24h) after 24h storage at different (A) pH and (B) ionic

The oscillating frequency sweep tests of the Pickering emulsions stabilized by GCNs with
different crosslinking durations were conducted at 1% strain, which was within the linear
viscoelastic region of dynamic strain sweep test. The Pickering emulsions (&=0.5 w/w) stabilized
by 0.25 wt% GCNs with different crosslinking durations were compared. It was found that all these
emulsions showed gel-like property as G’ was consistently one order of magnitude higher than G”
(Figure 8-11A). The gel-like behavior could be resulted from formation of three-dimensional

particle network. The emulsion stabilized by GCNs with longer crosslinking duration had lower G’
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and G”, indicating that GCNs with longer crosslinking duration may form weaker gel-like emulsion.
The three-dimensional network broke down upon increasing the angular frequency as reflected by

decreasing of complex viscosity (n*, Figure 8-11B).
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Figure 8-11. (A) Storage modulus G’, loss modulus G and (B) complex viscosity n* of Pickering

emulsions (#=0.5 w/w) stabilized by 0.25 wt% GCNs with different crosslinking durations

8.5. Conclusions

In this chapter, the CS-CPPs nanocomplexes were crosslinked with genipin. The particle size
of the GCNs initially decreased until 8h reaction, after which the particle size increased. {—potential

of the GCNs decreased as the crosslinking duration increased, which could be attributed to loss of
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the primary amine groups. It was also observed that as the crosslinking reaction went on, the GCNs
became more hydrophilic and the surface tension between GCNs and MCT increased. After being
anchored at the oil-water interface, the GCNs can stabilize O/W type Pickering emulsions and
higher concentration of GNCs led to smaller emulsion droplet size and higher creaming stability.
Higher fraction of MCT can also increase the creaming stability but it increased the emulsion
droplet size. The droplet size of the Pickering emulsions was also affected by crosslinking duration.
GCNs with longer crosslinking duration stabilized larger emulsion droplets. The GCNs stabilized
Pickering emulsions were stable against pH and ionic strength changes. They showed gel-like

behavior, and GCNs with shorter crosslinking duration can form stronger gel-like emulsions.
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CHAPTER IX. STABILIZATION OF PICKERING EMULSIONS

BY THE GENIPIN CROSSLINKED CHITOSAN-

CASEINOPHOSPHOPEPTIDES NANOCOMPLEXES: IMPACTS

OF CROSSLINKER CONCENTRATION AND CROSSLINKING

TEMPERATURE

As of submission of this dissertation, the work in this chapter has been written as a research paper
in the title of “Impacts of Crosslinking Temperature and Crosslinker Concentration on
Stabilization of Gel-Like Pickering Emulsions by Crosslinked Polysaccharide-Polypeptides

Nanocomplexes ” which is ready for submission.

9.1. Abstract

The CS-CPPs nanocomplexes were covalently crosslinked by genipin at different conditions
(0.1 mg/mL, 0.5 mg/mL, and 1 mg/mL genipin at 30°C, 40°C, and 50°C for 4h). These GCNs were
spherical particles varied in size, {-potential, and surface hydrophilicity. The GCNs were applied
to stabilize Pickering emulsions with MCT as the oil phase. Most of the GCNs can stabilize
Pickering emulsions at the concentration as low as 0.05 wt%. There was a size reduction of the
Pickering emulsions as the GCNs concentration increased. The sizes of the Pickering emulsions
were almost correlated to the size of GCNs. These emulsions were O/W type in a wide oil weight
fraction range (& = 0.3-0.7, w/w). They showed gel-like behavior. The GCNs crosslinked with
higher concentration of genipin could stabilize Pickering emulsions with higher storage modulus,
loss modulus, and complex viscosity, while those crosslinked at higher temperature stabilized

Pickering emulsions with lower storage modulus, loss modulus, and complex viscosity.
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9.2. Introduction

In CHAPTER VII, the CS-CPPs nanocomplexes have been applied to stabilize Pickering
emulsions. However, these Pickering emulsions showed relatively low stabilities at low pH because
the interactions involved in formation of the CS-CPPs nanocomplexes were weak interactions, such
as electrostatic interaction and hydrogen bond. They were susceptible to pH and ionic strength
changes. The CS-CPPs nanocomplexes were crosslinked by a natural crosslinker genipin. Genipin
can react with the primary amine groups in pH-dependent ways?32. Genipin is less toxic than other
commonly used synthetic crosslinkers such as glutaraldehyde, formaldehyde, and epoxy
compounds?®3, The Pickering emulsions stabilized by the GCNs showed outstanding stabilities

against pH and ionic strength changes.

To further understand how is the characters of Pickering emulsions affected by the crosslinking
reaction, in this chapter, the impacts of crosslinking parameters, i.e. genipin concentration and
crosslinking temperature on the ability of the GCNs as the Pickering stabilizer, as well as the

physical properties of the resulting Pickering emulsions were systematically investigated

9.3. Materials and Methods

9.3.1. Materials

CS was purchased from Kunpoong Bio. Co., Ltd. (South Korea) and used without further
treatments. CPPs was purchased from Greencream Biotechnology Co., Ltd. (Guangzhou, China).
Neobee® 1053 MCT was provided by Stepan Company (IL, USA). Genipin (purity > 98%) was
purchased from Wako Pure Chemical Industries, Ltd. (VA, USA). Coumarin 6 was purchased from

Sigma-Aldrich (MO, USA). Milli-Q water was used in all the experiments.

9.3.2. Preparation and Characterization of the GCNs
CS was dissolved in 1% acetic acid (containing 10 mM NaCl) at 5 mg/mL and the pH was

adjusted to pH 6 after CS was fully dissolved. CPPs was dissolved in Milli-Q water (containing 10



159

mM NaCl) at 5 mg/mL and its pH was also adjusted to pH 6. To crosslink the CS-CPPs
nanocomplexes, genipin was premixed with CS solution for 10 min. Equal volume of CPPs solution
was then added dropwise into the CS/genipin solution during magnetic stirring. The concentrations
of genipin were 0.1 mg/mL (GCNs1), 0.5 mg/mL (GCNs5), and 1 mg/mL (GCNs10) in the system.
The crosslinking reactions were carried out at 30°C, 40°C, and 50°C for 4h. The GCNs were

subjected to analysis immediately after preparation.

The particle size of the GCNs was calculated from the intensity-intensity auto-correlation
function G(q,t)?*° obtained from a 90Plus Particle Size Analyzer equipped with a Brookhaven BI-
9000AT digital correlator (Brookhaven Instruments Corporation, NY, USA). The measurements

were performed at a fixed scattering angle of 90<

The electrophoretic mobility of the GCNs was measured by a Nano ZS Zetasizer (Malvern
Instruments Ltd., MA, USA). The (-potential was calculated by the Smoluchowski equation. The
GCNs were diluted 1:5 with 10 mM NacCl solution (pH 6) for measurements, which were triplicated

at 25°C.

The contact angles were measured by a VCA-Optima XE Dynamic Contact Angle Analyzer
(AST Products, Inc., MA, USA). GCNs were dripped onto pre-cleaned glass slides and dried in a
vacuum oven before measuring. The images were captured by a CCD camera immediately after a
drop of Milli-Q water (2 uL) was deposited onto the GCNs film surface. The contact angle was
determined by the software associated with the analyzer. At least 50 measurements were conducted

and averaged for each sample.

A Nanoscope Illa Multi-Mode AFM (Veeco Instruments Inc., CA, USA) was used to monitor
the morphology of the GCNs with tapping mode. The GCNs were diluted 1:50 with 10 mM NacCl
(pH 6) and added onto the surface of pre-cleaned mica slides. After 1h, the mica slides were rinsed

with Milli-Q water and dried with N for analyzing.
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9.3.3. Preparation and Characterization of the GCNs Stabilized Pickering Emulsions

The Pickering emulsions were prepared by mixing MCT with GCNs at different weight ratios
by high-speed homogenizer (T25 digital ULTRA-TURRAX®, IKA Works Inc., USA) at 12,000
rpm for 1 min. The Pickering emulsions were kept at ambient condition for 24h before analysis.
The fluorescence labeled Pickering emulsions were prepared by homogenizing GCNs with

coumarin 6 pre-stained MCT at same condition.
The CI of the Pickering emulsions was calculated by eq. 8-1 described as

H
CI(%) = FS X 100%
t

where Ht and Hs are the heights of total emulsion and bottom serum layer, respectively.

The microscopic images of the Pickering emulsions were observed by a Nikon TE-2000-U
inverted fluorescence microscope equipped with a CCD camera (Retiga Exi, Q-imaging). To
observe the fluorescence labeled Pickering emulsions, the light was filtered through the bandpass
filters, which yielded the excitation wavelengths of 48810 nm for coumarin 6 and 55010 nm for
GCNs. The fluorescence images were processed by the SimplePCI C-Imaging software (Compix,
Inc., PA, USA) and the images were overlaid by the ImageJ software. The sizes of the Pickering
emulsions were measured by the ImageJ software. At least 500 measurements were conducted for
each emulsion sample. The size distribution fittings were performed on the @Risk software

(version 7, Palisade Corporation, NY, USA).

The rheological properties of the Pickering emulsions (©=0.7, w/w) stabilized by 0.15 wt%
GCNs were studied with a Discovery HR-2 Hybrid Rheometer (TA Instruments, DE, USA) with
25 mm stainless-steel parallel plate geometry and a temperature-controlled stainless-steel Peltier
plate. Dynamic strain sweep tests from 0.1% to 100% strain at 0.1 Hz frequency were carried out

to determine the linear viscoelastic region before each dynamic frequency sweep test, which
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adopted the strain value of 1% and the angular frequency « from 0.1 to 100 rad/s with 10 data

points per decade. All the measurements were carried out at 25°C.

9.4. Results and Discussion

9.4.1. Characterization of the GCNs

The colloidal solid particles can irreversibly adsorb at the oil-water interface because the
attachment energy of a particle to the interface is usually thousand times higher than the kinetic
energy of Brownian motion?**. The energy required for a particle to detach from the oil-water

interface is described by eq. 1-4 as

E = ymR?(1 — |cos @ |)?

where v is the oil-water interfacial tension; R is the radius of the particle; 0 is the oil-water-particle
three phase contact angle. Hence, multiple factors are involved in regulating the ability of a particle

as the Pickering stabilizer.

The size of Pickering stabilizer can affect the size of resulting Pickering emulsion®. The
particle sizes of the GCNs were calculated by fitting the auto-correlation functions (Figure 9-1 inset)
obtained from dynamic light scattering. The results are given in Figure 9-1. At 30°C the size of the
GCNs decreased slightly from 306.8 nm to 271.4 nm as the genipin concentration increased from
0.1 mg/mL to 1 mg/mL. Genipin can covalently crosslink the CS-CPPs nanocomplexes by reacting
with the primary amine groups on both CS and CPPs. Therefore, higher concentration of genipin
resulted in higher degree of crosslinking, which yielded more compact structures. At 40°C the sizes
of the nanocomplexes crosslinked by 0.1-0.5 mg/mL genipin were smaller than the nanocomplexes
crosslinked by corresponding concentration of genipin at 30°C because higher temperature
promoted the crosslinking reaction. However, when crosslinked by 1 mg/mL genipin, the size of

GCNs increased dramatically since strong crosslinking condition (high concentration of genipin
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and high temperature) could accelerate the crosslinking reaction to the stage where GCNs undergo
oligomerization®2 249, At 50°C only 0.5 mg/mL genipin was required to significantly increase the
size of GCNs. Further increasing the genipin concentration to 1 mg/mL resulted in visible large

aggregates which was beyond the measurable size range of the dynamic light scattering.
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Figure 9-1. Particle sizes of the CS-CPPs nanocomplexes crosslinked by 0.1 mg/mL, 0.5 mg/mL,
and 1 mg/mL genipin at 30°C, 40°C, and 50°C for 4h. Inset is the fitting (red line) of the auto-

correlation function of the CS-CPPs nanocomplexes crosslinked by 0.1 mg/mL genipin at 40°C.

Surface charge of the Pickering stabilizer is an important factor for the stability of Pickering
emulsions. The charged particles at the oil-water interface can provide electrostatic repulsion
against coalescence of the emulsion droplets. The (-potentials of the GCNSs are presented in Figure
9-2. Generally, high temperature and high concentration of genipin facilitated decrease of (-
potential. Genipin can react with the primary amine groups on both CS and CPPs, which carried
positive charges at the tested condition (pH 6, 10 mM NaCl). Therefore, strong reaction conditions

favored loss of the positive charges.
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Figure 9-2. {-potentials of the CS-CPPs nanocomplexes crosslinked by 0.1 mg/mL, 0.5 mg/mL,

and 1 mg/mL genipin at 30°C, 40°C, and 50°C for 4h.

The type of Pickering emulsions can be predicted by the wettability of the Pickering stabilizer.
The Particles at the oil-water interface lead to bending of the interface in the direction of the phase
where the particles have less wettability?“. If the particles are preferentially wetted by the water
phase, they stabilize the O/W Pickering emulsion. On the contrary, if the particles are preferentially
wetted by the oil phase, they stabilize the W/O Pickering emulsion. The contact angles of the GCNs
were measured which can reflect their wettability. As shown in Figure 9-3, the contact angles were
smaller than 90< which means they were more preferentially wetted by water. Theoretically these
GCNs should stabilize O/W type Pickering emulsions, as it shall be confirmed later by fluorescence
labeling. Crosslinking at 50°C notably lowered the contact angles, rendering them more hydrophilic.
As reported in CHAPTER VIII, GCNs with longer crosslinking duration had lower contact angle.
Therefore, it was speculated that higher extent of crosslinking resulted in more hydrophilic GCNs.

Similar result was reported in reference®®,
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Figure 9-3. Contact angles of Milli-Q water on GCNs film.

The shape of the Pickering stabilizer can significantly affect its interfacial characteristics?* and
the properties of the Pickering emulsions®°. The morphologies of the GCNs monitored by AFM
are given in Figure 9-4. Basically, theses GCNs existed as globular particles. Large aggregates were
observed when the genipin concentration was high (Figure 9-4C) and temperature was high (Figure

9-4F), which is consistent with the size measurements (Figure 9-1).
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200.0 nm

Figure 9-4. AFM images of (A) GCNs1, (B) GCNs5, and (C) GCNs10 crosslinked at 40°C for 4h,

and GCNss5 crosslinked at (D) 30°C, (E) 40°C, and (F) 50°C for 4h.

9.4.2. Characterization of the Pickering Emulsions

The stability of Pickering emulsions could be controlled by the oil-water interfacial coverage,
which is associated with the concentration of the Pickering stabilizers®. Different concentrations
of GCNs (0.05 wt%-0.25 wt%) were firstly applied to stabilize Pickering emulsions at a fixed oil
weight fraction (©=0.5, w/w). Most of the GCNs can stabilize Pickering emulsions at the
concentration as low as 0.05 wt% except for those crosslinked at weak conditions (low genipin
concentration and low temperature, i.e. GCNsl and GCNs5 crosslinked at 30°C) and strong
conditions (high genipin concentration and high temperature, i.e. GCNs10 crosslinked at 40°C, and
GCNs5 crosslinked at 50°C) (Figure 9-5). Although creaming occurred in all the Pickering

emulsions, the creaming index decreased as the GCNs concentration increased (Table 9-1).
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GCNsl

GCNsS 5 -

Figure 9-5. Macro- and micro-scopic images of Pickering emulsions (&#=0.5, w/w) stabilized by

0.05 wt%- 0.25 wt% of GCNs. The scale is 100 pm.
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Table 9-1. Creaming indexes (%) of the Pickering emulsions (&#=0.5, w/w) stabilized by 0.05 wt%-0.25 wt% of GCNs

30°C 40°C 50°C

0.05% 0.1% 0.15% 0.2% 0.25% 0.05% 0.1% 0.15% 0.2% 0.25% 0.05% 0.1% 0.15% 0.2% 0.25%

GCNsl N/A 278 278 278 222 278 222 210 210 16.7 389 333 263 263 263
GCNs5 N/A 278 222 222 167 278 216 184 167 16.7 N/A 316 278 263 222
GCNs10 333 278 263 176 176 N/A 270 263 210 16.2 NA NA NA NA N/A

N/A: not applicable, Pickering emulsion did not form
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The sizes of these Pickering emulsions were quantitatively measured. Generally, as the
concentration of GCNs increased, the emulsion droplet size initially decreased dramatically and
then the size slightly decreased (Table 9-2). The size reduction is because more GCNs were
available to cover the oil-water interface. These emulsions show narrower Size distribution as the
GCNs concentration increased (Figure 9-6A-C). The effect of genipin concentration on the size of
Pickering emulsions was firstly compared. When crosslinked at 30°C and 40°C, GCNs5 could
stabilize slightly smaller Pickering emulsions than GCNs1 at same concentrations. These emulsions
exhibited similar size distribution width (Figure 9-6D-E). Nevertheless, GCNs10 crosslinked at
these temperatures stabilized larger emulsions which had wider size distribution (Figure 9-6F).
Dissimilarly, the emulsions stabilized by GCNs5 crosslinked at 50°C had much larger sizes and
wider size distribution than those stabilized by GCNs1. When considering the effect of crosslinking
temperature, the Pickering emulsions stabilized by GCNsl and GCNs5 crosslinked at 40°C were
slightly smaller than those crosslinked at 30°C, whereas they had similar size distribution width
(Figure 9-6G-H). The droplet size and size distribution (Figure 9-61) width increased dramatically
when stabilized by these GCNs crosslinked at 50°C. GCNs10 crosslinked at 40°C could stabilize
much larger Pickering emulsions which had wider distribution than those crosslinked at 30°C. The
sizes of the Pickering emulsions were basically positively related to the sizes of GCNs. The only
exception i.e. emulsion stabilized by GCNs1 crosslinked at 50°C could be resulted from the high

surface hydrophilicity?%®,
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30°C 40°C
0.05% 0.1% 0.15% 0.2% 0.25% 0.05% 0.1% 0.15% 0.2% 0.25%
GCNsl1 N/A 159.1427.0 106.8#22.9 96.243.1 87.543.3 443.24167.4 152.7#19.8 101.635.7 67.7%2.9 56.842.9
GCNs5 N/A 158.249.6 103.7#.9 76.245.2 63.0#2.5 445.3432.0 124.7+/.8 93.645.7 62.542.9 51.143.8
GCNs10 377.14#43.4 299.2432.0 166.7438.6 83.143.3 71.145.5 N/A 848.6+115.1 389.1+16.2 292.4426.6 216.9+10.9
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Table 9-2. Droplet sizes (um) of the Pickering emulsions (@=0.5, w/w) stabilized by 0.05%-0.25%

of GCNs (continue)

50°C

0.05% 0.1% 0.15% 0.2% 0.25%

GCNs1 >1000 225.4431.7 150.949.9 109.1#69  97.9#6.5
GCNs5  N/A  909.2450.6 682.2479.3 494.5462.8 335.1+16.2

GCNs10 N/A N/A N/A N/A N/A

N/A: not applicable, Pickering emulsion did not form
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Figure 9-6. Size distribution fitting of the Pickering emulsions stabilized by (A) 0.05 wt%, (B)
0.15 wt%, and (C) 0.25 wt% of GCNsL1 crosslinked at 40°C; 0.25 wt% (D) GCNs 1, (E) GCNs5,
and (F) GCNs10 crosslinked at 40°C; and 0.25 wt% GCNSs5 crosslinked at (G) 30°C, (H) 40°C, and

(1) 50°C.
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We recall the results that were reported in CHAPTER V111 and present the size of the Pickering
emulsions (@ = 0.5, w/w) stabilized by 0.25 wt% GCNs crosslinked at different genipin
concentrations, temperatures, and crosslinking durations in Figure 9-7. It can be concluded that
generally GCNs crosslinked at stronger crosslinking conditions (higher temperature, higher
concentration of genipin, longer crosslinking duration) could stabilize larger size and more

heterogeneous Pickering emulsions.
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Figure 9-7. Droplet sizes of Pickering emulsions (& = 0.5, w/w) stabilized by 0.25 wt% GCNs
crosslinked at different conditions. The diameter of the balls represents their relative size

distribution.

The macro- and micro-scopic images of the Pickering emulsions containing different oil
fractions (& = 0.3-0.7, w/w) stabilized by a fixed concentration (0.15 wt%) of GCNs are displayed
in Figure 9-8. These GCNs exhibited good ability to stabilize high volume of oil. Except for GCNs5
crosslinked at 50°C which was relatively larger and more hydrophilic than other GCNs, all the
nanocomplexes crosslinked at different conditions can stabilize at least @=0.7 MCT at 0.15 wt%

concentration. The Pickering emulsions containing @=0.7 MCT can almost be regarded as the high
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internal phase emulsion, which is defined as the emulsion whose volume fraction of internal phase

is larger than 0.74.
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Figure 9-8. Macro- and micro-scopic images of Pickering emulsions (& = 0.3-0.7 w/w) stabilized

by 0.15 wt% GCNSs. The scale is 100 um.

Although creaming was observed at ©=0.3 and 0.5, the creaming index decreased as the oil
fraction increased. Creaming was completely inhibited at @=0.7 (Table 9-3). The sizes of these
Pickering emulsions increased with the oil fraction (Table 9-4) since there were relatively less
amount of GCNs that could cover the oil-water interface. The Pickering emulsions containing

higher oil fraction also display wider size distribution (Figure 9-9).
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Figure 9-9. Size distribution fitting of the Pickering emulsions containing different oil fractions (@

= 0.3-0.7 w/w) stabilized by 0.15 wt% GCNsL1.

Table 9-3. Creaming indexes (%) of the Pickering emulsions containing different oil fractions

30°C 40°C 50°C

$=0.3 @=05 &=0.7 ®=0.3 @=05 &=0.7 ®=0.3 =05 @=0.7

GCNsl 474 278 0 395 210 0 474  26.3 0
GCNs5 421 222 0 421 18.4 0 52.6 27.8 N/A
GCNs10 421  26.3 0 52.8 26.3 0 N/A N/A N/A

N/A: not applicable, Pickering emulsion did not form
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Table 9-4. Droplet size (um) of the Pickering emulsions containing different oil fractions

30°C 40°C 50°C
@=0.3 @=0.5 @=0.7 @=0.3 @=0.5 @=0.7 @=0.3 @=0.5 @=0.7
GCNsl 84.8454 1115444 182.7+6.4 80.6#3.4  106.745.5  149.746.0 101.744.4 156.4+18.0 246.9422.1

GCNs5 67.3#5.3 101.0#5.6 133.5#.5 68.7+2.4 97.648.2  169.3#+19.0 256.8+17.8 694.0433.4 N/A

GCNs10 130.2#6.7 173.9+16.2 291.0488.8 150.6441.9 393.8446.6 598.2+173.9 N/A N/A N/A

N/A: not applicable, Pickering emulsion did not form
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In some Pickering emulsions, phase inversion occurred when the oil to water ratio changed?’.
To test the type of the GCNs stabilized Pickering emulsions at different oil fractions, MCT was
stained with coumarin 6, which emits green fluorescence. GCNs was intrinsically fluorescent. The
GCNs stabilized Pickering emulsions were excited at 488 nm and 550 nm to excite coumarin 6-
labeled MCT and GCNs, respectively. The fluorescence images were overlaid and shown in Figure
9-10. The green fluorescence was located inside the red fluorescence (GCNs) edge, which means
the GCNs stabilized Pickering emulsions were O/W type emulsions. Phase inversion did not occur
at higher oil fractions (#=0.5 and 0.7, data not show). These Pickering emulsions remained as the

O/W type in all the tested oil to water ratios.

30°C 40°C 50°C

GCNsl

GCNs5

Figure 9-10. Microscopic images of the fluorescence labeled Pickering emulsions (£=0.3, w/w)
stabilized by 0.15 wt% GCNSs. The green fluorescence is the coumarin 6 labeled MCT. The red

fluorescence is the GCNs. The scale is 100 um.
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The Pickering emulsions containing @=0.7 MCT were subjected to dynamic frequency sweep
rheological measurement. The storage modulus G’ was almost one order of magnitude higher than
the loss modulus G” over the whole frequency range and both G’ and G” were nearly frequency-
independent in all the emulsions (Figure 9-11A-C), indicating these Pickering emulsions behaved
like gel. This gel-like property was originated from existence of three-dimensional network in the
Pickering emulsions. Possible explanations of this three-dimensional network could be partially
bridging between emulsion droplets?®® or depletion flocculation?®. When considering the impacts
of genipin concentration and crosslinking temperature, they affect G> and G” in opposite way.
When considering the effect of genipin concentration, GCNs crosslinked by higher concentration
of genipin slightly increased the magnitudes of both G’ and G”. When considering the effect of
crosslinking temperatures, GCNs crosslinked at higher temperatures reduced the magnitudes of

both G’ and G”.

Similar as the behaviors of G’ and G”, the complex viscosity was also higher for the Pickering
emulsions which were stabilized by GCNs crosslinked by higher concentration of genipin. Higher

crosslinking temperature could also decrease the viscosity of the emulsions (Figure 9-11D-F).
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Figure 9-11. Storage modulus G’ and loss modulus G” of the Pickering emulsions (& = 0.7, w/w)
stabilized by 0.15 wt% GCNs crosslinked at (A) 30°C, (B) 40°C, and (C) 50°C. Complex viscosity
n* of the Pickering emulsions (& = 0.7, w/w) stabilized by 0.15 wt% GCNs crosslinked at (D)

30°C, (E) 40°C, and (F) 50°C.

9.5. Conclusions

The crosslinking parameters greatly affect the properties of GCNs and the resulting Pickering
emulsions. In this chapter, impacts of crosslinking temperature and crosslinker concentration on
the features of GCNs and the resulting Pickering emulsions were further investigated. It was found
that these two factors had huge impacts on the major characters of GCNs as Pickering stabilizers,
i.e. size, surface charge, wettability, and morphology. Most of GCNs except for those crosslinked
at weak (low genipin concentration and low temperature) and strong (high genipin concentration
and high temperature) conditions can stabilize Pickering emulsions at the concentration as low as
0.05 wt%. These GCNs exhibited outstanding ability to stabilize O/W Pickering emulsions in a
wide oil-to-water ratio range. These emulsions showed gel-like properties which were also

governed by the crosslinking conditions. GCNs crosslinked by higher concentration of genipin and
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at lower temperature could increase the storage modulus, loss modulus, and complex viscosity of

the emulsions.
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CHAPTER X. ENHANCING ANTIOXIDANT CAPACITY OF
PICKERING EMULSIONS BY INCORPORATING

THEAFLAVIN-3,3°-DIGALLATE

As of submission of this dissertation, the work in this chapter has been written as a research paper
in the tizle of “Enhancing Antioxidant Capacity of Pickering Emulsions by Incorporating

Theaflavin-3,3-digallate ” which is ready for submission.

10.1. Abstract

Emulsions are common colloidal systems in food, pharmaceutical, and cosmetic products. The
guality of emulsion-based products is often deteriorated by lipid oxidation. Therefore, it is
important to prevent oxidation in emulsions. In this chapter, TF-3 was introduced to improve the
stability of Pickering emulsion stabilized by GCNs against lipid oxidation. Various amount of TF-
3 was encapsulated in the GCNs and it was found that incorporation of TF-3 did not change the
surface charge of GCNs but increased the size due to aggregation. The GCNs encapsulated with
TF-3 (GTs) were further applied to stabilize Pickering emulsions with sunflower oil as the oil phase.
These Pickering emulsions were O/W type emulsions with gel-like property. They exhibited better
stability against lipid oxidation than the oil-water physical mixture and conventional emulsion
emulsified by tween 80 as reflected by lower amount of oxidation products during storage at 40°C
for 20 days. The level of oxidation products decreased as the concentration of TF-3 increased. It
was also observed that TF-3 had better protection against lipid oxidation when located at the oil-

water interface compared to located in either oil phase or water phase.

10.2. Introduction

Emulsions are common systems in food, pharmaceutical, and cosmetic products. Conventional
emulsions are emulsified by amphiphilic small molecules, phospholipids, or proteins. Unlike

conventional emulsions, Pickering emulsions are stabilized by solid particles, which are not
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necessary amphiphilic. Pickering emulsions have attracted a great attention recently because they
are more stable against coalescence than the conventional emulsions®. In addition, the feature of
surfactant-free could avoid the potential adverse effects that are associated with the conventional

emulsifiers®” %, A variety of inorganic and organic particles have been investigated as the Pickering

Stabilizersgl’ 99, 100, 102, 103, 105, 255, 259.

Although emulsions are versatile in different areas, their qualities are often deteriorated by lipid
oxidation, especially in conventional emulsions, which usually have larger oil-water interfacial
areas than bulk oil. The larger oil-water interfacial area provides more opportunities for the
prooxidants e.g. metal ions in the aqueous phase to interact with lipids?. Lipid oxidation leads to
rancidity, off-flavor, and consequently reduces the nutritional value and shorten the shelf life of
foods. Lipid oxidation can also occur in human GIT after food consumption?%-263, The oxidation
products are potential cytotoxic and genotoxic? 265, Consuming oxidized foods may give rise to
oxidative stress in human body, which is closely related to the pathogenesis of inflammation,
atherosclerosis, aging, and cancer, etc'®® 2% 266.267 | inid oxidation can also cause co-oxidation of
proteins, DNA, and other molecules in vitro and in vivo, causing loss of the functionality and

mutation?%8,

It is therefore very important to inhibit lipid oxidation both in vitro and in vivo. Our human
body is protected by inherent enzymes (such as superoxide dismutase, catalase, glutathione
peroxidase, glutathione reductase, and glutathione transferase) and exogenous antioxidants (such
as ascorbic acid). A tremendous amount of work has been done to avoid lipid oxidation in the food
products, especially emulsion-based food products. One important strategy is to add antioxidants,
including synthetic antioxidants e.g. butylated hydroxyanisole (BHA), butylated hydroxytoluene
(BHT), propyl gallate(PG), and tertiary butylhydroquinone (TBHQ) and natural antioxidants e.g.
tocopherol, ascorbic acid, and carotenoids. The natural antioxidants become more popular because

they can avoid the negative health issues that are associated with synthetic antioxidants?°. Phenolic
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compounds are ubiquitous in fruits and vegetables. Several phenolic compounds have strong
antioxidative activity resulted from multiple mechanisms including donating hydrogen atoms to
the lipid radicals and/or chelating metal ions. As a polyhydroxylated polyphenol, TF-3 has potent

antioxidative ability (section 1.5.2).

In the chapter, TF-3 was encapsulated in the GCNs. The GTs were applied to stabilize Pickering
emulsion with sunflower oil as the oil phase, aiming to protect the resulting Pickering emulsions

from oxidation.

10.3. Materials and Methods

10.3.1. Materials

CS was purchased from Kunpoong Bio. Co., Ltd. (South Korea) and used as received without
further treatment. CPPs was purchased from Greencream Biotechnology Co., Ltd. (Guangzhou,
China). Genipin (purity > 98%) was purchased from Wako Pure Chemical Industries, Ltd. (VA,
USA). TF-3 was purified from black tea extract as described in section 2.2.8. Sunflower oil was
purchased from local supermarket and purified through column liquid chromatography to remove
the inherent antioxidants and oxidation products. Silica gel (Sorbent Technologies, Inc., GA, USA)
was used as the stationary phase and hexane (Pharmco-AAPER, CT, USA) was used as the mobile
phase. Ferrous sulfate, barium chloride dihydrate, coumarin-6, isopropanol, and 1-butanol were
purchased from Sigma-Aldrich (MO, USA). Ammonium thiocyanate was purchased from Alfa
Aesar (MA, USA). Isooctane was purchased from EMD Millipore (MA, USA). Methanol was

purchased from Pharmco-AAPER (CT, USA). Milli-Q water was used in all the experiments.

10.3.2. Preparation and Characterization of the GTs
CS was dissolved in 1% acetic acid (containing 10 mM NaCl) and the pH was adjusted to pH
6 after CS was fully dissolved and hydrated. CPPs and TF-3 were dissolved in Milli-Q water

(containing 10 mM NaCl) and their pH were adjusted to pH 6. To prepare GCNs without
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encapsulation of TF-3 (GTO0), genipin was premixed with 5 mg/mL CS solution followed by
addition of same volume of 5 mg/mL CPPs solution. To prepare the GCNs loaded with TF-3 (GTSs),
TF-3 solution was added dropwise into same volume of 10 mg/mL CPPs solution during magnetic
stirring. This TF-3/CPPs mixture was then added into same volume of 5 mg/mL CS, which was
premixed with genipin. The final concentration of genipin in all the systems was 0.5 mg/mL. All
the crosslinking reactions were conducted at 30°C for 4h. Hereinafter, the GT consisted of TF-

3:CPPs=0, 0.1, 0.2, and 0.4 were abbreviated as GTO, GT1, GT2, and GT4, respectively.

The sizes of GTO, GT1, and GT2 were calculated from the intensity-intensity auto-correlation
function G(q,t)?®. obtained from a 90Plus Particle Size Analyzer equipped with a Brookhaven BI-
9000AT digital correlator (Brookhaven Instruments Corporation, NY, USA). The samples were
diluted 1:5 with 10 mM NaCl solution (pH 6). All measurements were conducted at a fixed
scattering angle of 90<=and wavelength of 660 nm. The size of GT4 was measured and averaged
from its microscopic images by the ImageJ software since its size was larger than the measurable

size range of the particle size analyzer.

The (-potentials of the GTs were calculated by the Smoluchowski equation from measuring
their electrophoretic mobilities on a Nano ZS Zetasizer (Malvern Instruments Ltd., MA, USA). The
samples were diluted 1:5 with 10 mM NaCl solution (pH 6) for measurements, which were

triplicated at 25°C.

The shapes of the GTs were visualized by a Nanoscope llla Multi-Mode AFM (Veeco
Instruments Inc., CA, USA) with tapping mode. The samples were diluted 1:50 with 10 mM NacCl
(pH 6) and dripped onto the surface of pre-cleaned mica slides. After 1h, the mica slides were rinsed

with Milli-Q water and dried with N> for analyzing.
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10.3.3. Preparation and Characterization of the Pickering Emulsions

The Pickering emulsions were prepared by mixing sunflower oil and GTs at the weight ratio of
7:3 (oil fraction ®=0.7, w/w) by a high-speed homogenizer (T25 digital ULTRA-TURRAX®, IKA
Works Inc., USA) at 12,000 rpm for 1 min. The fluorescence labeled Pickering emulsions were
prepared by homogenizing GTs and sunflower oil pre-stained with coumarin-6 at the same

homogenization condition. The concentration of GTs in the Pickering emulsions was 0.15 wt%.

The microscopic images of the Pickering emulsions were obtained by a Nikon TE-2000-U
inverted fluorescence microscope equipped with a CCD camera (Retiga EXi, Q-imaging). To
observe the fluorescence labeled Pickering emulsions, the light was filtered through the bandpass
filters, which yielded the excitation wavelengths of 488410 nm for coumarin 6 and 55010 nm for
GTs. The fluorescence images were processed by the SimplePCI C-Imaging software (CompiX,
Inc., PA, USA) and the images were overlaid by the ImageJ software. The sizes of the Pickering
emulsions were measured by the ImageJ software. At least 500 measurements were conducted for
each emulsion sample. The size distribution fittings were performed on the @Risk software

(version 7, Palisade Corporation, NY, USA).

The Pickering emulsions standing at room temperature for 24h after preparation was subjected
to rheological studies on a Discovery HR-2 Hybrid Rheometer (TA Instruments, DE, USA) with
25 mm stainless-steel parallel plate geometry and a temperature-controlled stainless-steel Peltier
plate. All the studies were conducted at 25°C. Dynamic strain sweep tests from 0.1% to 100% strain
at 0.1 Hz frequency were carried out to determine the linear viscoelastic region before each dynamic
frequency sweep test, which adopted the 1% strain and the angular frequency o from 0.1 to 100

rad/s with 10 data points per decade.
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10.3.4. Determination of the Oxidation Products

To study the relationship between emulsion type and antioxidant capacity, sunflower oil and
water (oil:water=7:3, w/w) were physically mixed by high speed homogenizer (12,000 rpm for 1
min) as a control. A conventional emulsion (sunflower oil:water=7:3, w/w) stabilized by tween 80
was also prepared. To investigate the effect of antioxidant concentration, Pickering emulsions
stabilized by GTO, GT1, GT2, and GT4 were prepared (#=0.7, 0.15 wt% GTs). To compare the
impact of location of antioxidant, TF-3 was first dissolved in ethanol at 50 mg/mL. Small volume
of this TF-3 solution was then mixed with either sunflower oil or GTO. As the volume of TF-3 was
very small, it did not change concentration of GTO. The Pickering emulsion with TF-3 located in
the oil phase was prepared by homogenizing GTO and sunflower oil premixed with TF-3. The
Pickering emulsion with TF-3 located in the water phase was prepared by homogenizing pure
sunflower oil and GTO premixed with TF-3. The Pickering emulsion with TF-3 located at the
interface was prepared by homogenizing pure sunflower oil and GT1. The amount of TF-3 located
in the oil phase or water phase was same as the amount of TF-3 in the Pickering emulsion stabilized
by GT1. The oil-water physical mixture, conventional emulsion, and Pickering emulsions were

placed in the sealed screw cap glass vials and stored in an oven at 40°C for 20 days.

The content of primary oxidation products was characterized by measuring the peroxide value
(PV) using the ferric thiocyanate method?®®. Briefly, 0.2 g sample was mixed with 1.5 mL
isooctane/isopropanol mixture (3:1, v/v) on a vortex mixer for 20 s followed by centrifugation at
10,000 rpm for 5 min. Then 0.2 mL supernatant was added into 2.8 mL methanol/1-butanol (2:1,
v/v) followed by addition of 15 pL 3.94 M ammonium thiocyanate and 15 uL ferrous solution. The
ferrous solution was freshly prepared each time from the supernatant of the mixture of 0.132 M
BaClzin 0.4 M HCl and 0.144 M FeSQ,. After 20 min the absorbance was measured at 510 nm on

a microplate reader (BioTek Instruments Inc., VT, USA).
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10.4. Results and Discussion

10.4.1. Characterization of the GTs

As studied in CHAPTER I1l and CHAPTER 1V, TF-3 can bind with CPPs through hydrogen
bond. This TF-3/CPPs mixture further associated with CS via predominantly electrostatic attraction.
Consequently, TF-3 can be encapsulated in the CS-CPPs nanocomplexes. The CS-CPPs
nanocomplexes encapsulated with various amount of TF-3 were chemically crosslinked by genipin.
Their sizes are presented in Figure 10-1. Generally, incorporation of TF-3 increased the particle
size. This increase was dramatically when TF-3:CPPs increased from 0.2 (GT2) to 0.4 (GT4). The
increase of the particle size stems from TF-3 that were exposed at the surface of the nanocomplexes

bridged neighboring nanocomplexes and formed large size aggregates.
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Figure 10-1. Particle sizes of GTO, GT1, GT2, and GT4

The surface charge on the Pickering stabilizers is important for the stability of Pickering
emulsions because the surface charge provides electrostatic hindrance against coalescence. As
reported in previous chapters, the CS-CPPs nanocomplexes and GCNs were positively charged due
to the protonated primary amine groups on CS. As shown in Figure 10-2, incorporation of TF-3 in

the GCNs did not change the {-potential, which maintained at around +20 mV.
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Figure 10-2. {-potentials of GTO, GT1, GT2, and GT4

The morphology of particles could significantly affect their abilities for stabilizing emulsions?™,
The morphologies of GTs were characterized by AFM, which are displayed in Figure 10-3. When
TF-3 was not encapsulated (GTO0), the nanocomplexes existed as small single particles (Figure
10-3A). When TF-3 was encapsulated, the nanocomplexes started to aggregate, and the size of
aggregates increased with the concentration of TF-3 (Figure 10-3B and C). When the concentration
of TF-3 further increased, although small particles still existed, exceptionally large aggregates were

observed (Figure 10-3D). The observation from the AFM images accords with the particle size

measurement (Figure 10-1).
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Figure 10-3. AFM height images of (A) GTO, (B) GT1, (C) GT2, and (D) GT4

10.4.2. Characterization of the Pickering Emulsions

The solid particles can irreversibly anchor at the oil-water interface because the energy (E =
ymR?(1 — |cos @ |)?, where v is the oil-water interfacial tension; R is the radius of particle; 0 is
the oil-water-particle three phase contact angle) required to remove a single particle from the
interface is thousands of times higher than the kinetic energy of Brownian motion. These solid

particles anchored at the oil-water interface can stabilize Pickering emulsions.

The GTs were used to stabilize Pickering emulsions with sunflower oil as the oil phase. The
oil fraction (@) of all Pickering emulsions was 0.7 (w/w) and the concentration of GTs in the
Pickering emulsions was fixed at 0.15 wt%. No creaming was observed in all the Pickering
emulsions stored at 40°C for at least 20 days. When stored at room temperature, these Pickering
emulsions were stable against creaming for at least three months. The droplet size of the Pickering
emulsions stabilized by GTO, GT1, and GT2 were 178.8 +37.9 um, 189.2 +22.7 um, and 179.3 +

19.2 um, respectively. The droplet size of the Pickering emulsion stabilized by GT4 increased
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dramatically to 237.6 +£44.0 um. Although the Pickering emulsions stabilized by GTO, GT1, and
GT2 had similar size, their size distribution was different. The Pickering emulsions stabilized by
GT1 and GT2 displayed a more normally distributed manner compared to the Pickering emulsion
stabilized by GTO. The peaks of their size distribution fitting curves also shifted to larger size. The
droplet size of the Pickering emulsion stabilized by GT4 was more broadly distributed, which
means the Pickering emulsion stabilized by GT4 was the most heterogenous among these four

Pickering emulsions (Figure 10-4).

Figure 10-4. Macroscopic and microscopic images and size distribution of the Pickering emulsions
(©=0.7, w/w) stabilized by 0.15 wt% (A) GTO, (B) GT1, (C) GT2, and (D) GT4. The scale bar is

100 pm.
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The type of emulsions i.e. O/W type and W/O type affects their applications and oxidation
rate?’> 272, The type of Pickering emulsion is determined by the surface hydrophilicity of the
Pickering stabilizer. Hydrophilic particles can stabilize O/W Pickering emulsions and hydrophobic
particles can stabilize W/O Pickering emulsions®. To determine the type of the Pickering
emulsions stabilized by the GTs, sunflower oil was pre-stained with coumarin-6, which emitted
green fluorescence. The GTs had intrinsic fluorescence. As presented in Figure 10-5, the oil
droplets (green fluorescence) were surrounded by the GTs (red fluorescence), which means the

Pickering emulsions stabilized by GTs were O/W type Pickering emulsions.

Figure 10-5. Microscopic images of fluorescence labeled Pickering emulsions (@=0.7, w/w)

stabilized by 0.15 wt% (A) GTO, (B) GT1, (C) GT2, and (D) GT4. The scale bar is 100 um.

These Pickering emulsions behaved like stick gel. They did not flow when the vials were
inverted. The rheological studies revealed that the storage moduli (G”) of all Pickering emulsions
were higher than the loss moduli (G”) in the whole frequency range (Figure 10-6A), which means
three-dimensional gel-like networks were formed in these Pickering emulsions. It was also noticed

that both G’, G”, and the complex viscosity (n*) were increased with the concentration of TF-3
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(Figure 10-6). This indicates that incorporating TF-3 in the GCNs strengthened the network within

the Pickering emulsions.
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Figure 10-6. (A) Storage moduli G’ and loss moduli G” and (B) complex viscosities n* of the

Pickering emulsions (©=0.7, w/w) stabilized by 0.15 wt% GTO, GT1, GT2, and GT4.

10.4.3. Determination of the Oxidation Products

Sunflower oil is considered as a healthy oil because it is rich in polyunsaturated fatty acid

(PUFA), for example linoleic acid, which is an essential fatty acid for humans. Sunflower oil also

contains oleic acid, which is a monounsaturated fatty acid. These unsaturated fatty acids, however,

are highly susceptible to oxidation. Lipid oxidation is a series of free radical chain reactions which

can be generally divided into three stages including initiation, propagation, and termination. In the

initiation stage, the initiators such as light and heat generate the alkyl radicals (L°). In the
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propagation stage, the oxygen adds to the alkyl radicals to form the peroxyl radicals (LOO"). The
peroxyl radicals could further abstract hydrogen from neighboring lipid molecules to extend the
free radical chain reaction. The termination stage involves recombination of the free radicals to
form non-radicals. The real lipid oxidation process could be more complicated than this classic

theory?”,

Lipid oxidation in conventional emulsions has been extensively investigated?* 2°, As an
emerging type of emulsion, study on oxidation in Pickering emulsions is scarce. It was reported
that lipid oxidation in Pickering emulsion was weaker than in conventional emulsion?®, The degree
of oxidation in the Pickering emulsions is affected by concentration of Pickering stabilizer and

environmental pH?®,

To investigate whether oxidation of sunflower oil can be inhibited in the Pickering emulsion,
the levels of primary oxidation products in oil-water physical mixture, conventional emulsion
emulsified by tween 80, and Pickering emulsion stabilized by GTO were compared by measuring

their PV.

It is known that the speed of lipid oxidation is related to the oil-water interfacial area. Larger
interfacial area usually leads to faster oxidation because larger interfacial area provides more
opportunity for the prooxidants to contact with 0il?”. Therefore, emulsions usually oxidize faster
than bulk oil because emulsions usually have smaller droplet sizes than bulk oil, which means
emulsions have larger interfacial area than bulk oil. In this study, the oil-water mixture was used
as a control. A conventional O/W emulsion emulsified by tween 80 was also formulated. The size
of this conventional emulsion was 67.8 4.5 um, which was much smaller than the droplet size of
the Pickering emulsions stabilized by GTO. It is therefore not surprising to observe that lipid

oxidized fastest and strongest in the conventional emulsion. Pickering emulsion stabilized GTO
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displayed much lower PV than the oil-water mixture and conventional emulsions, which means

lipid oxidation was effectively inhibit in the Pickering emulsion (Figure 10-7A).

After incorporating TF-3 in the GCNSs, PV of the Pickering emulsions behaved in a TF-3
concentration-dependent decrease manner, which demonstrates that higher concentration of TF-3
in the GCNs provided stronger protection for the Pickering emulsion against lipid oxidation (Figure

10-7B).

The effect of location of TF-3 was also investigated by dispersing TF-3 in the oil- or water-
phase or located at the oil-water interface. TF-3 encapsulated in the GCNs which were located at
the oil-water interface displayed the lowest PV. While TF-3 distributed in the water phase had
higher PV and located in the oil phase had the highest PV (Figure 10-7C). This result indicates that
TF-3 distributed at the oil-water interface had the most potent capacity against lipid oxidation in
the Pickering emulsion, followed by being distributed in the water phase and then in the oil phase.
Similar result was reported in another study where lipophilic antioxidant curcumin was used to
prevent oxidation in Pickering emulsion stabilized by CS-zein complex particles. Curcumin was
encapsulated either in the particles or in the oil phase. It was found that curcumin encapsulated in
the CS-zein complex particles which were anchored at the oil-water interface had the strongest
antioxidant ability followed by present in the oil and then absence of curcumin®. It is known that
the oil-water interface is a crucial site in lipid oxidation because the interfacial area is where the
prooxidants and oxygen in the water phase contact with the oil. TF-3 encapsulated in the GCNs
was distributed at the interface and it can therefore effectively inhibit lipid oxidation from where
oxidation is prevalent. TF-3 located in the water phase may either distributed in the water or stick
to the surface of GTO. It can prevent any free radical or metal ions presented in the water phase
from contacting the oil. Thus, inhibit the lipid oxidation. Essentially TF-3 has low solubility in oil.
When located in the oil phase, although TF-3 was pre-dissolved in ethanol, it may not be evenly

distributed in the sunflower oil, which resulted in the lowest antioxidant ability.
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Figure 10-7. Hydroperoxide production in (A) oil-water mixture, conventional emulsion
emulsified by tween 80, and Pickering emulsions stabilized by GTO; (B) Pickering emulsions
stabilized by 0.15 wt% GTO, GT1, GT2, and GT4; (C) Pickering emulsions with TF-3 located in

the oil phase, oil-water interface, and water phase. The oil to water weight ratio of all samples was

7:3.
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The lowered amount of oxidation products in the Pickering emulsions compared to the
conventional emulsion and oil-water mixture indicates that the Pickering emulsions stabilized by
GTs had better protective effect for oil containing unsaturated fatty acids against oxidation, which
could be attributed to several mechanisms. Firstly, the GTs were positive charged. They can
electrostatically repel any metal ions presented in the systems, which are catalysts for lipid
oxidation. Secondly, it was reported that CPPs are antioxidant. As a result, the nanocomplexes
consisted of CPPs may be antioxidant. Thirdly, the Pickering emulsions had higher viscosities than
the oil-water mixture and conventional emulsions, which can inhibit migration of the metal ions to
the oil-water interface, and therefore further retard the process of lipid oxidation. These three
mechanisms can explain why Pickering emulsion stabilized by GTO had significantly lower amount
of oxidation products than the oil-water mixture and conventional emulsion. The most important
mechanism is due to presence of TF-3, which is a potent antioxidant. It was reported that TF-3 can
prevent oxidation via chelating metal ions and scavenging free radicals® 161163165 TF-3 can also
relieve the oxidative stress in the cell'®2. As a result, the Pickering emulsions displayed a dose-

dependent decrease of the oxidation products as the concentration of TF-3 increased.

10.5. Conclusions

Using natural antioxidants such as polyphenols is an effective approach to retard lipid oxidation
in emulsions. Herein, the potent natural antioxidant TF-3 was encapsulated in the GCNs and the
GTs were applied to stabilize O/W Pickering emulsions, which displayed gel-like properties.
Incorporation of TF-3 not only increased the size but also strengthened the network of the yielding
Pickering emulsions. These Pickering emulsions were stable against creaming and more
importantly they can inhibit oxidation of sunflower oil in the Pickering emulsion as reflected by
less production of the oxidation products compared to the oil-water mixture and conventional

emulsion. The level of the oxidation products was inversely related to the concentration of
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incorporated TF-3. It was also found that TF-3 distributed at the oil-water interface had better

antioxidant ability than being distributed in either oil phase or water phase.
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SUMMARY AND FUTURE WORK

To summarize the work in this dissertation, the novel polysaccharide-polypeptides
nanocomplex assembled from CS and CPPs provides multiple platforms as the encapsulation
systems for hydrophilic polyphenols such as TF-3. The CS-CPPs nanocomplexes can not only
improve the intestinal permeation of TF-3, which may potentially increase its bioavailability, but
also improve the stability of lipid in the form of Pickering emulsion against oxidation, which can

protect the healthy unsaturated fatty acids especially PUFA from oxidation.

There is definitely a lot of work that can be done to extend the current work. It has been proved
in this dissertation that the CS-CPPs nanocomplexes (with and without being crosslinked by
genipin) can enhance the intestinal permeability of TF-3, which would be beneficial for improving
its bioavailability. It is necessary to know whether the enhanced intestinal permeability can lead to
higher bioavailability of TF-3. Therefore, in vivo animal study is required in the future to compare
the pharmacokinetics of TF-3 encapsulated in the CS-CPPs nanocomplexes (with and without
being crosslinked by genipin) with pure TF-3, which will demonstrate the effectiveness of
encapsulation on the bioavailability of TF-3. It is also interesting to know whether the enhanced
intestinal permeability could bring any improvement of in vivo bioefficacies, for example

anticancer effect.

TF-3 is only a model hydrophilic polyphenol. The rest components of TFs and other
hydrophilic bioactive molecules (nutraceuticals) that have low intestinal permeability can be
encapsulated in the CS-CPPs nanocomplexes (with and without being crosslinked by genipin) to
overcome the limitation. The ultimate goal is to fortify the nanocomplexes encapsulated with
diverse nutraceuticals in the food products, for example beverages, to exert their bioefficacies in

human body. Safety evaluation is obviously the prerequisite before achieving this goal.
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Another area that is worth exploring is application of the CS-CPPs nanocomplexes- and GCNs-
stabilized Pickering emulsions, for example, using these Pickering emulsions as oral delivery

system for nutraceuticals.

The biopharmaceutics classification system generally divides drugs into four classes based on
their water solubility and intestinal permeability. Molecules in class 1 have good solubility and
permeability. Molecules in class 2 have good permeability but the water solubility is low.
Molecules in class 3 have good solubility but low permeability. The solubility and permeability of
molecules in class 4 are poor??*. This system can also be used to categorize nutraceuticals.
Nutraceuticals in class 1 usually have no problems in terms of bioavailability. The bioavailability
of nutraceuticals in class 2 is generally limited by low solubility, which can be solved by the
emulsion-based delivery systems?23, The bioavailability of class 3 nutraceuticals such as TFs is
obviously restricted by their permeability, which can be solved by the CS-based delivery systems.
The nutraceuticals in class 4 whose solubility and permeability are low require a combination of
the approaches for class 2 and class 3 nutraceuticals to improve their bioavailability, i.e. enhancing
both solubility and permeability. Pickering emulsions stabilized by the CS-CPPs nanocomplexes
or GCNs stand out as the potential oral delivery systems for class 4 nutraceuticals. As Pickering
emulsion is also an emulsion-based system, it can solubilize the lipophilic nutraceuticals.
Meanwhile, the particles anchored at the oil-water interface are composed of CS, which can open
the tight junctions to increase the permeability. In a word, the Pickering emulsions stabilized by
the CS-CPPs nanocomplexes or GCNs may increase the solubility and permeability of
nutraceuticals simultaneously. This hypothesis definitely requires support from more experiments

especially in vivo animal studies.
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APPENDIX: LIST OF ABBREVIATIONS

Abbreviations Full Names

11-MUA
AA
AFM
APS
ATCC
BHA
BHT
C*
CipP1
C2P1
C4P1
CD

Cl
COoX
CPPs
CS
CYP450
DO
DCI
DD
DMEM
DMSO

DPPH

11-Mercaptoundecanoic Acid
Arachidonic Acid

Atomic Force Microscope
Advanced Photon Source
American Type Culture Collection
Butylated Hydroxyanisole
Butylated Hydroxytoluene

Overlap Concentration

CS-CPPs Nanocomplex Composed of CS:CPPs=1:1
CS-CPPs Nanocomplex Composed of CS:CPPs=2:1

CS-CPPs Nanocomplex Composed of CS:CPPs=4:1

Circular Dichroism
Creaming Index
Cyclooxygenase
Caseinophosphopeptides
Chitosan

Cytochrome P450
Deuterium Oxide
Deuterium Chloride
Degree of Deacetylation
Dulbecco’s Modified Eagle’s Medium
Dimethyl Sulfoxide

2,2-diphenyl-1-picrylhydrazyl
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DSC

EC

ECG

EDC

EGC

EGCG

FAO

FBS

FDA

FITC

FTIR

GCNs

GCNsl

GCNs5

GCNs10

GIT

GPC-MALLS

GRAS

GT

GTO

GT1

GT2

GT4

HBSS

HPLC
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Differential Scanning Calorimetry

(-)-epicatechin

(-)-epicatechin gallate
1-Ethyl-3-(3-Dimethylaminopropyl)Carbodiimide Hydrochloride
(-)-epigallocatechin

(-)-Epigallocatechin Gallate

Food and Agriculture Organization

Fetal Bovine Serum

Food and Drug Administration

Fluorescein Isothiocyanate

Fourier Transform Infrared Spectroscopy

Genipin Crosslinked Chitosan-Caseinophosphopeptides Nanocomplexes
GCNs Crosslinked By 0.1 mg/mL Genipin

GCNs Crosslinked By 0.5 mg/mL Genipin

GCNs Crosslinked By 1 mg/mL Genipin

Gastrointestinal Tract

Gel Permeation Chromatography Multi-Angle Laser Light Scattering
Generally Recognized as Safe

GCNs Encapsulated with TF-3

GCNs Encapsulated with TF-3 with TF-3:CPPs=0

GCNs Encapsulated with TF-3 with TF-3:CPPs=0.1

GCNs Encapsulated with TF-3 with TF-3:CPPs=0.2

GCNs Encapsulated with TF-3 with TF-3:CPPs=0.4

Hanks’ Balanced Salt Solution

High Performance Liquid Chromatography



IL-1
IL-6
ITC
JAMs
LC-MS/MS
LDL
LOX
LTs
MCT
MMPs
MRPs
MTT
Mw
NF-xB
NHS
NMR
ORAC
Oo/wW
Papp
PBS
PDI
PG
PGs

pl

POD

Interleukin-1

Interleukin-6

Isothermal Titration Calorimetry
Junctional Adhesion Molecules
Liquid chromatography-tandem mass spectrometry
Low-density lipoprotein
Lipoxygenase

Leukotrienes

Medium Chain Triglyceride

Matrix Metalloproteinases

Multidrug Resistance Proteins
3-[4,5-Dimethylthiazol-2-yl]-2,5-Diphenyltetrazolium Bromide
Molecular Weight

Nuclear factor-xB
N-Hydroxysuccinimide

Nuclear Magnetic Resonance

Oxygen Radical Absorbance Capacity
Oil-in-Water

Apparent Permeability Coefficient
Phosphate Buffered Saline
Polydispersity Index

Propyl Gallate

Prostaglandins

Isoelectric Point

Peroxidase
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PPO Polyphenol Oxidase

PUFA Polyunsaturated Fatty Acid

PV Peroxide Value

QCM-D Quartz Crystal Microbalance with Dissipation Monitoring
Ry Radius of Gyration

RNS Reactive nitrogen species

ROS Reactive oxygen species

SANS Small Angle Neutron Scattering

SAXS Small Angle X-Ray Scattering

SOD Superoxide Dismutase

TBARS Thiobarbituric Acid Reactive Substances
TBHQ Tertiary Butylhydroquinone

TEAC Trolox Equivalent Antioxidant Capacity
TER Transepithelial Resistance

TF-1 Theaflavin

TF-2a Theaflavin-3-gallate

TF-2b Theaflavin-3’-gallate

TF-3 Theaflavin-3,3’-digallate

TFs Theaflavins

TNF-a tumor necrosis factor o

TPA 12-O-tetradecanoylphorbol-13-acetate
USAXS Ultra-Small Angle X-Ray Scattering
uv Ultraviolet

UV-Vis Ultraviolet-Visible

VEGF Vascular Endothelial Growth Factor
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W/O Water-in-Oil




