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Chapter 1

General introduction

The main objective of this work is to study the encapsulation properties and
microstructure of the casein cluster prepared from sodium caseinate (SC). SC is
water-soluble derivatives of acid milk caseins, produces by reaction with alkali
(sodium). Casein and SC have attracted attention in recent decades for use as
encapsulants in food and drug delivery systems due to their functional properties
(Livney, 2010; Elzoghby et al., 2011). SC can encapsulate materials during forming
cluster by simply controlling the pH of the solution. However, the encapsulation
behavior and the influence of process conditions on the encapsulation properties of
the obtained casein cluster are not fully understood. In this chapter, the concept of
encapsulation, the general characteristics of caseins and SC, the encapsulation
techniques, and the basic theory of small-angle X-ray scattering, major analytical
technique used in this work, are proposed. In the second chapter, the appearance, the
microstructure, and the zeta-potential of casein cluster at the different pH values as
well as the effect of pH on the encapsulation efficiency (EE) are discussed. The third
chapter focuses on the stability and the microstructure of casein cluster when the
aging step was applied to the SC solution. Moreover, the re-assembled micelles
method was used to prepare casein cluster and their properties were compared with
original clusters. In the fourth chapter, digestibility of the obtained casein powder is

studied. Additionally, the influence of drying temperature on the properties of casein



Sodium caseinate solution

pH adjustment pH adjustment .
(pH 3.5-6.5) (pH 6.0, the highest EE) Re-assembled micelles

* Appearance |
* Zeta-potential | |

* Cluster Structure ' !
" Aging Spray-drying
| (0, 24, 48,72, 120h) (inlet air temperature:
Spray-drying | 150, 180, and 200°C)
I Cluster |
Structure .
Casein cluster | Ca-seln cluster
dried-plowder Spray-drying drled-;iowder
Encapsulation Casein cluster * Digestibility
efficiency dried-powder * Cluster structure
I
Chapter 2 . Encgpsulation Chanter 4
efficiency
* Stability
Chapter 3

Figure 1-1: The summary diagram of the experimental work and the analysis of

sample properties are present in grey boxes.

cluster was also investigated. Summary of the experimental works carried out in this

research is schematized in Figure 1-1.

1.1 Encapsulation

Micro- and nano-encapsulation are technique used to entrap one substance
within another substance in order to protect them from undesirable degradation. Most
of entrapped substances, called the core/encapsulated/entrapped materials, such as

drugs, vitamins, vaccine, volatile active agents, microorganisms, etc., are sensitive to



external stress. Encapsulation provides numerous functionalities for example;
improving the stability of the core materials by protecting them from their reactivity
with the environment, improving the bioavailability and controlled release of
entrapped substances, improving the solubility of the hydrophobic compounds,
reducing flammability of volatiles, and improving the handling properties of liquid or
gaseous materials and keep odors or flavors contained (de Vos et al., 2010; Gonnet et
al., 2010; Nedovic et al., 2011; Tavares et al., 2014). The microcapsules have a wide
size range of several nanometers to millimeters that can divide into two main types,
i.e., the core-shell type and the matrix type (Figure 1-2). For the core-shell type, the
core material is surrounding by the shell material (single or multi layers). For the
matrix type, the active substance is dispersed in the wall material (Desai & Park,
2005; Zuidam & Shimoni, 2010). Efficient encapsulations are achieved when the
maximum possible quantity of core material is encapsulated inside the particles,
allowing for high stability, increased shelf-life, and controlled release (Jafari et al.,
2008). Large numbers of researches have been reported to study the effects of
operating conditions during spray-drying to improve encapsulation efficiency (Liu et

al., 2004; Chegini & Ghobadian, 2007).

The core-shell type The matrix type

Figure 1-2: Illustration of the encapsulation particles types.



The selection of wall material is of great importance for encapsulation, because
the protection or controlled-release features are mainly dependent on the properties of
the wall materials employed. Typical substances can be used as wall material,
however, biomolecules, e.g., carbohydrates and proteins, are mainly selected for
encapsulation, especially in food and pharmaceutical sectors. Due to its advantageous
features, carbohydrates are frequently used as wall material for many years (Wandrey
et al., 2010). For example, Liu et al. (2005) reported that the gelling characteristic of
pectin is effective to increase the bioavailability and the retention time of the dosage
form during digestion in drug delivery system. Hydrolyzed starches present good
protection against oxidation for orange oil and carrot carotene (Beristain et al., 2002;
Wagner & Warthesen, 1995) because of the affinity between their hydrophilic and the
hydrophobic compounds (Shaikh et al., 2006). Gum arabic has an excellent
emulsification property that produces the stable oil-emulsion over a wide pH range
(Gharsallaoui et al., 2007). Krishnan et al. (2005a, 2005b) reported that the stability of
food flavors encapsulated in gum arabic was better than maltodextrins and modified
starch. Although carbohydrates offer many advantageous properties for encapsulation,
most of them are poor in the interfacial properties required for high encapsulation

efficiency (Gharsallaoui et al., 2007).

Proteins have superior interfacial properties over carbohydrates, and thus they
have been largely used as wall material for hydrophobic bioactive compounds
(Tavares et al., 2014). Many researchers reported that proteins and flavors compounds
were linked together by hydrophobic and hydrogen bonding and the binding strength

is directly affecting their release property (Fares et al., 1998; Guichard, 2006; Landy



et al., 1995). The controlled release property of proteins has been growing interest to
study and develop drug delivery system. Controlled release of drug means controlling
drug dosage and reducing the effect of excess intake of drug (Elzoghby et al., 2012;
Tavares et al., 2014). Proteins have been reported as a successful in delivery and
controlled release of various drugs, for example the encapsulation of tizanidine
hydrochloride, gatifloxacin and fluconazole in gelatin (Lee et al., 2012), the dermal
drug encapsulated with collagen nanoparticles (Lee et al., 2001), and anticancer drug

loaded with casein (Elzoghby et al., 2013a; Shapira et al., 2010a).

Quality of the encapsulation products depends not only on the characteristic of
wall or core materials but also on the preparation technique. Numerous techniques
have been developed for encapsulation and each technique is applicable to some wall
and core materials, so the selection of encapsulation technique must carefully be
considered. Basic steps, suitable wall and core materials, advantages, and weakness of

commonly used encapsulation techniques are summarized in Table 1-1.



Table 1-1 Overview of commonly techniques used for the encapsulation active

ingredients (Beristain et al., 1996; Black et al., 2014; Desai & Park, 2005; Gibbs et al.,

1999; Okuro et al., 2013; Sanchez et al., 2013; Tavares et al., 2014; Zuidam &

Shimoni, 2010)

Technique

Basic steps

Core materials

Wall materials

Spray-drying

Spray-cooling/
chilling

- Preparation of the
dispersion or emulsion
of core materials in the
wall materials.

- Atomization and
dehydration of the
dispersion or emulsion.

Food ingredients,
drug, flavor,
hydrophobic
substances, vitamins,
fatty acid, etc.

Carbohydrates such as
gum acacia,
maltodextrins,
modified starch,
polysaccharides etc.

Proteins such as whey
proteins, soy proteins,
sodium caseinate, etc.

Advantage: Low operation cost, flexible, and produces good quality of

encapsulation products.

Disadvantage: Wall material used for spray-drying must have a good
solubility in water and high temperature is used in the process.

Preparation of the
dispersion or emulsion
of core materials in the
wall materials (often
vegetable oils).

- Atomization and
cooling of the
dispersion or emulsion,
then micro-capsules are
formed (no mass
transfer).

Frozen liquids,
heat-sensitive
materials,
water-soluble
substances such as
minerals,
water-soluble
vitamins, enzymes,
flavors, fragrances
and probiotics.

Typically some form of
vegetable oil (in the
case of spray-cooling,
45 to 122°C) or its
derivatives (in the case
of spray-chilling, 32 to
42°C) as well as fat,
stearin, mono- and
di-acylglycerols.

Advantage: Low operation cost, simple to apply and scale up and no organic

solvents used.

Disadvantage: Limitation of wall materials, require special handling and

storage conditions.




Basic steps

Technique Core materials Wall materials
Extrusion - Preparation of core Mainly used for food  Carbohydrates such as
materials. flavors, vitamins and  sucrose, maltodextrin,
. colors. lucose syrup, etc.
- Core materials are & yrup
immersed in a hardening
bath with wall materials,
micro-particles are
formed.
Advantage: Produces high stability encapsulation particles because the core
materials are completely surrounded by wall materials.
Disadvantage: Low encapsulation efficiency.
Fluidized bed - Preparation of wall Usually use for Carbohydrates and
materials. isolate iron from hot-melts materials for
S ascorbic acid in example vegetable oil,
- Wall material is s p & .
. multivitamins, waxes and fatty acids.
atomized onto core
. L encapsulate heat
material fluidized by . b
top-spray, bottom-spra sensible substances
p-spray, > such as vitamins and
or tangential-spray. .
minerals.
Advantage: Wide variety of wall materials can be use.
Disadvantage: Core materials must be solids and have a narrow size
distribution.
Lyophilization/ - Prepare the mixture of Heat sensitive and Carbohydrates and

freeze-drying

core and wall materials.  high value substances
such as drugs,
probiotics, and

aromas.

proteins.

- The mixture is
rehydrated by
freeze-drying.

Advantage: Suitable for thermal-sensitive substances.

Disadvantage: Extremely high operation cost and the obtained encapsulation
particles are non-uniform.

Advantage: Uncomplicated process and no elaborate manufacturing
equipment are requiring.

Disadvantage: High operating cost and cross-linking of the wall material
usually involves harmful chemicals, e.g. glutaraldehyde.




Technique

Cocrytallization

Basic steps Core materials Wall materials

- Preparation of the Acids, flavors, Sucrose
supersaturated wall antioxidants, and
material solution minerals.
(sucrose).

- Addition of core
materials.

- Forming a crystalline
irregular network to
encapsulate core
materials.

Advantage: Dried particles can be obtained without additional drying process
and high encapsulation efficiency.

Disadvantage: Wall material must be crystallized.




1.2 Caseins and caseinates

Caseins are major protein components found in milk (approximately 80% of
total milk protein). They consist of four main protein fractions, os-, os-, B-, and
k-caseins, which offer high nutritional value since they contain approximately 94%
proteins and 6% minerals, i.e. calcium, phosphate, magnesium, citrate and all
essential amino acids required for bone growth (Fox & McSweeney, 2003; Fox &
Brodkorp 2008). Caseins exhibit excellent interfacial properties, thermal stability, and
biodegradability, and they are classified as generally recognized as safe (GRAS)
(Livney, 2010; Elzoghby et al., 2011). They have been commonly used as an
ingredient in foods to improve their physicochemical properties over the last several
decades, for example used as emulsifiers in cheese products, used as stabilizer and
improve texture of ice-cream, and used to improve nutritional value of pasta and
snack. Commercial caseins are prepared from skim milk by acid precipitation or
rennet coagulation. Most of caseins (ca. 80%—-95%) in normal milk form as micelles.
These casein micelles are spherical in shape and they are extremely stable with good
solubility, good surface activity, and heat resistant that only temperature more than
120°C causes the casein aggregation gradually occur. The general characteristics of
casein micelles are summarized in Table 1-2. Commercial acid and rennet caseins are
insoluble in water, therefore caseinates are produced. Caseinates are produced by
re-solubilized acid/rennet caseins under alkaline conditions (sodium or calcium) and
dried to obtain caseinates powder. They exhibit superior water solubility and thermal
stability compared to other proteins (Anarjan et al., 2011). Sodium caseinate can

aggregate into large particles by reducing pH of the solution. The aggregation number



slightly increases with reducing pH from 8 to 6, but extremely increases at lower pH

values (HadjSadok et al., 2008).

Table 1-2 The general characteristics of casein micelles (Fox & Brodkorp 2008).

Characteristic Value

Diameter range from 50 to 600 nm (mean = 150 nm)
Molecular weight 10°-10° Da (mean =~ 10° Da)

Surface area 8 x 10" cm?

Volume 2.1x10" em’

Density (hydrate) 1.0632 g/cm’

Mass 22x10" g

Water content 63%

Hydration 3.7 g H,O / g protein

It is well known that the functional properties of casein depend on their
structure and surface properties. Caseins are proline-rich protein including both
hydrophilic and hydrophobic domains (Fox & McSweeney, 2003). Numerous studies
have been conducted to investigate the unique structure of casein and are presented in
various models. Main accepted models and be used as basis of the further model are
the coat-core model and the sub-units model. The concept of the coat-core model is
the protein at the core of micelle is different from those on the surface (McMahon &
McManus, 1998). Model proposed by Waugh and Noble (1965) and Waugh et al.
(1970) is relate to the coat-core model that the layer of k-caseins surrounding the os-
and B-caseins core. The size of micelle was controlled by the amount of the k-caseins
available and its stability depended on the amount of calcium. For the sub-units model,
casein aggregates are formed by the hydrophobic interaction of many roughly

spherical sub-units (or sub-micelles) that are about 12—15 nm in diameter, the model
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image of casein micelles supposed by Walstra (1999) can be seen in Figure 1-3. Two
main types of sub-units, k-caseins rich and poor, are held together by the formation of
intermolecular disulfide bonds of the k-caseins rich sub-units (Dalgleish & Corredig,
2012). The k-caseins rich sub-units are present mainly at the edge of micelles with the
hydrophilic end of the protruding peptide chain that appear to be “hairy” layer. This
layer will obstruct the further aggregation of sub-units and by steric and electrostatic
repulsion, in the other word, micelles stability is related to the hairy layer of k-caseins

(Walstra, 1999).

Submicelle
Protruding peptide chain

Calcium phosphate

50 nm

Figure 1-3: The casein micelles image of sub-units model supposed by Walstra

(1999).

1.3 Caseins and caseinates used as natural vehicles

Due to the unique physicochemical properties and functionalities of casein
and their products make them highly suitable to use as vehicles for delivering various
active substances. Important step that directly affects to the quality, properties, and

stability of final product is the formation of caseins particles or how they link with the

11



encapsulated substances. A number of strategies have been developed and used to

prepare the caseins encapsulation products.

1.3.1 Self-assembly and co-assembly

Self-assembly feature of casein can be employed to encapsulate various
active substances. Caseins are organized in nano- or microstructure mainly by
hydrophobic and electrostatic interactions and they can incorporate with active
substances upon the formation. Numbers of researchers studied in the self-assembly
and co-assembly casein-based encapsulation applied with many different systems.
Purified B-casein micelles extracted from fresh milk were co-assembled with
curcumin by simply mixed them in ethanol, subsequently evaporation of solvent. The
solubility and the cytotoxicity of curcumin were successfully improved by this system
(Esmaili et al., 2011). Similarly as the method of Pan et al. (2013), they dissolved
sodium caseinate and cucumin in a warm aqueous ethanol to improve the solubility of
curcumin. They proposed the formation mechanism of casein, as shown in Figure 1-4,
that sodium caseinate dissociated to small structures in a warm aqueous ethanol, and
then re-formed into nanoclusters after spray-drying and rehydration. Curcumin was
entrapped in casein nanoclusters during their reformation via hydrophobic interactions
confirmed by fluorescence spectroscopy. Dissociation followed by re-assembly
micelles of casein has also been reported by Menéndez-Aguirre et al. (2011). The
dissociation of casein was induced by high pressure treatment with and without
calcium and phosphate ions. The results demonstrated that loading amount of vitamin
D, on the re-assembled casein could be enhanced by this process. Semo et al. (2007)

reproduce casein micelles from sodium caseinate by setting up condition similar to the

12



original milk. This re-assembled micelle was used as encapsulating agent for vitamin
D,. Shapira et al. (2010a, 2010b) proposed model to explain the co-assembly
mechanism between B-casein and hydrophobic drugs that drug would priory associate
with B-casein by hydrophobic interactions, and subsequently with electrostatic affinity.
This model is similar as the model proposed by Martinez et al. (2011) that explained

about a self-assembly behaviour of the casein glycomacropeptide.

Re-dispersion of
% o spray-dried @
powder in water
QR )
Heatingin %) o% &

agueous ) )
Dissociated NaCas

i ; Reformed NaCas
- without curcumin ' .
di ¢ without curcumin
Re-dispersion o
[+]
O% & % spray-dried
@ powder in water

Native NaCas 8
‘ES’:& g —
° o8
®, &
Dissociated NaCas
with curcumin

Reformed NaCas
with curcumin

o Curcumin O NaCas

Figure 1-4: The formation model of sodium caseinate incorporation with curcumin

proposed by Pan et al. (2013).

1.3.2 Emulsification

Due to the excellent interfacial properties of caseins products, especially
sodium caseinate, they would appear to offer the suitable properties required to

encapsulate lipid substances. Lim et al. (2012) reported that sodium caseinate was the

13



most effective wall material for encapsulate pitaya seed oil by emulsification that it
gave the highest in oil retention compared with whey protein and gum arabic. Chung
et al. (2010) attempted to improve the EE of sodium caseinate microcapsules by
combining with resistant starch (RS) for encapsulate fish oil. The RS used in this
work was modified by heating (Heat RS) or followed by microfluidization (Heat-MF
RS). Combination of caseinate and Heat-MF RS succeeded to improve the EE,
whereas it was poor to protect the encapsulated oil from oxidation. Numerous other
researchers interested in the influences of the processing condition during
emulsification on the characteristics of casein encapsulation products, for example
effects of the homogenizer pressure on the emulsion morphology (Anarjan et al.,
2011; Hogan et al., 2001; Qian & McClements, 2011) and effects of the sodium
caseinate concentration on the stability and emulsion microstructures (Tan &

McGrath, 2012).

1.3.3 Chemical crosslinking

Crosslinking is the process to connect two or more molecules together with
chemical links (Jyothi et al., 2010). Elzoghby et al. (2013a, 2013b) succeeded to use a
genipin as a crosslinker to improve the stability of casein-drug nanoparticles. A
genipin in ethanol was simple added into the casein-drug mixture, subsequently
spray-drying. Color of the mixture turned from transparent to dark blue derived from
the double bonds of the genipin crosslinked molecules. This research group also
applied the crosslinked casein with the polyanionic crosslinker sodium

tripolyphosphate to encapsulate an anticancer drug flutamide. The half-life of this

14



drug greatly increased and their biodegradability was depending on the density of

crosslinked molecules (Elzoghby et al. , 2013c).

1.4 Small and ultra-small angle X-ray scattering technique

Small angle X-ray scattering (SAXS) and ultra-small angle X-ray scattering
(USAXS) is a powerful technique for investigating the structure of macromolecules in
solution without the limitation of molecular weight, such as proteins, nucleic acids,
polymers, colloid, as well as metal aggregates. SAXS and USAXS can observe the
particles in the size range of 1-100 nm and 100-10,000 nm, respectively. To
understanding the structural characteristics of large aggregates, the combination of
SAXS and USAXS can be used to evaluate the structures of macromolecules since it
provides information about clusters ranging from one to several thousand nanometers
(Zhang and Ilavsky, 2010). Particles in the sample solution will scatter their signal out,
when they are attacked by X-rays beam. The generated 2D scattering pattern from the
macromolecules is generally converted to one dimension profiles (Koch et al., 2003;
Mertens & Svergun, 2010). The schematic of the basic SAXS experiment is shown in
Figure 1-5. From the scattering profile, important parameters can be obtained and
used for analysed the structural characteristics of sample. Numerous studies on the
higher order structures of bio-macromolecules have been carried out by using SAXS
measurement. Moitzi et al. (2008) evaluated the effects of temperature and pH on the
shape, structure, and aggregation number of [-casein micelles using SAXS
measurements. The results suggested that the shape and dimensions of the micelles
varied depending on the preparation conditions. SAXS has also been applied to the

investigation of the effects of environmental factors on the sub-structure of casein
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micelles (Marchin et al., 2007). Pignon et al. (2004) analyzed casein micelles with
SAXS and USAXS, and the results showed that casein micelles are bimodally
distributed with two size length scales of around 100 nm for the globular micelles and

5.6 nm for the sub-micelles.

I(q) [arb.units]

q [nm]

Small particles
1D scattering

2D scattering
profile

pattern

Figure 1-5: The schematic of the basic SAXS experiment.

1.4.1 SAXS analysis

The obtained 2D scattering patterns were integrated to obtain the 1D profiles,
and the scattering intensities, /(q), were plotted against the g values after subtraction
of the background intensity (scattering intensity of the capillary filled with the blank
solution). The ¢ is magnitude of the scattering vector, (g=(4m/A)sinO, where 20 is the
scattering angle). The obtained scattering profiles were used to calculate the structural
parameters, i.e., radius of gyration (Rg), zero intensity (/(0)), and fractal dimensions

(D), using the following scattering model equation (Freltoft, 1986; Sorensen, 1992):

I(q) = sin[(D -1)arctan(g&)]

= 1-1
(D-DgE(1+q’8) " o
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This equation is based on the exponential cutoff for fractal objects, h(r/&)=e”'*,
where £’ =2R’/(D(D+1)). The present casein clusters were assumed to exhibit
fractal morphology, since they are composed of many primary casein particles. In
order to consider the cluster density, the /(0)/ Ré value was used as an indicator,

termed the density index (d), where R is related to cluster size and /(0) corresponds

to the molecular weight of the scattering cluster.

The SAXS and USAXS profiles were combined to investigate the structures
of materials in the nano- to micro-meter scale. The analyses were carried out in two
regions corresponding to the two structural size scales: (i) low ¢ range (0.004-0.06
nm™', which correlates to dimensions of approximately 100—1600 nm in real space),
where the intensity obtained from USAXS measurements reflects the characteristics
of the whole cluster domains; and (ii) high ¢ range (0.06-2.0 nm™', which correlates to
dimensions of approximately 3—100 nm in real space), where the intensity obtained
from SAXS measurements is scattered from smaller domains, mainly reflecting the
primary cluster (Figure 1-6). The D value is an absolute value of the power law

~(D"orD%)

exponent of the scattering profile, /=g , where D" is determined from the

lower ¢ region and D" is determined from the higher ¢ region. The value of D is used
to distinguish the characteristics of fractal objects; surface fractals (3 < D < 4) relate
to particles with rough or smooth surfaces, and mass fractals (1 < D < 3) relate to

particles with branched and crosslinked network structures.

17
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Figure 1-6: Combination of ultra-small-angle X-ray scattering (USAXS) and
small-angle X-ray scattering (SAXS) profiles and an illustration of a cluster

corresponding to the g region.
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Chapter 2
Influences of acidic conditions on the properties and
encapsulation efficiency of the casein cluster loaded

p-carotene

2.1 Introduction

Casein and caseinate have been shown to form clusters through hydrophobic
interactions by simply controlling the pH of the prepared solution. Prior studies have
shown that pH, temperature, and ionic strength are critical factors that determine the
formation of casein micelles/clusters. Furthermore, the kinetics of cluster formation is
closely linked to the properties of encapsulant (Anema et al., 2004; Guillaume et al.,
2004; Jaubert et al., 1999; McSweeney et al., 2004). HadjSadok et al. (2008) reported
that the decreasing pH of caseinate solution between pH 8.0 and 6.0 resulted in small
increase of the aggregation number, whereas extensive aggregation occurred when the
pH was lower than 6.0. Ruis et al. (2007) also reported in the same way that the
stickiness of the caseinate aggregates was dependent on the pH of the solution.
Previous studies have shown that the aggregation of caseinate induced by pH changes
can entrap hydrophobic substances in the cluster; e.g., curcumin (Pan et al., 2013,
2014) and bixin (Zhang & Zhong, 2013). Although various aspects of the formation
mechanisms of casein micelles/clusters have been studied, investigations that
correlate cluster formation kinetics to the properties of the resultant dried products are
still lacking. This chapter aims to investigate the effects of pH values on the EE and

aggregation behaviours of SC. We used p-carotene as a core material model and
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determined the EE of the prepared spray-dried cluster by the measured release rate of
B-carotene. The surface characteristics of the aggregated casein clusters were
analyzed by small angle X-ray scattering (SAXS), cluster size, and zeta (¢)-potential

measurements.

2.2 Materials and methods

2.2.1 Materials

Sodium caseinate (SC) from bovine milk and B-carotene (type I, synthetic,
>93%) were purchased from Sigma-Aldrich (St Louis, MO, USA). Acetic acid was
purchased from Wako Pure Chemical Industries, Osaka, Japan. All chemicals used

were of analytical grade.

2.2.2 Particle preparation

SC was dissolved in distilled water at a concentration of 5.0% (w/v). After
stirring for 2 h, the SC solution was mixed with 2 mL of B-carotene solution
(B-carotene dissolved in acetone with B-carotene:SC ratio of 1:200); the resultant
mixture was stirred overnight. The pH values of the solutions were adjusted to desired
values by adding acetic acid and were monitored by a pH meter (SK-620PH, Sato
Keiryoki Mfg Co., Tokyo, Japan). The prepared solution was spray-dried with a
laboratory-scale mini spray dryer B-290 (Biichi Labortechnik AG, Switzerland)
equipped with a 0.7 mm diameter nozzle. The operational conditions of spray-drying
were as follows: inlet drying air temperature, 110°C; outlet temperature, 80°C; pump
rate, 145 mL/h; aspirator rate, 90%; and spray-drying air flow rate, 350 mL/h. The

obtained dried powders were kept in tightly capped vials and stored in dark until
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analysis. The specimen IDs of the prepared spray-dried powders are listed in Table

2—1 with the specifications.

Table 2—1 Specification of the specimens.

Specimen ID pH note
A70 - Without any pH adjustment
A65 6.5
A60 6.0
ASS5 5.5

2.2.3 Encapsulation efficiency (EE) measurement

The B-carotenes in the dried specimen were extracted into an ethanol solution
as follows: 0.1 g of the specimen was put into 4 mL of ethanol, shaken for 15 s, and
then stored in dark for the desired time. After centrifuging the solution for 1 min, the
supernatant was collected and the absorption intensity was measured at 450 nm using
an ultraviolet-visible (UV-vis) spectrophotometer (Nanodrop2000C, Thermo Fisher
Scientific Inc., USA). The quantities of B-carotene extracted in the initial 15 s were
used to estimate the amount of free P-carotene. The quantities obtained after
extraction over 24 h were used to evaluate the total f-carotene loaded. The EE was

calculated with the following equations:
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Free [-carotene =

Extracted amount of f —carotene after 15 s 100 (2-1)
Total f8—carotene load in the original solution

Encapsulation efficiency (EE)
(2-2)

: [Extracted amount of pB-carotene after 24 h - Free /J’-carotene] « 100

Total f-carotene load in the original solution

The total mass of B-carotene loaded in the original solution was used to

standardize the EE.

2.2.4 Particle size and {-potential measurement

Particle size and (-potential of the casein cluster in distilled water were
determined using dynamic light scattering, DLS, (Zetasizer NanoZS, Malvern
Instruments, Worcestershire, UK). SC was dissolved in distilled water at
concentrations of 0.5%, 1.0%, and 5.0% (w/v). After 2 h of stirring, the pH of the
casein suspension was adjusted to the desired value by adding aqueous acetic acid

solution.

2.2.5 Characterization of casein clusters by SAXS

SAXS measurements were performed at the beamline BL40B2 at Spring-8
(Hyogo, Japan). The wavelength (A) of the beam was 0.1 nm. A 30 cm” imaging plate
was used to record the scatter profiles, with the detector placed 4,166 mm away from
the sample, providing a ¢ range of 0.05-2.0 nm™'. The test solution was filled in a
sample holder (1 mm thickness) and placed on the sample stage. The SAXS data were

recorded with an exposure time of 10 s.
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2.3 Results and discussion
2.3.1 (-Potential

(-Potential is present between the particle surface and dispersing liquid. Its
magnitude indicates the stability of the colloidal system. The {-potentials of a 0.5%
(w/v), 1.0% (w/v), and 5.0% (w/v) SC solution at different pH values are shown in
Figure 2—1(A). SC solutions possessing a pH value between 7.0 and 5.0 were found to
be negatively charge and displayed no net charge at approximately pH 4.4, indicating

their isoelectric point. The magnitude of the {-potential increased as the pH

(-Potential [mv]

Figure 2—1: (A) Zeta ({)-potential for SC solution: 0.5% w/v [O], 1.0% w/v [@®], and
5.0% w/v [@]; and (B) appearance of SC solution as a function of pH; (B-1) 0.5% w/v,

(B-2) 1.0% w/v, and (B-3) 5.0% w/v.

values decreased. The appearance of the prepared solutions corresponded well with
the observed (-potential values (Figure 2—1(B)); though the SC solutions were

transparent, they became turbid at pH lower than 5.5, indicating the formation of
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aggregated casein particles. When the pH values became lower than the isoelectric

point, the aggregated clusters in the solution began to precipitate.

2.3.2 Encapsulation efficiencies

The central motivation of this work was to study the influence of pH values
on the resultant encapsulation properties of spray-dried casein clusters; accordingly,
we measured the release rate and EE of the encapsulated p-carotene in ethanol in
order to assess these properties. SC at a concentration of 5.0% (w/v) was used to
encapsulate p-carotene (B-carotene:SC = 1:200). The EE were higher at lower pH
values (pH 6.0-7.0), with values varying from 20% to 29% and the free p-carotene
was approximately 1-7% (Figure 2—-2). When the specimen was prepared from a
solution with pH 6.0, the EE was maximized. These results suggest the importance of
the kinetics of the structural modifications of particles on the encapsulation properties
of the resultant dried powders. The release curves of B-carotene from the dried
specimen are shown in Figure 2-3. Approximately 50% of the encapsulated
B-carotene was released within the first 1 h; the release rates for the specimens tested
were similar to each other. Further, after 6 h, 83%, 81%, 70%, and 69% of the
encapsulated B-carotene was released from the dried particles A55, A70, A60, and
A65, respectively. The AS55 had the highest surface B-carotene loading (approximately
7%), whereas those of the other specimens (A70, A65, and A60) were found to be in
the 1-3% range. This suggests that the rapid aggregation under highly acidic
conditions provided ideal conditions for the entrapment of B-carotene in the

aggregated particles; however, many B-carotenes were found at the surface.
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2.3.3 Size and surface characteristics

SAXS measurements were carried out to determine how the formation of
aggregated casein clusters and surface characteristics were affected by pH values to
provide support for the results described in the previous section. Figure 2—4 shows the
scattering profiles of the SC solutions obtained from four different pH values, A70,
A65, A60, and AS5, where scattering intensity, /(q), was plotted against g in the range
0.001 < g < 0.12. It was found that the scattering intensities obtained from solutions
of A55 were clearly higher than those of the others, especially in the lower ¢ region,
an outcome thought to be due to the aggregate formation. The discrepancies in these
profiles indicated that the structures of these specimens were significantly different on

the measured scale.
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Figure 2—4: Small angle X-ray scattering profiles.
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The scattering profile also reflected the fractal structure of the scattering
medium. The fractal dimensions in this chapter were simply calculated from the slope
of the logarithmic plot between /(q) and ¢, D = n (i.e., I(q) ~ ¢™). The scattering
profiles were analyzed in the g range of 0.4—0.9. The obtained D values and the mean
particle sizes analyzed by DLS measurement are listed in Table 2-2. The D values of
the A65, A60, and AS55 were approximately 3.6, 3.2, and 3.1, respectively. As
explained in 1.4.1, if the D value lay in the range of 3—4, this D value would reflect
the characteristic at the surface of cluster, D value close to 4 indicate the smooth
surface. Considering with the mean particle sizes, D values corresponded to the
increase of the particle sizes when the pH of the SC solution was down from 6.5 to
5.5. So, this aggregate growth was a fractal growth, that is, a random fractal structure
formed in the aggregated particle. We opine that this fractal growth nature influenced
the encapsulation efficiencies. As discussed in the earlier sections, A60 was found to
have the highest encapsulation efficiency. The encapsulation tests suggested a
difference in the structures among the different aggregated specimens. The SAXS
data clarified that the present aggregations represented a fractal growth system,
wherein the randomness of the surface increased with increasing cluster size. It was
noteworthy that A60 was the best among the tested specimens, which suggested that
there existed an optimal aggregation degree, which maximized the performance of an
encapsulated system. Consequently, it is important to control the aggregation kinetics

during the syntheses of aggregation-based encapsulation systems.
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Table 2—-2 Mean particle sizes and fractal dimension of the specimens

Mean particles sizes

Specimen ID (am] D
A70 155.9 3.6
A65 175.7 3.6
A60 221.2 32
A55 289.5 3.1

2.4 Conclusions

In this chapter, the influences of pH on the encapsulation properties and the
aggregated structure of casein cluster were studied. We found that the pH of the
sodium caseinate solution, which determined the degree of the aggregation,
immensely affected the encapsulation efficiencies of B-carotene in the spray-dried
powder. Among the examined pH conditions (pH = 6.5, 6.0, and 5.5), pH 6.0 yielded
excellent encapsulation efficiency and storage stability. The size of the clusters
increased with decreasing pH in the following order: 5.5 < 6.0 < 6.5. Also, the surface
fractal dimension increased in the same order. Thus, these differences were linked to
the encapsulation characteristics, and suggested that there would be an optimal

aggregation degree, which maximized the performance of the encapsulated systems.
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Chapter 3
Influences of cluster formation and aging on the
encapsulation efficiency and stability of the casein cluster

loaded B-carotene

3.1 Introduction

Due to the results of preliminary study in the second chapter that the
aggregation of casein induced by pH changes is an important factor that impacts the
EE. We found that reducing the pH from neutral to 6.0 effectively enhanced the
amount of entrapped B-carotene; however, further reducing the pH from 6.0 to 5.5
decreased the loading amount of B-carotene. The cluster structure obtained from the
different pH condition also different. These suggested the importance of clarifying the
details of the structural change and kinetics of casein clusters in solution. However,
several researchers have suggested that the casein micelle re-assembled from
caseinate solution was also effective to encapsulate hydrophobic substances
(Saiz-Abajo et al., 2013; Semo et al., 2007; Zimet et al., 2011). These re-assembled
casein micelles were used to encapsulate and deliver hydrophobic substances such as
B-carotene, vitamin D,, and omega-3 polyunsaturated fatty acids. The results
suggested that the casein micellar form protected the entrapped substances against
environmentally induced degradation and oxidation. Knoop et al., (1979) studied the
synthesis of casein micelles by various techniques. Their studies showed that the

sub-structure of the synthesized casein micelles prepared by adding calcium,
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phosphate, and citrate ions to the caseinate solution was the same as that of natural

casein.

In this chapter, the casein cluster obtained by adjustment of pH to ca.6.0 was
selected to compare the encapsulation properties with the clusters prepared by
re-assembly micelle system. Moreover, the influence of aging sample solution before

drying on the EE, the cluster structure, and storage stability was also investigated.

3.2 Materials and methods

3.2.1 Materials

Tri-sodium citrate, di-potassium hydrogen phosphate, calcium chloride,
lithium chloride, sodium chloride, sodium azide, hexane, and acetone were purchased
from Wako Pure Chemical Industries, Osaka, Japan. All other chemicals were the

same as described in 2.2.1.

3.2.2 Particle preparation

The preparation method used in this chapter was modified from the method
in the 2™ chapter. Due to the type of spray dryer used, pilot scale with an atomizer,
volume of the specimen solution and drying condition were adjusted. A 5.0% (wW/v)
solution of SC was prepared by dissolving SC in distilled water under overnight
stirring at ambient temperature to ensure complete dissolution. B-Carotene in acetone
was added to the SC solution, where the mass ratio of f-carotene to SC was 1:400.
The mixture was stirred in a thermostatic bath at 37°C for 2 h. Aggregated casein

clusters were obtained by gradually reducing the pH (to ca. 6.0) using acetic acid
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solution, and the pH was measured with the help of a pH meter. The freshly prepared
solution was stored for aging under ambient conditions for a selected duration (0, 48,
72, and 120 h). Sodium azide (0.05 g) was added to 500 mL of the final solution to
prevent microbial growth during storage. The dried powders were then obtained by
spray-drying the prepared solution using an LB-8 spray dryer with an atomizer
(Ohkawara Kakohki Co., Yokohama, Japan). The operational conditions were as
follows: inlet air temperature: 150°C, outlet air temperature: 110°C, rotational speed
of atomizer: 5,000 rpm, and feed flow rate: 10 mL/min. The specimen obtained from
this method was named A60 and the specimen prepared without pH adjustment was

named A70.

Aggregated casein micelles were prepared by using the re-assembly method
reported by Semo et al. (2007). A solution of SC was prepared by dissolving 25 g of
SC powder in 400 mL distilled water. After continuous overnight stirring, f-carotene
in acetone was added to the solution containing completely dissolved SC, in which the
mass ratio of B-carotene to SC was 1:400. A 10 mL aliquot of 1 mol/L tri-sodium
citrate was added to the mixture of SC solution and B-carotene. Subsequently, 30 mL
of 0.2 mol/L K,;HPO4 and 36 mL of 0.2 mol/L CaCl, were added to the prepared
solution. These compounds were added in 12 portions over 10 minute intervals under
continuous stirring in a thermostatic bath at 37°C. The pH of the final solution was
adjusted to 6.7 using 1% of acetic acid solution. The prepared solution was aged and
spray-dried under the same conditions as described above. The specimen obtained

from this method was named aggregated casein micelle (ACM). The spray-dried
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powders were kept in amber glass vials and were stored in a desiccator over silica gel

until analysis.

3.2.3 Encapsulation efficiency measurement

Encapsulated B-carotene was extracted by using hexane. The dried powder
(0.1 g) was dispersed in 10 mL of hexane and stirred for 5 min or 24 h at ambient
temperature. The mixture was filtered by using a 0.45 pm membrane filter. The
absorbance of the filtrate was measured using a U-5100 Ratio-Beam UV-visible
spectrophotometer (Hitachi High-Technologies Corporation, Tokyo, Japan) at 450
nm. The absorbance of the extract sampled after 5 min was used to determine the
amount of free B-carotene, and the extract sampled after 24 h was used to determine
the total B-carotene load. The free B-carotene and encapsulation efficiency were

calculated using the following equations:

Free [-carotene =

Extracted amount of [ — carotene after 5 min %100 (3-1)
Total f - carotene load in the original solution

Encapsulation efficiency (Entrapped [-carotene)

(3-2)

_ | Extracted amount of [-carotene after 24 h — Free [B-carotene
Total p-carotene load in the original solution

]XIOO

3.2.4 Stability

The dried powder (0.1) was spread in thin layers in 50 mL glass vials, which
were then placed in desiccators at 60°C under the following storage conditions: 11%

and 75% relative humidity (RH) using saturated salt solutions (lithium chloride and
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sodium chloride, respectively). At selected time intervals, the sample vials were
removed from the desiccators. The color changes of the dried samples were assessed
using the tristimulus color coordinates (L*, a*, and b*) by using an SA 4000
spectrophotometer (Nippon Denshoku Industries Co., Tokyo, Japan); the color change
was used to estimate the degradation of B-carotene. Hexane extraction, described
above, was also used to determine the remaining amount of B-carotene in the dried

powder.

3.2.5 Characterization of casein clusters by SAXS

SAXS measurements were done at SPring-8, the same as described in 2.2.5, with
a camera length of 4,139 mm. The sample solution (before spray-drying) was filled
into a quartz capillary tube (diameter: 2 mm; wall thickness: 0.01 mm). The capillary

tube was set on a sample holder and placed on the measurement stage.

3.3 Results and discussion

3.3.1 Encapsulation efficiency

The sample solutions were aged for 0, 24, 48, 72, and 120 h, and the aged
samples were spray-dried to analyze the encapsulation efficiency. The encapsulation
efficiency and free B-carotene content of specimen A70 were 54.4+2.3% and
2.8 +0.3%, respectively (Figure 3—1A). These values did not change appreciably with
aging. However, the encapsulation efficiency of A60 increased from 73.0% to 82.8%
after 120 h of aging, and the free P-carotene content concomitantly decreased from
4.5% to 2.5% (Figure 3—1B). This result suggested that the structure of the aggregated

casein formed under acidic conditions (pH 6.0) modifies during the aging period; this
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deformation is linked to the entrapment of B-carotene. The increased encapsulation
efficiency of A60 could thus be caused by the relocation of free B-carotene to the
inner region of the casein cluster due to cluster deformation. However, lowering the
solution pH also affected the surface hydrophobicity of casein. Previous studies
showed that lowering the solution pH increased the surface hydrophobicity of casein
and induced casein aggregation (Liu & Guo, 2008; Risso et al., 2008). Therefore, in
this work, the encapsulation efficiency increased, probably because of the increase in
the hydrophobic regions of the casein cluster under the low pH condition, and this
mechanism may occur along with aging. No apparent effect of aging on the
encapsulation properties of ACM was observed, and approximately constant
encapsulation efficiency values were obtained despite aging; in contrast, the free
B-carotene content continuously increased on aging (Figure 3—1C). Considering that
the sum of the encapsulation efficiency and free B-carotene (58.1 = 3.2%) did not vary
with aging, the increase in the free P-carotene content may be attributed to the

collapse of the micellar structure during aging.

3.3.2 B-Carotene retention and color change during storage

The retention of B-carotene in the spray-dried powder was determined by
measuring the remaining amounts of B-carotene during storage under constant
humidity (i.e., 11%RH or 75%RH) at 60°C. When the powders were prepared without
aging, the retention rapidly declined in the initial 14 d under 11%RH and within 3 d
under 75%RH, and subsequently decreased slowly. The decline in the retention with

time was obviously higher at higher relative humidity during the first two weeks of
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Figure 3—1: Encapsulation efficiency and free B-carotene as a function of aging time:
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storage (Figure 3-2A and B). The significant degradation of B-carotene at 75%RH
may be attributed to the collapse of the cluster structure due to moisture sorption.
Sixty percent of B-carotene was lost from ACM within one week under 11%RH, and
80% loss was observed under 75%RH; in contrast, 60% of B-carotene was retained by
A60 under 11%RH and 40% was retained under 75%RH in the same period. The
retention of B-carotene for all samples was reduced to less than 10% in 21 d, and the
amount of B-carotene retained in A70, A60, and ACM was largely similar at the final

stage.

The surface color changes of the prepared powders were evaluated in terms
of the total color difference (AE*), which can be used as an indicator of overall color

fading due to B-carotene degradation (Desobry et al., 1997; Qian et al., 2012).

AE* =[(L*-L,)* +(a*-a,)* +(b*-b,)*]"* (3-3)

where L, a,,and b, are the initial color coordinates of the sample powder.

The fresh, spray-dried powder had a light orange color that gradually faded to
white during storage. This color fading reflects chemical degradation of B-carotene.
Under 11 and 75%RH, the AE* value of the dried powders increased linearly as a
function of storage time, and a greater degree of color change was confirmed for the
sample stored at higher relative humidity (Figure 3-2C and D). The large AE* value
observed with A60 could be due to the large amount of free B-carotene. As seen in the
previous section, the amount of free B-carotene for A60 could be reduced by aging;

thus, it is expected that this feature changed the retention of B-carotene.
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Figure 3-2: Retention of encapsulated -carotene under 11%RH (A) and 75%RH (B);
and surface color changes under 11%RH (C) and 75%RH (D) of A70 (O), A60 (©),

and ACM (@) as a function of storage time at 60°C (error bars represent SD, n = 3).

The retention of B-carotene in the non-aged and 120-h aged specimens is
compared in Figure 3-3A, B, and C. The B-carotene retention of the 120-h aged
specimens was higher than that of the non-aged sample, even under high relative
humidity. As discussed above, >90% loss of B-carotene from A70 and A60 was

observed after storage under 75%RH for 14 d, whereas 25.2% and 29.6% [-carotene
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retention values were respectively observed for 120-h aged specimens of A70 and
A60 under similar storage conditions. However, the influence of aging on the stability
at low relative humidity was not significant. On the other hand, the stability of ACM
improved after 120 h of aging under low as well as high relative humidity (Figure
3-3C). Aging also affected the color change of the resultant powders. The rate of
variation of the AE* value for A70 and A60 reduced when the specimens were aged
for 120 h. Interestingly, the total color change was less when the samples were stored
under high relative humidity (Figure 3—3D and E). At the end of 20 d storage, the AE*
values for A70 and A60 were 11.06 and 12.40, respectively, whereas those for the
aged specimens were 4.95 for A70 and 7.50 for A60. However, aging did not

influence the color change of the specimens prepared using ACM (Figure 3-3F).

3.3.3 Structural and morphological characterization

The scattering profiles for A70, A60, and ACM, which were prepared from
5% SC solution without dilution, are compared in Figure 3—4A. The relative
difference in each scattering curve indicates differences in the microstructure of the
clusters. The peaks around ¢ =~ 0.1-0.3 nm™ correspond to the inter-particle distance,
though the peaks themselves do not reflect any structural features of the clusters.
These peaks are the so-called Bragg peaks and the peak position (gpeak) indicates the
distance between the aligned particles (dpragg) based on Bragg’s law: dprage = 27/gpeak
(Bassett, 1981; Fiori & Spinozzi, 2010). The dpraee values of A70, A60, and ACM
were approximately 23.7, 29.0, and 31.0 nm™, respectively. With decreasing pH, the

dgrage Value of the casein aggregates increased; this means that the mean intra-particle

38



\‘\\\\\ A 12 - D
0.8 -ri -
\‘\ \\ \\ 9 |- ,,/, >,
S BN 1 s S
\ A N // //
S DD SN 1 Fer T T
0.4 N NN L L0 K
8 g A
02 | \\\ ~ = _ 3 | ,,//O’ ,’:, —
| 8\\—- 2o
00 1 | [-----i .4 | | !
0 S 10 15 20 0 5 10 15 20
Storage time [d] Storage time [d]
L0 — I I T T I I I
\‘\:\ B 12 E L’
0.8 | R —
\ \\\\ 9 |- ,” ,/ ]
oe L é i A
L>° . \ . [ﬂ ’/ O’ /.
6 A\ RN f 6 ’/,” e t’
04 | \\\A \\\\\\ - A/,:/,’ Rt
\\\ \\‘:\ 3 | /,:,O/ ”!:” |
02 | IS N S e
0.0 l | 1=~ IQ 0 ORI | l |
0 5 10 15 20 0 5 10 15 20
Storage time [d] Storage time [d]
1.0 | | | |
| | I | L
‘ - 2F g )y
0.8 = -
I|\\\\ 9 I~ ;’/ R
R \\ 7’ 4
6 0.6 —‘\ \\‘O\ é\\ - m ’// ’//
G ‘\ . \\ \\\ § 6 L M ,/, b/ p—
04 F \‘;\\ & \\\2 _ /,/ ’,/,
o \A N \\\ \\\ r ) PR /,z .
AT I 3,7 .0 -
0.2 [ N @ O
\\\ ‘11:11:_ , ,,/ .
00 | TRy R a0 ' ' '
() 5 10 15 20 0 5 10 15 20
Storage time [d] Storage time [d]

Figure 3-3: Retention of encapsulated f-carotene in A70 (A), A60 (B), and ACM (C)
and surface color changes of A70 (D), A60 (E), and ACM (F) under 11%RH
(non-aged (O) and 120-h aged (@)) and 75%RH (non-aged (A) and 120-h aged (A))

as a function of storage time at 60°C (error bars represent SD, n = 3).
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distance increased and the probability of finding a next-neighbour particle at a
specific distance decreased. The difference in the peak position for the A70, A60, and
ACM samples suggested differences in the numbers of proteins associated with the
aggregates. The scattering pattern of ACM was notably different from those of A70

and A60, suggesting differences in the nano- and micro-structures.

For evaluating radius of gyration (Rg) and zero angle intensity (/(0)), the
scattering data were measured by using the diluted specimen solution (0.1% w/v) to
avoid the effect of the neighbour particles. Figure 3—4B shows the scattering profile of
A60, which was fitted by following the model equation for the scattering function
(described in 1.3). The Rg values for A70, A60, and ACM were 6.42, 6.76, and 5.89
nm, respectively, and the D values were approximately 3.1 for all specimens. These
values suggest that the obtained casein clusters were fractal with rough surface and
the cluster prepared by the aggregation system was larger than that prepared from the
reassembled system. Previous studies reported that the casein micelles were
aggregated and formed a fractal structure by acidification (Bremer, 1989; Chardot et
al., 2002). Dziuba et al. (1999) investigated the fractal dimension of acid casein and
caseinate obtained from various preparations using image analysis. Their results
suggested that fractal characteristics as well as the particles size of casein were
dependent on their chemical composition caused by the preparations. Although the
casein clusters in A60 and ACM were similar in size, they were different in density,
i.e., the density index values () for A60 and ACM were 0.13 and 0.09 nm>,
respectively. This is consistent with the results of TEM observation shown in Figure

3-5. ACM formed a cluster with randomly grown branches in stelliform geometry,
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B 200 nm

Figure 3—5: TEM images of rehydrated specimen powder: A60 (A); ACM (B).

and each cluster comprised a number of small cylindrical units (Figure 3—5B). These
nano- and microstructures were obviously different from the packed structures in the
aggregated casein clusters (Figure 3—5A). Based on the B-carotene retention analysis,
the significant loss of B-carotene from ACM corresponds to the data obtained from

the SAXS and TEM analyses. The ACM cluster consisted of small aggregated
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particles and its density was possibly lower than that of A60. It is plausible that this
type of structure is not suitable for maintaining the stability of loaded substances in

the dried form.

Figure 3—6 shows the scattering profiles, Rg, and J values of the specimens in
solution plotted as a function of the aging time. The influence of aging on the
nanostructure of casein cluster was different due to cluster preparation. In the case of
A70, the Rg values gradually decreased, while the 0 values increased over the stated
time course. Moreover, aging the A70 specimen solution increased the D value from
3.08 to 3.42. This suggests that the surface of A70 cluster became smoother with
reduction in cluster size and increase in cluster density during aging, probably
because of the elimination of some small branches at the cluster surface (Figure

3-6A).

In the case of A60, the Rg values increased, whereas the ¢ values were rather
constant. From these observations, it is deduced that dense and packed clusters were
formed by aggregation, induced by acidic conditions; the clusters then slowly
underwent further aggregation and maintained their cluster density. Similar to A70,
the cluster of A60 would lose unstable branches during aging, resulting in a smoother
surface, as confirmed by the increase in D values from 3.0 to 3.51 during 120 h of
aging (Figure 3—6B). However, the trend of the change in the cluster structure of
ACM was different; the clusters grew with decrease in both the cluster density and D

values (from 3.26 to 2.99). This suggests that the ACM clusters grew by maintaining
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the hollow and branched structure (Figure 3—6C). This hollow structure of ACM
seems much weaker than the packed structure of A70 and A60. Therefore, it can be
easily broken during spray-drying, thus increasing the free B-carotene content. As
discussed in the previous section, when powders were prepared using A60, the
encapsulation properties were found to be related to the deformation of the clusters
during aging. The observed deformation is due to the aggregate growth, as observed
in the SAXS analysis. This suggests that the stability and encapsulation efficiency of
the spray-dried powders were closely linked to the nanostructures of the original

clusters.

3.4 Conclusions

Two types of casein clusters, aggregated casein and re-assembled casein
micelles, were prepared for stabilizing B-carotene by hydrophobic interactions. The
prepared solutions were aged under ambient conditions and spray-dried. The
encapsulation efficiency of the aggregated casein was higher than that of the
re-assembled casein micelles, and aggregated casein prepared at pH 6.0 had the
highest encapsulation efficiency. Aging of aggregated casein prepared at pH 6.0 was
effective for improving the encapsulation efficiency and reducing the amount of free
B-carotene. However, aging of dried re-assembled casein micelles did not improve the
encapsulation efficiency. Evaluation of the dried powders after storage demonstrated
that aging improved the storage stability of the dried powders; this trend was most
obvious for the specimens prepared from aggregated casein at pH 6.0. Moreover, the
change in the cluster structure during aging was clearly observed with the aggregated

casein solution at pH 6.0. This change may be an evidence of the structural
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deformation of aggregated casein clusters, suggesting that the cluster slowly
aggregated to form a stable structure. This deformation is significant for the

entrapment of B-carotene stabilized with casein via hydrophobic interactions.
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Chapter 4
Digestibility and structural parameters of spray-dried casein

clusters under simulated gastric conditions

4.1 Introduction

The digestibility of encapsulants (wall materials) in the gastrointestinal tract
is a key factor that affects the functionality of microcapsules. Numerous studies have
reported the release characteristics and digestibility of microcapsules under simulated
gastric digestion conditions in vitro. The attributes of the wall materials, such as
composition, shape, size, surface charge, and hydrophobicity, have a crucial effect on
digestibility (McClements & Li, 2010; Shapira et al., 2012; Singh & Ye, 2013; Flores
et al.,, 2015; Liu et al., 2015). Augustin et al. (2014) showed that the in vitro
digestibility of microencapsulated oil powders was dependent on the protein
composition and processing conditions. Ao and Li (2013) reported the difference in
digestive resistance between the positively and negatively charged fractions of
alcalase-treated casein hydrolysate. The negatively charged fractions were the most
stable, and the antioxidant activity of the encapsulated substances was retained during
digestion. Burgain et al. (2013) and Zhang and Vardhanabhuti (2014) emphasized the

effect of structural changes under gastric conditions on digestive resistance.

This chapter aims to investigate the nano and microstructures of the pH
induced casein clusters spray-dried at different drying temperatures. This is to clarify

how the drying temperature affects the cluster structures that would relate to their
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encapsulation efficiency and digestibility. A simulated digestion test was carried out
to analyze digestion kinetics and structural changes during digestion by using small

angle X-ray scattering technique.

4.2 Materials and methods

4.2.1 Materials

Sodium acetate, hydrochloric acid, sodium tetrahydroborate, dimethyl
sulfoxide (DMSO), 1-anilinonaphthalene-8-sulfonic acid (ANS), and trichloroacetic
acid (TCA) were purchased from Wako Pure Chemical Industries, Osaka, Japan. All

other chemicals were the same as described in 2.2.1.

4.2.2 Particle preparation

The preparation of sample solution was done in the same method described
in 3.2.2. The prepared solution was dried with the different inlet air temperature. The
operational conditions (i.e. inlet air temperature, outlet air temperature, feed flow rate,
and atomizer rotational speed) were adjusted according to the inlet air temperature
and are described in Table 4-1. The obtained powders were stored in a desiccator for

further analysis.
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Table 4—1 Specimen details and spray-drying conditions.

Specimen  Preparation Inlet air Outlet air Feed Rotational
IDs conditions  temperature temperature flow rate  speed of
[°C] [°C] [mL/min]  atomizer
[rpm]
A70-150 Y(;T:t‘;fﬁ
. 150 110£5 20 5000
A60-150 pH adjusted
t0 6.0
A70-180 Y(;JT::;:E
. 180 126 £ 5 25 5000
A60-180 pH adjusted
t0 6.0

4.2.3 Encapsulation efficiency measurement

The amount of entrapped p-carotene and the EE of dried specimens were

analysed and determined by the same methods described in 3.2.3.

4.2.4 Surface hydrophobicity measurement

An ANS hydrophobic fluorescence probe was used to determine the surface
hydrophobicity (SH) of the dried casein clusters, following the procedure described
by Hayakawa and Nakai (1985) with slight modifications. A series of specimen
solutions with concentrations ranging from 0.0005% to 0.01% (w/v) were prepared by
diluting the prepared sample (before spray-drying) or dissolving dried casein clusters
in 0.05 mol/L phosphate buffer at pH 7.0. ANS solution (25 pL of 8 mmol/L ANS in
0.05 mol/L. phosphate buffer) was added to 5 mL of the specimen solution. The
fluorescence intensity (FI) of the mixture was measured using a
spectrofluorophotometer (RF-1500, Shimadzu Corporation, Kyoto, Japan) with

excitation and emission wavelengths of 390 nm and 470 nm, respectively. The
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relative fluorescence intensity (RFI) of each specimen concentration was determined
by subtracting the FI of the control specimen solution (25 pL of 0.05 mol/L phosphate
buffer was added instead of ANS). The SH index was obtained from the initial slope

of the RFI versus the specimen concentration (% (W/v)).

4.2.5 Simulated gastric digestion

The simulated digestion method described by Mandalari et al. (2009) was
used with modifications to estimate the digestibility of the dried casein clusters. Dried
casein clusters (0.1 g) were dissolved in 10 mL of the simulated gastric fluid (SGF;
pH 2.0 HCI solutions). The mixture was stirred for 2 h to ensure complete dissolution.
Pepsin in SGF (5 mg/mL) and protein solution were incubated at 37°C in a
thermostatic bath for 10 min prior to the reaction starting. Pepsin solution (1 mL) was
added to the mixture to give a pepsin: dried casein cluster ratio of 1:20 (w:w). To
study the digestion behaviour, 0.6-mL aliquots of the digested solution were collected
at predetermined intervals, and the reaction was stopped by adding a mixture of 0.05
mol/L phosphate buffer and 0.1 mol/L NaOH to adjust the pH to 6.0. This digested

solution was used immediately for further analyses.

4.2.6 Estimation of digestion kinetics

The amounts of amino acids produced by digestion were determined using the
ninhydrin reaction according to the method described by Takahashi (1978) with
modifications. Ninhydrin solution was prepared by dissolving 29.5 mg of NaBH, in
300 mL of 0.15 mol/L ninhydrin in DMSO. The digested casein solution (0.5 mL)

was mixed with 0.5 mL of 5% (w/v) TCA to precipitate large peptides and undigested
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proteins; thus, small peptides and amino acids were detected. After incubation at
ambient temperature for 10 min, the mixture was centrifuged at 5,000 rpm for 10 min.
The supernatant (200 pL) was added to a mixture of 600 pL of ninhydrin solution and
200 pL of 0.4 mol/L sodium acetate buffer with a pH of 5.0. The mixture was
incubated in a thermostatic bath at 80°C for 30 min. The amino acid concentration
was estimated by measuring the absorbance at 570 nm with a U-5100
spectrophotometer, using leucine solution as the standard. The percentage of digested

casein was calculated using the following equation:

Amount of amino acid produced during digestion x100 (4-1)

Digested casein [%] =
8 %] Amount of total digested casein

where the amount of total digested casein was determined from the complete
hydrolysis of casein by heating for 24 h at 105°C with HCI solution of pH 2.0 in a

tightly sealed vial.

4.2.7 Characterization of casein clusters by SAXS and USAXS

The structural characteristics of casein clusters during digestion were
analyzed by SAXS and USAXS. The digestion process for the measurement was
separated into several steps, namely; the rehydration step (casein powder was
dissolved in distilled water at 1% (w/v)), the initial step (casein powder was dissolved
in SGF at 1% (w/v)), and the digestion step (pepsin was added to the SGF containing

the dissolved casein powder).
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SAXS measurements were done at SPring-8, the same as described in 2.2.5,
with a camera length of 4,139 mm. USAXS measurements were performed at the
BL19B2 beamline, which is a bending magnet beamline with a long path camera.
X-ray energy of 18 keV and camera length of 41,649 mm, which correlates with the ¢
range of 0.003—0.1 nm™', were used. For both the measurements, the test solution was
filled into a quartz capillary tube (diameter: 2 mm, wall thickness: 0.01 mm) and

placed on the sample stage.

4.3 Results and discussion

4.3.1 Encapsulation efficiency and surface hydrophobicity

The encapsulation efficiency of the present specimens varied between
45-73%, and it was apparent that the A60 specimens were superior to the A70
specimens. The amount of B-carotene loaded in specimens A70 and A60 reduced by
approximately 9% and 4%, respectively, owing to the increase in the spray-drying
temperature from 150°C to 180°C (Figure 4-1A). This finding is in accordance with
the previous researches (Goula & Adamopoulos, 2005; Quek et al., 2007; Tuyen et al.,
2010). They reported that the significant loss of the entrapped materials mainly
caused by thermal degradation and oxidation. Interestingly, Shu et al. (2006) reported
that high inlet air temperature could disrupt the balance between the water
evaporation rate and film-formation of microcapsules. This caused the stability and

encapsulation yield of dried powder.
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On the contrary, several studies showed that the increase in drying
temperature had no significant effect on the encapsulation efficiency as well as the
encapsulation rate, although obvious changes in the moisture content and surface
morphology of dried powders were observed (Roccia et al., 2014; Ixtaina et al., 2015;
Pai et al., 2015). According to our previous study, the structure of the casein clusters
is dependent on the preparation conditions (Nakagawa et al., 2014). When the pH was
adjusted before drying, the casein clusters were primarily formed in the prepared
solution and effectively entrapped B-carotene. However, cluster formation in the plain
solution was scarce, and hence, the entrapment mainly occurred in the drying step.
The present results demonstrate that the formation of casein clusters in A60 could
strongly protect [B-carotene against spray drying, whereas the entrapment of

B-carotene in A70 would be induced by the drying step.

The heat during drying could cause protein denaturation. Numbers of
researchers have been reported the effect of heat on the stability of casein. For
example, Sauer and Moraru (2012) reported that the micellar caseins lost their
stability and the aggregation occurred when they were heated at 110 and 150°C under
the pH lower than 6.7. The aggregation was also observed in the heated B-casein
(Farrell et al., 2002). The structure of heated B-casein was different depending on the
temperature used (Qi et al., 2004). Usually, heating affects the hydrophobic sites of
proteins, resulted in protein aggregates via hydrophobic interactions. This aggregation
is strongly related to the surface hydrophobicity and the protein denaturation (Yiiksel
& Erdem, 2005; Yazdi & Corredig, 2012). The SH measurement probed by ANS is

one of a simple method that can be used to evaluate the protein denaturation (Nakai,
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1983; Hayakawa & Nakai, 1985; Alizadeh-Pasdar & Li-Chan, 2000). The measured
SH values of solutions before drying and rehydrated dried specimens are compared in
Figure 4-1B. The SH values observed in A60 solution was slightly higher than that of
A70. These values increased obviously when the specimens were spray-dried,
suggesting that casein cluster was denatured to a certain extent by pH adjustment and
during drying. The higher drying temperature caused an increase in the SH, and the
level of the effect was dependent on the type of casein cluster. A larger difference in
the SH values was observed in A70, approximately 27% increase, compared to A60
(23%). It was reported that a heat-induced rise in SH was observed in milk proteins,
and it was caused by the denaturation of their tertiary and secondary structures
(Eynard et al., 1992; Sava et al., 2005; Euston et al., 2007; Risso et al., 2008). When
adjusting the pH of a milk protein solution, the change in SH value was observed to
be closely link with their solubility and functional properties (Voutsinas et al., 1983;
Shimizu et al., 1985; Alizadeh-Pasdar & Li-Chan, 2000). Hence, in the present case,
the change in SH is not only caused by the thermal stress during drying, but also the

structural characteristics of the casein clusters.

4.3.2 Digestibility

The digestion profiles of the specimens dried at 150°C are compared in
Figure 4-2A. The amount of digested casein increased rapidly in the first 40 min,
followed by a gradual increase until 120 min of digestion. However, the effect of
drying temperature on the amount of digested casein was not significant, as evidenced
by digestion profile comparison of the specimens dried at 150°C to 180°C (Figure

4-2B). This study demonstrated that about 30% (by weight) of the casein clusters
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were digested after 120 min of digestion. IInglingstad et al. (2010) reported that
around 30% of bovine casein was broken down within 30 min of gastric digestion,
whereas the majority was degraded within 5 min of duodenal digestion. During
gastric digestion, the protein particles are broken down into peptides of various sizes
owing to acid hydrolysis and pepsin proteolysis (Dupont et al., 2010; Mackie &
Macierzanka, 2010). Agudelo et al. (2004) reported that casein was hydrolyzed into
peptides with molecular weights exceeded 10 kDa after 30 min of pepsin hydrolysis.
The denaturation of proteins by heat and chemical modifications affects the digestion
of the peptide bond by pepsin (Singh & Ye, 2013). However, in other studies it has
been reported that the digestion of milk casein was different depending on the method
used such as batch or a dynamic digestion (Guri et al., 2014), enzyme used
(Shanmugam et al., 2015) and the types of milk casein (Inglingstad et al., 2010). In
present study, the observed amount of digested casein, about 30%, means the casein
clusters would not largely be digested in stomach, and delivered to the subsequent
intestinal tract. The most of the P-carotene associated with the clusters may be
protected under gastric conditions and this will improve the bioavailability of

B-carotene.

4.3.3 Characterization of casein clusters

The SAXS and USAXS profiles of specimens A70 and A60 at the
rehydration step are shown in Figure 4-3A. For the lower ¢ region, the scattering
profile trends were similar for all specimens. An obvious difference in the scattering
intensities could be observed between A70 and A60 in the higher ¢ region. However,

the influence of drying temperature on the scattering profile was not significant. The
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structural parameters calculated from the scattering data are listed in Table 4-2. For
the lower ¢ region, the average size of the whole cluster (R}) for all specimens was

about 428 nm. The obtained D" value (~3.2) suggested that the present clusters had a
rough and fractal surface. The data obtained from higher g region that reflect the
structures of the primary clusters, suggested a mass fractal structure with Rg within
the range of 5.4 — 6.5 nm. These results suggested that the loosely assembled casein
clusters were made up of many small dense clusters, as illustrated in Figure 4-3B.
The cluster size of A70 was smaller than A60 both for the whole and primary clusters.
The increased drying temperature resulted in an increase in their whole cluster sizes,
whereas no significant change could be observed in the primary cluster. This change
could be ascribed to the increase in the SH value that was related to the degree of
denaturation, as discussed in the previous section. However, the influence of drying

temperature on the D and J values was not significant.

When specimens were dissolved in SGF (the initial step), their cluster

structures are largely different from that observed in the rehydration step (Table 4-2).
For A70-150 and A70-180, the RGL values were slightly larger than those observed
during the rehydration step, while the R} values for A60-150 and A60-180 were
clearly larger than that in the rehydration step. Nevertheless, the trends of the changes
in the primary cluster structures were quite similar for all specimens, where the R:

values doubled and the D" values decreased. Interestingly, the 6" and 6" values

dramatically
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small-angle X-ray scattering (SAXS) profiles (A) and an illustration of casein cluster
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Table 4-2 Structural parameters of the casein clusters dissolved in distilled water and

simulated gastric fluid (SGF).

Lower g region Higher g region
RE D o R ph S

[nm] [nm™] [nm] [nm™]

In distilled water ~ A70-150 385 32 1.72 x 10™ 54 3.0 2.06
A70-180 404 32 1.74 x 10™ 5.4 3.1 1.82

A60-150 426 32 1.78 x 10™ 6.5 32 2.24

A60-180 499 3.3 1.75 x 10™ 6.3 3.3 2.65

In SGF A70-150 414 32 1.49x10° 113 2.5 0.30
A70-180 408 32 1.51 x 107 9.9 2.5 0.32

A60-150 939 29 1.49x10° 123 24 0.31

A60-180 519 3.1 1.48 x10°  11.0 2.5 0.35
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decreased in SGF. These results suggest that the clusters exhibit a significantly
different formation in SGF compared to that in distilled water, that is, less dense and
not very large clusters made up of larger primary clusters. The present results are
supported by former studies on the aggregation of casein clusters when dispersed in

gastric solution (Burgain et al., 2013; Qi et al., 2007).

In the digestion step, the obvious difference in the whole cluster structure of
A70 can be seen in the first 20 min of digestion (Figure 4—4). The RGL increased

about twofold for A70-150 and about threefold for A70-180 (Figure 4—4A). The
fractal characteristic changed from surface fractals to mass fractals, that is, the D"
decreased from 3.2 to 2.8. The J values slightly decreased at the beginning of
digestion, and then remained constant for both A70-150 and A70-180 (Figure 4-4B).
The primary cluster size increased as the digestion progressed, while the D" value
decreased slightly at the beginning of digestion. Moreover, the J value decreased
approximately 10-fold lower than that in the initial step (Figure 4-4C and D). It was

apparent that the drying temperature affected the cluster sizes during digestion,

namely RGL and Rg . A higher drying temperature led to a smaller RGL and a

larger Rg .

The changes in the structural parameters during the digestion of A60 are
summarized in Figure 4-5. The major structural changes occurred in the first 20 min
of A60 digestion similar to A70, and the trends for the parameter changes were

similar to A70, that is, the D" and the J values decreased (Figure 4-5D). The increase
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in the cluster size and the decrease in the D" value provide evidence for cluster

aggregation during digestion (Figure 4-5A and B). The drying temperature affected

the primary cluster size, Rg , during digestion, whereas it did not affect the whole

cluster size, RGL . The higher drying temperature led to a larger RGL , an effect contrary

to that observed for A70.

In this study, the changes in the cluster structure of casein can be recognized
with 3 major steps. At the initial step (rehydrated in SGF), the increase of cluster size
in this step could be explained by the aggregation that induced by acidic conditions
and the degree of aggregation was related to the hydrophobicity. At the beginning of
digestion step, the increase in cluster size still occurred with an obvious decrease in
the density of primary cluster. Considering with the digestibility discussed in the
previous section, approximately 30% of casein was digested; this may come from the
reaction at the surface of the cluster that evidenced in the decrease of the D values,
which reflects a change in the surface morphologies. Li et al. (2012) reported that the
proteolysis of the casein-emulsion droplets occurred at the surface, and that it was
related to the change in droplet size and microstructure. A major structural change
would thus occur in this beginning step, where proteolytic products contribute to
increasing the whole cluster size and reducing the primary cluster density with the
formation of a rough and fractal surface. In the subsequent digestion step, digestion
proceeded with only moderate structural changes, where the size of the primary
cluster increased without changing the whole cluster sizes. This corresponded well
with the digestion profiles that the amount of digested casein increased rapidly only at

the beginning. The spray-drying temperature affected the resultant digestibility of the
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casein clusters, and the influence was mainly apparent on the primary cluster sizes.

With further investigation, this information could be useful for designing

protein-based encapsulation systems with high bioavailability.
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Figure 4-4: The structural parameters for A70-150 (O) and A70-180 (®): radius of

gyration (R() obtained from the lower ¢ region (A); fractal dimension (D) and

density index (6") obtained from the lower ¢ region (B); radius of gyration (Rg )

obtained from the higher ¢ region (C); and the fractal dimension (D") and density

index (6") obtained from the higher ¢ region (D).
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with pH adjustment to 6.0, spray-dried at 150°C; A60-180: casein clusters prepared

with pH adjustment to 6.0, spray-dried at 180°C.
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4.4 Conclusions

Drying temperature and pH adjustment had a significant effect on the
encapsulation efficiency and surface hydrophobicity of the obtained casein clusters.
Adjusting the pH of the sodium caseinate solution to 6.0 improved the encapsulation
efficiency, while the increased drying temperature resulted in decreased loading of
B-carotene. On the other hand, pH adjustment and the increased drying temperature
increased the surface hydrophobicity. The SAXS measurements suggested that the
obtained casein clusters had a fractal structure with a rough surface, which was made
up of many primary clusters. The cluster size of the pH-adjusted specimens was larger
than the clusters obtained from the plain solution. The increased drying temperature
resulted in an increase in the whole cluster size, whereas changes in the primary
cluster, fractal dimension, and density index were not significant. The gastric
digestion tests revealed that the digestion profiles for all the obtained casein clusters
were similar, and about 30% of casein was digested within 120 min of digestion. All
the obtained clusters grew with lower cluster density, while the rough,
fractal-structured surface of the clusters was converted to a mass fractal structure
under the digestion conditions. The influence of the drying temperature could
obviously be seen through the change in the primary cluster size. The higher drying
temperature gave larger primary clusters for the specimens prepared from the plain
solution, whilst the clusters were smaller for the specimens obtained from the

pH-adjusted solution.
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Concluding Remark

This work aimed to investigate a new technique to prepare the casein
cluster-based encapsulation system as a natural vehicle for encapsulation and
controlled delivery of hydrophobic substances. The basic method used to prepare the
dried casein cluster was simple that the sodium caseinate (SC) solution was mixed
with hydrophobic substances, -carotene, subsequently adjusting pH of the prepared

solution followed by spray-drying.

For the preliminary study (chapter 2), we investigated the influence of pH
values on the encapsulation efficiency (EE), size, and surface characteristic of the
obtained casein cluster. The results suggested that the pH of the sodium caseinate
solution, which determined the degree of aggregation, tremendously affected the
encapsulation yield of B-carotene in the spray-dried powder. We found that at pH 6.0,
the resultant powder showed excellent encapsulation property compared to other pH

conditions (pH=6.5, 5.5). The structural analyses showed that the pH condition also

affected the physical properties of casein clusters that the cluster growth while the

fractal dimension decreased with decreasing pH.

In the third chapter, we investigated the influence of cluster types
(aggregated casein formed by adjusting the solution pH and re-assembled micelles
prepared by the addition of salts) and aging on their properties. The representative of
aggregated casein was selected from the results of the preliminary study that is the
specimen prepared at pH 6.0, which was the highest value in EE. The EE of

aggregated casein was higher than that of the re-assembled casein micelles. Aging the
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solution of casein aggregated increased the encapsulation efficiency and
simultaneously decreased the amount of free B-carotene. Dried powders obtained
from the aged solution also showed good stability in terms of B-carotene retention and
color changes under 11%RH and 75%RH over 21 d. Moreover, the stability of

spray-dried powders was closely linked to the nanostructures of the original clusters.

In the final chapter, we studied on the digestibility of the dried-casein cluster
prepared from SC solution, plain or pH-adjusted (pH=6.0), and spray-dried at
different inlet air temperatures (150°C and 180°C). A higher spray-drying temperature
resulted in lower EE and higher surface hydrophobicities. The effects of drying
temperature and pH on the amount of digested casein were not significant. The cluster
structures changed during digestion; specifically, the cluster size increased both in the
overall diameter and on the primary structure scale. The fractal characteristics
changed from surface to mass fractals, and simultaneously, the cluster density
decreased. The drying temperature affected the cluster size during digestion, and the
trends were different in the specimens obtained from the plain and pH-adjusted

solutions.

Finally, we can conclude that the casein cluster obtained from this simple
technique, pH adjustment and aging, could be used as wall materials to encapsulate
hydrophobic substance with high efficiency. The product quality can be improved by
properly selecting processing conditions that affected cluster formation and the
resultant structures, that consequently determined the EE and storage stability. The

results of digestion test suggested that the design of protein-based encapsulation
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systems with desirable digestibility and bioavailability could be available based on the

knowledge obtained in this study.
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