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Abstract

In recent years, food safety hattracted increasingttention, as consumers desire a healthier
lifestyle and a prolonged lifespan. The interéist®ood to satisfyhunger have taken a shift
towards providing more functional ingredients théer a better state of webeing while

also providing satiety tthe consumer. With this shift, the primary focus has been directed
towards replacing conventional chemical, synthetic additives hetthier and natural
ingredients. Additionally, the interest in general health carenafritiousfunctional foods

that can improve immunity is alsgenerating muchattraction, especially with the rising
desire to boost our immuniggainst virusessuch asCOVID-19. These efforts are evident

in the food industry, with companies actively looking it development of natal
emulsifiers to replace artificial or synthetic ones, which can Idivehealth risks while

providingthesame taste and state of wieding.

Cellulose nanocrystals (CNC) in food applications hetbecteda great deal of interest due

to their biodegadability, biocompatibility, sustainability and abundantsupply CNC is
extracted from traditional raw materials, such as cottowood, exposed to physical and
chemical processes like homogenization and acid hydrolysis. During these steps, the
celluloe plant wall experiences the following changes to its hierarchical structure: the plant
wall is broken down into hemicellulose and lignin, whicfuigherreduced tdhe elementary

fibers With further chemical treatment, such as with aadstainablead-like nanoparticles

are producedRecently, a new trend in producing CNC from dgad waste, such as fruit
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peels, has emerged (tomato, mango, pineapple €NC is easily dispersible in water and
posseses a high aspecatio due tats rod-like structureand surface chargesghis allows for
facile chemical modification to tune and introdscew properties to the CNChe modified
CNC maks it a suitable material for applications in food packaging, food thickeners, and

emulsion stabiliers.

Phosphorylated cellulose nanocrystals (PCNC) were prepared via acid hydisysis
phosphoric acidand chitosan was modified with glycidyltrimethylammonium chloride
(GTMAC). The PCNGwvassimultaneouslyuseda s a @i n a n o pirker (simiarltoe 0 cr o s
sodium trpolyphosphate (TPP)and a Pickering emulsifier. The PCNC and GTMAC
Chitosan (GCh) were complexed via ionic gelation to produce-BCKC nanoparticles.
The nanocomplexes transformed from alikd to hardsphere and random coil morphology
with increasing GTMAGChitosan/PCNC. Pickering emulsions prepared usiegGCh

PCNC complex were more stable over 3 months without coalesoepbase separation.

Vitamin C (VC)is necessarjor human healthHowever it is susceptible to oxidation during
processing or storagélo increase its stabilityVC was encapsulated via electrostatic
interaction with GCh crosnked with PCNC to form VEGChPCNC nanocapsules. ¥C
GChPCNC possessed broadspectrum antibacterialctivity with a minimum inhibition

concentration (MIC)f 8-16 ng/mL. These resultslemonstrate that modified CNGbased



nanaformulationscould preserveprotect,and control the release of active compounds with

improved antioxidant and antibacterial prdpes for food and nutraceutical applications.

CNC wasmodified with ferulic acid (FA) and starch nanoparticles (SNP) to produce a new,
natural emulsifier that is environmeiniendly andbeneficialto humanhealth This new
approach wadeveloped and uized to formulate a multiple Pickering emulsion {\@/W-)

for probiotic encapsulatiorfhe adsorption capacity of FA on CNC was evaluaaedthe
highest adsorption capacity beltvepKaof FA (4.5)was1.91 mg FA/g of CNC angreater

than 4.5 Theadsorptiorcapacitydecreasetb 0.03 mg FA/g of CNCAt high pH, carboxyl
groups from the CNCF&ased Pickering multiple emulsions were deprotonated, inducing
phase separatioithe newly developed emulsifiers were used to reduce the interfacial tension
between the oil and water phasepi@pare stablemulsiors that could be stored over a long

period

With the worldwide emergence diealth challenges facing humanity até associated
immunity and intestinal healtkhe use oprobioticsis becomingprevalentWe developed a
sustainable, biocompatible, rigid, and lelagting enteric coating system using -pH
responsive naturdlased materialsshellac (Sh)and cellulose nanocrystal€NC). Yeast
(Saccharomyces cerevis)agas encapsulated the ShCNCmicrocapsulesind CaCb. We
elucidatedthe 3D structure oBhCNCCamicrocapsules using a confocal laser microsgcope

where al-1.3 nm shell consisting of shellac and CNC nanocompgiextected the yeast
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resulting inhigh yeast viability and retewin of 602.35%. During processing, storage and
transport through the gastric environment, the yeasts were protected and theadtmger
release in the intestinal environmeoft pH 7-8. Viscosity synergism and mucoadhesion
analysis revealed that the microcapsudesind strongly to the mucus membrane in the

presence of pancreatin

This Ph.D. study explores new strategies to improve current functional food systems using
modified CNC. In the design and development of the project, replicable methods, simple
processes, and fewer chemicals are being considehedesearchhas contribugd to the
development and understanding of functiotellulose nanocrystals, which aseitable for

usein the food industry
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Chapter 1

|l ntroducti on

1.1Research background and motivation

In the past, the criteria faelecting foods were taste, appearance, nutrition, and aroma. In
contrast, the choice of safe foods, such as functional/nutraceutical foodeeanitalfree

foods that guarantee health benefiigith specific healthy ingredigs, has become a
significantissuedue to the increased occurrence of various diséBsedocket al, 2006)
Functional foods provide essential nutrients neededdod ¢nealth anduarantee thevell-

beingof consumers. These functional foods are processed to enhance existing ingredients or

add new components that are not present in the original foods (Hasler, 2002).

Recently, the functional food market, whichhasgro st eadi IMe dwictah i % e lof h
become more important due to the impact of the COWpandemic. "Selmedication” is

the trend of taking ownership over individual health due to fatigue, stress, lack of exercise,

lack of motivation, and nutritiotlg imbalanced eatingDiaz et al, 2020) According to

Grand View Research, the size of the global and Canada functional health food market in

2018 was USD 161.49 billion and USD 18.29 billion, respectively. The functional health

food market size has an expected upward trend over the nextdars yGrand View

Research, 2019).

24



l U.S. functional foods market size, by ingredient, 2014 - 2025 (USD Billion)

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

B Dietary Fibers B Vitamins " Minerals B Carotenocids
B Fatty Acids B Prebiotics & Probiotics B Others

Bourer: W grandieniessarch.com

l Canada functional foods market size, by product, 2014 - 2025 (USD Billion)

2014 2013 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

® Dairy Products = Bakery & Confectionery = Fish & Eggs ® Soy Products

B Pulses-based Producls ® Canola-based Products © Barley-based Products @ OQats-based Products

Hemp-based Preducts ~ Qils & Fats ® Flax-based Products ® Others (Soups & Baby Foods)

Source: www.grandviewtesearch.com

Fig. 1.1. The global and Canada functional foods market size from 2014 to 2025.

Many synthetic preservatives are used to prevent food deterioration caused by
microorganisms andeducethe occurrence of food poisoning. However, consumers have
increasingly become aware of the safety concemnrtee consumption of synthetic additives,

ard they are cautiously looking for safer natural products. Moresyathetic surfactants in

the food industry are becoming less desirable due to their potential toxicity and limitations
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in stabilizing emulsions. For example, when emulsifying with low owdér weight
emulsifiers, the interfacial tension decreases during the process, eventually breaking the
particles. As a result of this, Pickering emulsion has recently emerged as an excellent strategy
to stabilize emulsion systems in functional foods. kilconventional emulsions, the
Pickering emulsion is attractive in food research since it's surfefcégnand can irreversibly
absorbon the oilwater interface to produce safe, stable and environmentally friendly food
systems. In place of synthetic sagcfants, Pickering emulsions use solid particks
emulsifiess, which reducethe added healthisks, while providing the same emulsifying
characteristics Among the functional foodsreportedrecently are entericoated foods
designed to protect functional materials, such as nutrients and probiotics. These enteric
coated foods protect these functional materials throughout their passage in the
gastrointestinal tract and allothe release at thelesired targeted site. This, in turn,
maximizes the viability of the nutrients, providing greater health benefits and a state of well
being, as envisioned. Among various enteric coating formulations, capsules, pellets, and
tablets are coated for protection the stomach and delivery to the small intestine, where the
constituents can be absorbed and passed through the enteric epithelial lining into the systemic
circulation (Krause & Mdller, 2001; Xionet al, 2020). Likewise, the enteric coating is pH
andenzymedependent as they degrade in environments with high intestinal pH; moreover,
coloric enzymes that break down the core formulations will accelerate the release of the
active compounds (Fuas al.,, 2007).Some example anteric coating materiais cellulose

acetate phthalate (CAP), hydroxypropyl methylcellulose acetate succinate (HPMCAS)
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hydroxypropyl methylcellulose phthalate (HPMCP), polyvinyl acetate phthalate (PVAP),
methacrylic acid copolymers, Shellac, waxes, plastics and fidhens (Ghubeet al, 2020)

In general, the cellulosic compounds are dissolved in a solvent mixture, including an organic
solvent, to form an enteric coatingaterial for food applications. However, there is a
disadvantage where residual organic solvents can cause environmental and safety concerns.
Moreover, cellulosic compounds lack plasticity, resulting in a-umaform surface and
cracking during longerm sbrage; hence the addition of a plasticizer often solves this
problem. Therefore, a foegrade plasticizer needs to be incorporated into the enteric

composition(Chaet al, 2016)

This Ph.D. study aims tdevelopfoodgrade emulsifies and plasticizes from natural
resourcesand to elucidate the relationship between chemical compositions and physical

properties and how they impact the characteristics of food emulsions

1.2 Objectives

Recently, numerous studies have focused on investigatine capabi |l ity of
coating material to preserve and prolong the shelf life of food matefFtasmain material

for the four chapters (chapter-@, natural biomaterialand biodegradable cellulose
nanocrystals(CNC), has been fully utilized owing to their unique characteristict.
formulated into a suitable delivery system to improve their functionasitgbility in

emulsion,and applicability taneetc o n s u me r 6 swhpnapplee ipfundtianal food
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or nutraceutial formulations This Ph.D. study describes the recent sbétime-art
formulation of colloidal delivery systems to preserve food products by producing an enteric
coating with a Pickering emulsion system and encapsulation of nutrients (vitamins) or
probidtics.

The specific goals of thiBh.D. are as follows:

1. Development of nanocompositeludingboth CNC and chitosan to replace synthetic
crosslinker and to achievstable emulsifiers. The CNC would sh@m excellent
percolating network by electrostatintéraction and hydrogen bonding within
chitosan polymer mates.

2. Study of the influence of the active substance loaded nanocompaosite on their release
profile, antimicrobial and antioxidant effect.

3. Innovative norchemical surface modificatioaf CNC via tydrogen bonding and
hydrophobic interaction with natural sourcestf@enteric coating system.

4. Comparison oemulsionstability andfunctionalmaterialencapsulatioefficiency of

thewith and without CNC irComplex

A fundamental theory behind tliermulation methods, including the utilization of various
sustainable material compositions and their effects on physicochemical and physiological
properties of functional foods, including solubility and adsorption in the mucus membrane
is discussed. Firly, some useful insightsn selectingan optimal formulation methodology,
simple experimental techniques, and green chemistry principles are discussed. Additionally,

this thesis defines the best approachesselectingmaterialsfor encapsulatingactive
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compounds that will offer health benefits withoutcompromising ther nutritional

characteristics.

1.3 Thesis outlines

Chapter 1provides a brief introduction, where the objectives and the thesis outlines are
described. Chapteér presents a thorougBview d the various topics relevant tbe Ph.D.
research.In Chapter 3 the development and study phosphorylatedCNC/modified
chitosan nanocomplexe$o stabilize Pickering emulsionsare described Cellulose
nanocrystals (CNC) are sustainable nanomatewdts high tensile strength, stiffness, and
surface functional groups suitable for variausdificaions. Thischapter reports on the
phosphorylated cellulose nanocrystals (PCNC) prepared via acid hydrolysis with phosphoric
acid to decorate phosphate groups on the surface of CNC. Also, chitosan was modified with
glycidyltrimethylammonium chloride (GTMAC)to improve its solubility. GTMAE
Chitosan (GCh) and phosphorylated cellulose nanocrystals (PCNC) were complexed via
ionic gelation to produce GERCNC nanoparticles under mild sonicatidbhapter 4
discusses theontrolledreleaseof Vitamin C frommodified cellulose nanocrystahitosan
nanocapsuledor functional food applicationsVitamin C (VC), widely used in food,
pharmaceutical and cosmetic producis susceptible to degradation, arldus new
formulations are necessary to maintain its stability. dadress this challenge, VC
encapsulation was achieved via electrostatic interaction with glycidyltrimethylammonium

chloride (GTMAC)chitosan (GCh), followed by crodmking with phosphorylated
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cellulose nanocrystals (PCNC) to form M&Ch-PCNC nanocapsue The particle size,
surface charge, degradation, encapsulation efficiency, cumulative releaseadicad
scavenging assay, and antibacterial test were quantified. Additionally, a simulated human
gastrointestinal environment was used to assess tlva®ffof the encapsulated VC under
physiological conditionsChapter 5describes the modification afellulose nanocrystals
(CNC) with ferulic acid (FA) and starch nanoparticles (SKPproduce a newpatural
emulsifier that is environmedfitiendly andsafefor humanconsumptionThis newsystemis
developed and utilized to formulate a multiple Pickgramulsion (W/O/W,) for probiotic
encapsulation. Physicochemical properties of CNCFA were studied by surface charge,
contact angle, TEM, UWis, DPPH assay, and G@roductionanalysis A sustainable,
biocompatible, and lontasting enteric coating systeusing pHresponsive naturdlased
materials, Shellac, and cellulose nanocrystals (C€Jescribed in Chapter 6. This system
couldbe appliedn food, cosmetics, and pharmaceuticals. Yeaat¢haromyces cerevis)ae

was used as a probiotic model and wasapsulated in the Shel@dNC (ShCNC)
microcapsules with Cagl(ShCNCCa).Chapter7 summarizes the kegonclusionsand

recommendatiosfor further studies.
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Chapter 2

Literature review

2.1 Colloidal systems

Colloids refer to a substance (molecular phase) dispersed within another substance or
solution (continuous phase). The fine and intermediate particles of a cpleskss
diameters ranging frorh to 1000 nm(Mollet & Grubenmann, 2008)'he Tyndall effect is
one of the most common phenomena in colloieere colloidal particlescatteitheincident
light (Brinker & Scherer, 2013)and thisis often usedto distinguish colloidal fronthe

dissolvedsolution(Hunter, 2001)

Table 2.1 Colloidal Systen{ollet & Grubenmann, 2008)

Examples Class Disperse Phase Continuous Phase
Fog, Spray, Vapor, Liquid or
Tobacco smoke, solid Liquid or solid gas
Aerosol sprays aerosols
Milk, buttgr, Emulsions liquid liquid
mayonnaise
Sols or
Inorganic colloids  colloidal solid liquid
suspension:
Clay, mud, Slurry solid liquid
toothpaste
Pearls, plgmented . Sohc! solid solid
plastics dispersions
Liquid -
foam foams gas liquid
Foamed plastics Solid gas Solid
foams
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The colloidal system can be divided into @dassesaccording to the combination of the
dispersed substance and thispersingmedium (Table 2.1)such adiquid aerosols, solid
aerosols, liquid foams, emulsions, sols, solid foams, gels, and solid sols. In terms of foods,
these colloidal systems can also be classified into sols, egeldsionsand foamswhere

thar structure, texture, and sensory propéntthe moutrcan vary

2.2 Emulsion systems

2.2.1Single emulsion

An emulsion is one example of a colloid systeith at least two immiscible liquidsuch

as oil and watemyith one disperisig in the othe(Chappat, 199). Emulsions are divided

into two types: (a) Oil in water emulsion (O/W) and (b) Water in Oil Emulsion (W/O), and
theyare used in a variety of applicatigssich as foods, pharmaceuticasgdcosmetics.
Some examples of emulsions in foods are mayisenailk, salad dressingutter and

margaring(Bai et al., 2017)

2.2.2Multiple emulsion

When a W/O emulsion is emulsifigdwater, a W/O/W emulsion can peoduced Thistype
of emulsion isoften referred to aa multiple or double emulsion. RecentWariousmultiple
emulsionsare beingdeveloped, such as W/O/W and O/WHepending on whether the oil
phase or the water phase is presenthecontinuous phase (Fig. 2.($apeiet al, 2012)

W/O/W emulsias are the preferred choice over O/W/O type emulsifomnsnary
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applicationsdue totheir solubility limitations Typically, they are used as a drug delivery
system (DDS)encapsulation of vitamins and mineragacapsulation ancklease ofactive
compoundsand reduction of total fat contefZafeiri et al, 2017) A general W/O/W
emulsion can be produced in two steps. First, a stable W/O emulsion is prepdeedigh
shear which isthen redispersed in@aqueous solution containingwgdrophilic emulsifier

at a lover shearcondition When a high shear is appligdthe second step, coalescence can
occur due to theollision of water droplets and the rupture of the oil ph@deraiset al,
2010) However, in recent years, ostep, multiemulsion haveensuccessfully applied to

emulsify andoreparevarious types of emulsions.

Fig. 2.1Types of conventional emulsion&)water in oil in water andg) oil in water in oil

emulsion(lto et al, 2012; Zafeiriet al, 2017) and C) schematic of W/O/W emulsion
preparationi(a) ultrasonic liquid processing an{)) high-pressure homogenization (HPH)

(Ghasemet al, 2020)
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For example, Zhwet al (2016) used an amphiphilic random copolymer, poly (dodecyl
acrylateco-acrylic acid) (PDAA) nanoparticle, as a stabilizepteparemultiple emulsion
via a onestep sel-assembh}t proces. Nanoparticles wh hydrophobic and hydrophilic
segmentsvere absorbeah the oil-water interfacereducing thenterfacial tensiomesuling

in improved stability (Fig. 2.2). Usually, the estep formation of multiple emulsions
produced by phase inversion induced by tledume fraction ofthe oil. During the
emulsification the continuous phase is dispersed as droafetstabilized byhe surfactant.
When the droplets reactme critical packing, an inversion occutse produce multiple
emulsiors. This process is controlled by kpgarameterssuch ashe speed of addition of the

internal phase anehechanicasktirring (Thakuret al., 2008)

\
\1 AIBN/Dioxane T}r
¢ ° +* oo o

HO O 75 °C

Cq2H | HO O
12H25 C1oHas
DA AA PDAA copolymers
W Self-assembly
——
PDAA copolymers PDAA copolymer micelles

ol phase Homogenlzatlon @
@ % % One step ‘

Aqueous phase Multiple emulsion

Fig. 2.2 Schematidllustratingthe synthesiandself-assembly opoly(dodecyl acrylateo-
acrylic acid)(PDAA) copolymers and the application of PDAA nandigées as a stabilizer

to preparemultiple emulsiongZhu et al,, 2016)
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2.3 Current status of emulsion technology

Emulsions can be produced in two ways: (1) physical methods (mechanical) and (2) chemical
methods (interfacial chestry) (Karbstein & Schub, 1995; Zafeiriet al, 2017) Chemical
methodsare depenehton the balance of hydrophilicithydrophobicity (HLB value) of the
emulsifierandthe concentration of the emulsif@anchezDominguez & Rodriguebreu,

2016) The physical method utilizes an emulsifying dewgth high shear or higipressure
capabilities A homomixer, such as a highpeedor ultrasonic homogenizeis used to
prepare smallparticles, while a microfluidizer canbe used toproduce nano and
microemulsions.Often, the combination of the two methods used to prepar¢hese

emulsions.

2.4 Mechanical emulsion process

2.4.1High-speed homogenizer

High-speed homogenizer®nsisting of a rotor and statare the most common equipment

for the homogenization and emulsificatiaf oil-water mixture In principle, thesample

passes through the rotor and stdb@t produce a higbhear forceThe sample is forcefully
drawninto the rotor and stator and then dispersed horizontally or vertically at high pressure
(Urbanet al, 2006). The ige of the particles depends on the gap between the rotor and the
stator, the stirring time and rotational speed. As Albedl (2019)stated, this higlspeed
homogenizer has its advantages and disadvantages. First, the advantage is that it is easy,

convenientrequiresshort emulsification time artfthsalow operating cost. It is also possible
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to adjust the rotor and statdepending orthe type of sample, desirgghrticle size, and
viscosity. However, if the stator and rotor gap is too close, the sheamagtbetoo high,

andthe sample may brealown deform or aggregai@lbert et al, 2019)

2.4.2Ultrasonic homogenizer

It is known that sund prodiwcesvibrations of varying frequencieand he human audible
frequency is between 16 to 20000 Hz. Usually, the standard ultrasonic homogenizer uses a
frequency of 20100 kHz(Hansuldet al, 2009) The ultrasonic homogenizer consists of 3
parts: the generator, tr an s dittasosic poweasapply pr ob e .
converts 5660 Hz of electrical energy into 20 kHz of electrical energy. This-frighuency
electrical energy is converted into mechanical vibration energy by the piezoelectric
transducer in the converter. The oscillation energhefconverter is amplified by the probe
connected to the converter and generates a vibration wave in the liquid. When the vibration
wave is at negative pressure, millions of microbubbles are generated. When the vibration
wave is again at a positive pressuthese bubbles are cavitated, and a significant amount of
energy is released in a shearing action. When bubbles are implodedjglit@essure (500

bar) and ultrenigh temperature together with shock waves o¢tlansuldet al, 2009)
Moreover, the Ultrasonic probe is more effective than a bath urciregl particle size due to

the concentration of the cavitation bubbles adjacent to the firadeX Murthy, 2012) The
amplitude of the oscillator embedded in the ultrasonic bath is fixed, the intensity is weak and

not constant (Fig. 2.3).
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Fig. 2.3 Effect of ultrasound on tiekbangen mean droplet sizef dispersed droplets of O/W
emul si ons stored at 26130 AC: for 1.2% coco

applied at 20 kHZLad & Murthy, 2012)

2.4.3High-pressure homogenizer

High-pressure homogenizationdsvidely usedorocessn the emulsification, dispersion and
mixing of variousformulations in thdood, pharmaceutical, and biotechnological industries.
This methodproducesnanasized particles and uniformly dispersed partickes three
processes: collision, shear folic€ucedby velocity gradient and cavitati@arising from the
abrupt pressure reduction. Higihessure homogenization is used to finely grind rough
emulsions or lumps of matter to make it more stable. In the case offaadrproducts, it
enhances product sajetimproves product life and taste. The homogenization process

producedfine particles by cavitation anithirough the application dfirbulent sheaasthe
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fluid passeshrough a small gap at high pressure generated by the plactgan(Fig. 2.4)

(Hebishyet al., 2015)
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Fig. 2.4A schematic oHigh-pressure homogenizefidebishyet al, 2015)

2.5 Chemical emulsification process

2.5.1Surfactant

Since emulsions are thermodynamically unstable, destatdin may occuresultingfrom
variousphysical processesuch as creaming, sedimentation, Ostwald ripefiiocgulation,
and coalescence. To prevém destabilization oftheemulsion, a third component is needed.
A surfaceactive agent (surfactang an amphipathicompounchaving both hydrophilic and
hydrophobic properties. It is adsorbed onto the interface to lowantdréacialfree energy,
which significantly alters the characteristiof the interfaceesulting in theformation ofan
emulsion Surfactantsare usedin many industrial sectors, such agriculture, food,

cosmetics, and pharmaceuticals. The hydrophpigphilic balance (HLB)Yemulsifiers with
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HLB values of 36 are lipophilic and suit for W/O emulsions and gf@arehydrophilic and

best suit for O/W emulsiops a commorindexused to evaluate and assess the performance
of the surfactantgyManoharanet al, 2010) A higher HLB value corresponds to a more
hydrophilic surfactant systenfurfactants are clagied into anonic surfactanta cationic
surfactant,nonionic surfactant, and zwitterionic surfactaamgd often they magepend on

the pH. It has been reported that a mixture of two or more emulsifiers when preparing an

emulsion produces a more stabteusion than when each of them is used alone.

As most surfactants are produced by chemical synthesis, they cause environmental and
toxicological problems. Chassairg al (2015) reported that théwo common emulsifiers
(carboxymethylcellulose, polysorba®@) used in food formulations induced mild
inflammationin the intestineand obesity/metabolic syndrome at low concentrations (1 %
wi/v or viv, respectively)n 12 weeksstudy onmice (Fig. 2.5). Usually, the normal intestine

is protected from various harmful bacteria by the muaosahbranecovering he intestinal
surface and preventing harmful bacteria from accessing the small intestine epithelial cells.
However, mice fed with water contamg theemulsifier had a thinner mucosal layerthe
intestine compared to thecontrol. It has been confirmed ah emulsifiers change the
composition of intestinal bacteria and help bacteria pass thrthegépithelial cells. In
addition, ingestion of emulsifiers seriously changes the composition of the gut microbiota,
thereby promoting inflammation and creatinggaaerprone environmenChassaingt al.,

2015)
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(Chassainget al., 2015)

2.6 Pickering emulsion

Surfactants used in the food industry are generally referred to as emulsifiers. Ideally, an
emulsifier should rapidly adsorb to the-wiiter interfacereducingthe interfacial tension

and prevent droplet coalescence during homogenization (Fig. 2.6 Tdus emulsifiers
affect the viscosity and texture of the food by changing the uniformity and stability in various
foods. The most common emulsifiarsedin the food industry are small molecular weight
surfactants (SMWS), phospholipids, macromolecularlymper, and amphiphilic
biopolymers. Food emulsifiers are classified into natural emulsifseich as lecithin and

saponin and synthetic emulsifiels/ a chemical reaction between fatty acid and glycerol
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such as glycerin fatty acid esters, sorbitan fatiyl esters and sucrose fatty acid esters. Some

emulsifiers including glycerin fatty acid estersare generally not recognized as safe

a Emulsion formation b Emulsion stabilization
4_'_,_,-—--'-'

Requirements: Requirements:

- Adsorb rapidly - Generate strong repulsive forces

« Lower interfacial tension « Form resistant interfacial layer

« Facilitate droplet breakup « Prevent droplet aggregation

(Chiarappeet al, 2017.
Fig.26 Emul siyers play two key r otlbased faodh pr odu
products: They (a)facilitate emulsion formation and (b) promote emulsion stability

(McClemenset al, 2017)

However, synthetic surfactants in the food industrybe@oming less desirabtikie totheir
potential toxicity andclean labelling requirements by consumers. In addition, natural
emulsifiers have limitations in their ability to stab#d emulsions. For example, when
emulsifying with low molecular weight emulsifiers, the interfacial tension decreases during
the processwhich eventuallybreaksthe particles. At this time, the low molecular weight
emulsifierrapidly adsorbst the interfice at theearly stages with someunoccupied regions

at the interface. Therefore, there is increasing interest in using sad&@ee colloidal
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particles for emulsion stabilizatigfyan et al, 2020) Pickering emulsions stabilized with
solid particles emerged under the concept'eshulsifier free" or "surfactartree” and

research ondod Pickering emulsiors showing an increasing treléig. 2.7).

Q
o
g

- Pickering emulsion
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2

Fig. 27 Numb er of publications related to @APick

=1

emul si ons & food, 0O Pinok € bi) n ¢ yeeegbmipedifranDa t & pvr

then Web of Sci enc¢Yatetal, B020pri | 2020

Pickering emulsions are stabilized by adsorbing nananicro-sized solid particles at the
oil-water interface to prevent coalescence of the emutbigpiets The unique properties of
Pickering emulsions are due to ithdarge interfacial adsorption emges. The main
difference from the regular emulsions is that the solid particles irreversibly adsorb at the
interface (Fujisawaet al, 2017) The particles must have a wettability number which is
measured by athrggh a s e ¢ o n tthatbas suficiery interface ddysorption capacities

(Chenet al, 2020)and are selected by emulsion tyg@stiz et al, 2020)(Fig. 2.8).
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Hydrophilic particles have a contact angle, measured at the waterside of the interface, smaller
than 90 and a large part of the particle surface is present on the waterside. In adaktion,
oil-treated silica particles have a contact angle greater thaam@lGa large part of the particle
surface is present on the oil siRayneret al, 2014) Therefore, hydrophilic particles tend

to form an O/W emulsion, and lipophilic particles tend to form a W/O emulsion.

0 < 90° oil-in-water emulsion 0 > 90° water-in-oil emulsion
Vi water Voo oil
particle particle
0 —
< R < R
h > | n
Yow u-l——-?- Yow 9 ---—I---Y
Ypo pr
oil water

Fig. 2.8 The location of a particle at thie-waterinterface is determined by the contact angle,
measured through the aqueousgh When less than Y@ft) oil-in-water emulsions are
most likely formed, and when larger than{@ight), waterin-oil emulsions may form

(Rayneret al, 2014)

As mentioned above, a stblparticle with a contact angle close tdf@dms the most stable
emulsion with the highest irreversible adsorption at the interface between water and oil. The
reason can be explained follows.When spherical particles with radius are adsodid¢e
interface of two fluids (e.g., oil and water), the attachment energy cdedoebed by the

equations below
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The energy of adsorption E represents the energy required to remove a particle of radius r
from an oil and water interface with an interfadiale n s dJv. Bquatioms 2.1) and 2.2)
describethe adsorption energy to the interface when the particles exist in the water or oil
phase in the initial state, respectively. The wettability of particles at the fluid interface can be
characterized by théteep h a s e ¢ 0 n t)aifcthe thee@lmnde €par(ickbil-water)
interface. For example, when a particle ohthwi t h t he proper t=90)of neut
is adsorbed at the eiater interface, its energy is approximipte-1¢® ksT, which
correspods to avery large energparrier. Here, kT is the thermal energy of one particle,

ks is the Boltzmann's constant, and T is the temperature. The intensity of the adsorption
energy indicates particles adsorbed to the interdaegreversible, and the picles cannot

be spontaneously desorbed from the interface unless a significant amount of energy is
supplied(Binks & Fletcher, 2001; Binks, 202

(v

YO “It p AT-&0 (21)
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2.7 Types of green solid particles

To date, there have been several examples of 1) food grade Pickering emulsion stabilizations;
polysaccharide, protein, lipid particles and 2) inorganic particles; silica, calcium carbonate

(Albert et al, 2019)
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2.7.1Cellulose and cellulose nanocrystals

One of themost significangreen materialthataregaining increasing attention is cellulosic
materials, which are predominantly usegaper, textiles, and clothir{grinchiet al, 2013)
Cellulose is the most abundant natural organic compound that comprises the basic structure
of plant cell walls Also, it is well-known thatcelluloseoccupies up to 50% of all plant
material.Wood is composed largely of three natural polymers, cellulose, hemicellulose and

lignin (Grishkewichet al, 2017) and the molecular structure of each is shown inZg3.

u-i-o o .‘_3_‘ .

Fig. 2.9 The chemical structures of wodimple structures of cellulose, hemicellulose, and

lignin: Major components of biomagakash, 2015)
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Cellulose, which consists of both crystalline and amorphous regions, has a higher specific
elastic modulus than steel. It has been utilized in various aspects of human life because of its
excellent physical properties. For instance, paper is a repregergedduct using cellulose

and has been utilized by humans throughout human civilizan.the other hand,
hemicellulose is an amorphous polymer composed of pentose, arabinose, mannose, galactose
hexose, and xylos@/ishtal & Kraslawski, 2011)It differs from cellulose in that it has a
branched structure with a small number of monomers argdiatively smaller molecular
weight On the other handignin differs from the other two polymera ithat the aromatic
monomers of phenyl propane are covalently linked by cadaomon or arykther bonds
(Kumar et al, 2009) Lignin is composed ofhtreetypes of monolignols, such as sinapyl
alcohol, coniferyl alcohol, and coumaryl alcohol, depending on the esp€Eig. 2.10)
(Chesner, 1963)In the pulp and paper industry, lignin is a waste resource removed to
produce white pulfibers Recently, lignin extracted from woody biomass is being used to

produce bioethan@Pérezet al, 2002; Strassberget al, 2014)

OH OH OH
= = =
~o o~ ~o
OH OH OH
sinapyl alcohol coniferyl alcohol p-coumaryl alcohol

Fig. 2.10 The three phenylpropane units, the building blocks of lignin (a) sinapyl alcohol, (b)

coniferyl alcohol, (cp-coumaryl alcoholChesner, 1963)
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Cellulose is a linear longhained polymer consisting of disaccharide anhydipus
glucopyranose un{fMonteagudeMeraet al) units linked by 14 glucosidic bond<Cellulose

can be regarded as a condensation polymer. The AGU units are connected through the
hydroxyl group attached to the Catom of one glucose molecule and the hydroxyl group
attached to the @ atom of another glucose molecule (Fig. 2.11). The owde formula of

an anhydrous glucose unit i$H:00s, and thus the molecular formula of cellulose can be

specified as (6H100s)n (Ifuku et al, 2007)

cellobiose unit

N
4 N
OH OH
OH
0 HO
H o |HO oH o OH
OH n
OH N
non-reducing end anhydroglucose unit reducing end

(AGU)
Fig. 2.11 Chemical structure of cellulog&halia & Dahman, 2017)

In addition, cellulose derivatives or microcrystalline cellulose (MCC) are used in a wide
range of industries, such gharmaceuticals, food, and cosmet{€ark et al, 2004)
Recently, cellulose nanocrystals, whose size is much smaller than MCC, can be derived from
via chemical and mechanical treatment of cellulose. Nanocellulose possesses different
particle size distributions, degrees of branching, crystallinity, crystal stescaund surface
chemistry properties depending on the source of raw matéBiahehi et al, 2013; Moxley

& Zhang,2007)
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Additionally, CNCs can be produced from bacteria, sudhcatobactexylinum(Sunet al,

2005) However, this process has several disadvantaggesa bacterial culture is costly, and

it is difficult to produce large quantities of nanocellulose due to the low yields of the process.
Therefore, masof the nanocellulose is derived from the-tigovn processing of wood pulp

and agriculture biomass. Nanocellulose can be divided into cellulose nanofibril (CNF) and
cellulose nanocrystal (CNC), depending on the method of extractions. Cellulose nanofibers
are usually produced vihe mechanical treatment of pulippers, and they have a width of 5

to 100 nm and a length of several microns. On the other hand, cellulose nanocrystals are rod
shaped nanocrystals with a diameter (width) of 2 to 20 nmadewigthof 100 to 250 nm.

They are derived from chemical treatments, such as alkatrgaement followed by acid
hydrolysis. Cellulose nanocrystals possess some desirable properties, such as a high tensile
modulus, similar to steel or Kevlar (100 to 160 GPayy tlensity (0.8 to 1.5 g /cthand a

large specific surface area (~256/g) (Grishkewichet al, 2017) According to Brinchiet

al. (2013), the beneficial properties of CNCs make them attractive for applications in the
packaging and paper industry, filtration devices, artificial skin, and cosn(@tioshi et al,

2013)

2.7.1.1Alkali process

Alkali pretreatmenhas beemore effective in dissolving lignin and hemicelluldbeg. 2.12),

and withoutpre-bleachingthe dark colar of lignin is produced during kraft cooking.
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Fig. 2.12 Disruption of cellulosic biomass by pretreatm@himaret al, 2009)

Chromophores comprising benzene rings, caidarbon double bonds, asdrboroxygen
double bondsduce colarr changsby light absorption andxidation.As shown in Fig2.13,
three chromophore compoun@stho-quinone, coniferyl aldehyde afttarbonyl) comprise

the bulk of the chromophore mixtures.

OH O OH
L
[0 e 0
AL Ar
() OMe OMe
0 OR OR
o-Guinone Coniferyl aldehyde a-Carbonyl

Fig. 2.13 Structure of conjugated chromophof€kesner, 1963)

Torok & Dransfield(2017) reported thdhis conjugated structure is formed when an organic
compound with a high carbon number is exposed to heat in the absence of (@org&r&

Dransfield, 2017)Thereforetheproblem can be solved by adding bleaching agents, such as
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hydrogen peroxidesodium chloritesodium hypochlorit@ndchlorine dioxidg Rambabuet

al., 2016) In addition,when sodium hydroxide is used, the swelling of cellulose cltans
leadto a reductionin crystallinity andanincrease in the surface area. The alkali process is
usually performed at a lower temperature than the acid procebasnehction times ran@n

from hrsto days.

Sodium chlorite has an advantafyee toits negligible harmful effects and low ash contents
generated under acidic conditions. Furthermore, sodium chlorite does not attack cellulose
like in a normal bleaching systef@iang & Hsieh, 2015Rambabtet al (2016) reported on

the production of nanocellulositibers by chemicaland mechanical pinecone processing.
The optimized concentration of sodium hydroxide (4 wt%) and acidified sodium chlorite (5
wt%) greatlyimproved the cellulose content (about 89%) in the prodiibeds Fig. 2.14
shows the SEM imagex pineconebefore and fer chemical treatment, where the original
pineconehasa rough surface (Fi@.14a) and the alkaline treated celluloBier existed as
bundles Fig. 2.14b).After the treatment with acidified sodium chloritedividual cellulosic
fiberswere obtainedFig. 2.14c), andhis treatment is highly effective in removing lignin.
Fig. 2.14d is an ESEM image of nanocellulose used in supermaliiser (Ranbabuet al,

2016)
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Fig. 2.14 SEM images of pinecone before and after chemical treatments (a) RPC 100X, (b)

AL 500X, (c) BL 500X and (d) the ESEM image of cellulose nanofibers 100 (Ré@xbabu

et al, 2016)

Jiang& Hsieh et al (2015)isolatal pure cellulose from tomatpeel powdeand extracd
nanocellulose through acid hydrolysis. Pure cellulose was separatedhzdomatopeel
powderwith acidified sodiumchlorite, and then potassium hydroxigRosenzweiggt al,
2013 was usedas thebleacling agent As a result,alkaline bleach removes more mass
(49.8%) than sodium chlorite (26.1%), suggesting that the tomesdcontains more
hemicellulose than ligninTherefore, e acidified NaCIQKOH treatment yielded 13.1%,
whereasthe NaOH/HO; treatmentresulted in 10.21.3% cellulose after removinthe

hemicellulose protei@Jiang & Hsieh, 2015)
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2.7.1.2Acid hydrolysis

Cellulose is composed of crystalline and amorphous regions. When an acid is added to the
cellulosefiber, hydronium ions (BO") penetrate the amorphous regions where the chains are
accessible, compared to the denser crystalline regions where hydroniupraorse the

hydrolysis of glycosidic bond$ig. 2.15).

OH OH OH OH OH OH OH OH OH OH OH OH OH OH OH OH OH OH OH OH OH OH OH OH
bt} N S TSN WS Vi o vy |

— 1 | - — | A ra— I bt
| | | | | | I | | | | | | | I | % | | | | | | I |
O OH OH OH OH OH OH OM O OH OH OH OH OH OH OM O OH OH OH O OH OH OH
Acid Dissociation and Fischer Esterification of Hydroxyls:
Cellulose Hydrolysis:
]
" CHsCOH + Cell-OH
HCl - H* + CT (
H* 0
]
OHC,
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Fig.215 Reaction scheme il lustrating the cell ul

hydroxyl groupgSanchezDominguez & RodrigueAbreu, 2016)

As a result, the amorphous regsaare gradually removed, leaving behind the crystalline

region. These nanoparticles have been termed cellulose nanocrystals in North America and
cellulose whiskers in Europe. In most cases, strong acids, such as hydrochloric acid (HCI),
sulfuric acid (HSQy), phosphoric acid (PQs), hydrobromic acid (HBr), and nitric acid

(HNOs) are used to produce the cellulose nanocrystéts, sulfuric acidbeing tre most
popular(Grishkewichet al., 2017; Habibket al, 2010; Pengt al. 2011;ChBhgdr éeguez
et al, 2004) Cellulose nanocrystals prepared using sulfuric acid are very stable due to the

large amounts of negative charges on the sulda¢&NC. When sulfuric acid is added to
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cellulosicfibers some hydroxyl groups on the surface of the cellulose nanocrystals undergo
esterification with sulfuric acid and transform into negatively charged sulphate estes group

(-SO). Thestructure and physical properties of cellulose nanocrysdtgiend on thepgcies

and theconcentration of the acid used in the acid hydrolysis process, such as hydrolysis
temperature anceactiontime (Limmatvapiratet al, 2005) When the acid concentration is

too high oris heatedfor a long time, the cellulose decomposes completely into the

monosaccharidmolecules.

On the other hand, when the acid concentration is too ldwdmlysis time is toghort, the
amorphous regions are nobmpletelyremoved(Habibi & Dufresne, 2008)Therefore,
studies have been conducted to determine the optimal conditigpmspae pure cellulose
nanocrystals, which we@3.565 wt% (Bondesoret al, 2006; Cacet al, 2008; Fortunatet

al.,, 2012) At this condition, the size of the cellulose nanocrystals does not change
considerably When a hgher acid concentration is used, the length and diameter of the
cellulose nanocrystals are greatly reduced. The hydrolyzed suspension must be washed
several times and centrifuged to remove residnamicalsaand acids in the suspensions. This
procedure isusually performed until the pH becomes neutral. If the cellulose nanocrystals
are not completely dispersed, agglomerates are formed, which can be effectively dispersed
using an ultrasonicator or a homogenizer. The-dislpersed suspensions should be kept

the refrigerator with a few drops of chloroform addedtoid aggregation. According to

Camarero Espinosat al (2013),hydrochloric acid hydrolyzed cellulogel-CNC) displays
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a poor dispersion, while the sulphated groups on cell(8€&NC) can degrade at high
temperatures, limiting the study of thermal stability. To address this problem, acidic
hydrolysis of cellulose was carried out by mixing the two acids, which showed high heat
stability and low dispersibility. Surprisingly, there arg n@any studies on phosphoric acid
hydrolysis, and only a few groups have reported on the phosphorylation of cellulose to
enhance their thermal stability and biocompatibili§@amarero Espinosat al (2013)
reported on thacid-hydrolysis ofcottonusingphosphoric acid and compared the properties

of SCNC and HCNC to identify theoptimalconditions for heat and dispersibil{famarero

Espinoseet al, 2013)
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Fig. 2.16 TGA traces of £NCs, PCNCs, and HCNCs(Camarerdspinoseaet al, 2013)

As a result, CNC showed dispersibility in various solvents in the following ordeiQ#
DMSO> DMF> THF), which is similar to-€NC. The decomposition onset temperature of

both RCNC and HCNC was 220C as determinefrom the TGAanalss, while the onset
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decomposition teperature for SCNC was 150C(Fig.2.16). The shear storage

of P-CNC (21.6 £ 0.5 MPa) was highthan SCNC (21.1 £ 0.6 MPa) and-BNC (17.6

2.0 MPa).

2.7.2Chitosan

The causes of food poisoning in food are very diverse, such as bacterial food poisoning,
which is mainly caused by contamination and deterioration due to poor handling of food.
This is detected in various foods, such as meat, canned fiigldsand shellish. Many
synthetic preservatives are used to prevent food deterioration caused by microorganisms and
prevent the occurrence of food poisoning. However, consumers have increasingly become
aware of the safety concermsm the consumption of synthetic addes;, and they are
increasingly looking for safer natural produd@me such natural polymer is chitosan, which

is obtained through the deacetylation of chiffiig. 2.17). Chitosan is the second most
abundant natural polysaccharide on the planet, anceittiacted from the exoskeleton of
crabs,shrimp,and fungi of crustaceanghe relative proportions of glucosamine and acetyl
glucosamine vary depending on the degree of acetylation of chitosan. Thus the properties of
chitosancan be controlledYounes & Rinaudo, 2015)These include biocompatibility,

biodegradability, and antibacterial properties.
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Fig. 2.17 Structure of chitin and chitos@viounes & Rinaudo, 2015)

Above all, chitosan is known to be almost ftoric to animals and humans. In animal
experiments on mice, the lethal dose of 50% of the test animals, or LD50, was found to be as
low as 16g/kg. In addition, the toxicity of chitosan has been reported tD f&]Pdependent.
Chitosan with a DD above 35% has low toxicity, while less than 35% DD (e.g. chitin) has
been reported to cause datependent toxicityDecarloet al, 2014) On the other hand, the

Mw of chitosan did not affect toxicityAs for the antibacterial propertiju et al (2013
studied the effect of chitosan @& coli and concluded that low molecular weight chitosan
effectively controlghe growth of E. coli (Liu et al, 2013) Since the surface of the bacterial

cell membrane is negatively charged, the ( the positive charge othitosanis
electrostatically attractei the surface ofhe cell membraneand oftenthe cell membrane

is disruptedresulting inthe death of théacteria.However, its application is limited due to

its poor solubility in water and organic solvents. The acid dissociation constant of chitosan

(pKa of 6.5) was determined by the degree of deacetylation, ionization strength anel charg
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neutralization of te amine groups. Therefore, chitosan is positively charged and dissolves in
an acidic solution, and the charge density depends on pH. Chitosan has a structure similar to
cellulose, one type of polysaccharide and has an amino group atZhmosition of the
glucose unit. Due to its structural characteristics, not only does chitosan find applications in
wastewater treatmenbut it can alsdbe used in food additives, coatings, artificial skin

materials, inhibitors, drug delivery systems, and gene delivetgrags

Chitosan is often used in nanoparticle manufacturing as it is biocompatible and
biodegradable. The preparation of the nanoparticle can be performed by utilizing the physical
interactions between the polymer chains, such ekectrostatic forces, hydrophobic
associations, or hydrogen bon@4ivehi et al, 2008; Wanget al, 2017) As shown in Fig.

2.18. dhitosanTPP nanopatrticles are prepared by ionic gelation polyvalent aoidioim

tripolyphosphate (TPP) with positively charged chitosan.
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Fig. 2.18 Formation of the chitosanpolyphosphate complex by ionotropic gelation. (a)
Schematic illustration of the chitosdif®P complex and (b) SEM image. Bar, 200 (da

Pazet al, 2011)

According to Jonaen et al (2012), chitosaslTPP nanoparticles were evaluated for
improving the drug delivery of small and large molecular weight drugs, and the concentration
of chitosan, ratio of TPP to chitosan, the molecular weight of chitosan and ionic strength of
themedium were evaluatddonassest al, 2012) In addition, Wangt al (2017) postulated

that chitosafT PP encapsulation imetastablend isdriven by external conditions, such as

pH and ionic strengtlfWanget al, 2017) Therefore, ne anionic crosdike agents are

needed to stabilize chitoséased nanocapsules.
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2.7.2.1Glycidyltrumethylammonium chloride (GTMAC) -Chitosan

Recently, interest in chitin and chitosan, which are animal polysaccharides, has been
increasing due to the emphasis on floertoxicity of antimicrobial agents. Chitosan is a
substance derived from the deacetylation of chitin extracted tinerexoskeleton of crabs

and shrimps. Its structure is similar to that of celluldsacetyt2 amine2-deoxy-D-glucose
(glucosamine)s a form where the hydroxyl group at the@osition of cellulose is replaced

with an amine group. Chitosan is superior totin because it can be dissolved by the

protonation of amine groups at the2(position ina dilute acidic solution

In the field of food additives, studies on the addition of chitosan oligosaccharides to foods to
inhibit the growth of microorganisms, grent the decay of meat, and prolong the shelf life

of fruits and vegetables have been reporfda antimicrobial propertiesf chitosanstem

from the amine groupat the G2 position protonated in acidic conditions. The cationic
chitosan interacts withhe cytoplasm of an anidmearing microorganism and inhibits the
activity of the microorganism. However, in neutral and alkaline solutions, it is difficult to
dissolve chitosan, which limits its ability to formulate with various polymers. In a basic
envirorment, the chitosan precipitates and the amine groups are deprotonated, resulting in a
decrease in the antimicrobial activifim & Hudson, 2004) Therefore,modification is
necessary to improve the solubility of chitosan and broaden its applications. In general, a
compound having a quaternary ammonium salt is generally ‘saligole. It has been

reported that a quaternary ammonium salt can be introduceddsashto produce a water
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soluble chitosan derivatiy@lipour et al, 2009. Compounds having quaternary ammonium
are widely used as antimicrobial processing agents. When quaternary ammonium salts are
introduced to chitosan, it imparts water solubility and antimicrobial characteristics to the

polymer(Liu et al, 2013)

N-[(2-hydroxy-3-trimethylammonium) propyl] chitosan chlorideiTCC), a watetsoluble
chitosan derivative with various degrees of substitut{tfivehi et al, 2008) was
synthesized by reacting chitosan with GTMAC, a quaternary ammonium compound with a

glycidyl group. The reaction formula of chitosan and GTMAC is showFig. 2.19.

CHs cl
OH CE_:E‘HCH;*T‘—CH-_; OH
CH4 0
0 3 N 0
HO
NH n ) I-
I (I‘.HJ C
GH_—-CHCHp—rTI‘—GHl
Chitoss |
Niosan DH C.H-i
HTCC

Fig. 2.19 Synthesis route for HTCM®ivehi et al, 2008)

Generally, epoxy groups readily readth amine groups under neutral or acidic conditions.
Therefore, a reaction between GTMAC and amine groups of chitosan can be readily
implemented. HTCC, having a quaternary ammonium group at-thpd3ition of chitosan,

could be prepared by opening therp group of GTMAC using a catalyst and then reacted

with the amine groups of chitosan.
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2.7.3Shellac

Shellac is a natural resinous polymer that has been approved by the FDA (U.S. Food and
Drug Administration) since the 1930s and is generally recognized aSG5#eS). It is used
worldwide as a coating agent for pharmaceuticals (tablets), confectionery, vegetables and
fruit because it has not only an excellent flonming (Hagenmaier & Shaw, 1991) but also
prevents odars, gas excretion, moisture evaporationjdaion, absorptionand it can
control release rate (Chauhanal, 2015; Muhammasét al, 2020; Pearnchoét al, 2003).
Nevertheless, shellac as a coating material is still limited due to its fragile properties (Bar &
BiancoPeled, 2020; Tangt al, 2019). Shellac has a weak surface and is easily scratched,
but it can be easilyepairedby adding a new layer of shellac coatich will bind tothe

shellac compounds. Therefore, many studies have been conducted to ithastdslity by
combining shellac and other materials (alginate, gelatin, cellulose, chitosan, protein, etc.)
order to reduce the existing shellac coating disadvantagesiraprbve its mechanical
properties. In general, shellac is produced on trees by the female laKdiu@ (acca,
Laccifer lascaor Coccus laschin east India, Thailand, China, Burma, and Myanmar (Farag

& Leopold, 2009; Hagenmaier & Shaw, 1991; Haneadd., 2012; Limmatvapiraet al,

2004; McGuire & Hagenmaier, 199®erria laccasecretes shellac to form a sticklac (tube

like cocoon structure) that is intertwined ottie branche®f the tree In terms of traditional
purification methods, raw shellacresmovedrom the branches, including bark shavings, lac
bugs, and larvae. Natural shellac is-sluied or heated via fire on a tube; the heat causes the

shellac to melt and drain out of the tube, leaving behind the impurities. The melted shellac is
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then pessed through a roller to form a thin sheet and flakes before distributed for production

(Das & Jacob, 2011).

2.7.3.1Bleached and dewaxed shellac

Currently, many types or grades of shellac are commercially available; their properties and
colour will depend onlte raw material, the insestrain host tree purification method and
processing parameters (Hameidal, 2012). Most commercial shellacs are dewaxed and
decolorized by a highly refined process and utilized in edible applicateuh as

conf ect i ohy®mmihgcoayrg and polishing.

The method of purification is by dissolvirlge stick lac, a resous secretion of lac bug, in

an alkaline solution and then adding bleach, sodium hypochlorite or hydrogen peroxide to
break and removthe colours, which are laccaic and erythrolaccin from the lac. However,
using hydrogen peroxide, high temperature angl amounts of residual rinses are required.
After the bleaching step, diluted sulfuric acid is added to the bleached shaidlak is then
precipitatel anddried However, this process reduces the molecular weight of the carboxyl
and hydroxyl groupéSaengsoeét al, 2019) Finally, the wax in bleached shellac is removed

by filtration to get waxfree bleached shellac (less than 0.5% wax content).

2.7.3.2Solubility of Shellac

Shellac has been knowtto dissolve in water due to its carboxyl grofPsnning, 1996)
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it is solubilizedin an aqueous alkali solution (tp&avalue ofShellacis 6.9 8) dueto the
deprotonation of carboxylic acidllowing the Shellac to be soluble in aqueous solysnth

as sodium hydroxide, ammonia, sodium carbonate (Limmatvamtatal, 2004,
Limmatvapiratet al, 2005; Qussi & Suess, 2005). Additionally, Shellaccosrpletely

soluble in methanol, ethanol andgartially dissolves in ethyl acetate, chloroform and ether
(Cagil, 2020) Farag & Leopold (2009) prepared shellac films from an aqueous shellac
solution with 1% ammonium bicarbonate solution atGQthen free ammonia isemoved

at 65 °C. The evaporated water is continuously replaced, and this process is repeated until
the pH is constardt between 7.3 and 7.9. An alternative shellac solution was prepared by
adding finely milled Shellac using a cutter mill into a bicarbonate isoludt 40 °C; the
dispersion is then heated between 60 and 7@ifiCstirring until the Shellads completely
dissolved(Al-Gousouset al, 2015). Sodium shellac was formed by dissolving Shellac in
sodium carbonate in a 2:1 molar ratio (&aal, 2018).Sunet al, (2017) used 80% aqueous
ethanol (v/v) and 0.1 M phosphate buffer saline (PBS) to dissolve completely under stirring
at 600 rpm at room temperature for 2h. (®tmal, 2017).To prepare a coating mixture of

aloe gel and Shellac, dewaxeddapleached Shellac were dissolved in 0.5% ammonium
hydroxide at 95 °C and then mixed with oleic acid as an emulsifier at 95 °C and 3,000 rpm
using a higkspeed homogenizer. A composite coating was obtained by mixing the shellac
coating and aloe gel in eduproportions (Chauhamt al, 2015). Konget al (2017)
conducted other experiments to dissolve Shellac with an aqueous (Shellac and ethanol/water

mixture). When the concentration of wateasmore than 22.5 volume %, its solubylit
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decreasedWith the sight addition of NaCGQs, the solubility of Shellacould be increased

in higher water contents (Korgg al, 2017). Limmatvapiraet al (2004)conductedpartial
hydrolysis testdo increase the solubility ohellac using 2% sodium hydroxide. After
hydrolysis, the acid value (AV) was increased by extending the hydrolysis time. In contrast,
free carboxyl and hydroxyl groups increased from the cleavage of the ester tdodchle
reductionin the ester value (Limmatvapiragt al, 2007; Limmatvapiraet al, 2005). This
resultcorresponded tthe findings ofCagil (2020), who stated that wakellac and aged

Shellac have the lowest acid value content.
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Fig. 2.20 @A): Effect of alkalitreatment time on acid value and ester valughellac.(blue)

Acid value; (black) ester value an@): pH-solubility profiles of native shellac and
hydrolyzed Shellac after alkali treatment for different times. (diamond) Native shellac;
(square) 15nin hydrolyzed shellac; (circle) 3@nin hydrolyzed shellac; (cross) 6tnin

hydrolyzed shellac; (triangle up) 12€Qin hydrolyzedshellac(Limmatvapiratet al, 2004)
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2.7.3.3Enteric coating and delivery

Shellac consists of 782% of fatty esters,-84% of free fatty alcohols,-4% of acids and-1
6% of hydr oc atrab @02Q3). Skehe it stracturally composed of esters and
polyesters of polyhydroxy and polycarboixycids. The carboxylic acid is composed of four
different acids, aleuritic (35%), jalaric (25%), shellolic (8%), and butolic (8%); they are

connected by ester linkages into a hard resin by chemical degradation (Muhamahad

CH,0H CH,0H CH,0H (I)HZOH B
(CHa)s (CHy)s (CHa)s (CHy)s

CHOH CHOH CHOH ?HON

ROR
aiaic HO  CHOH
shelolic ~ COOH CH,OH
Laksholic ~ CH,OH CH,OH
laccolaric ~ CHO ~ CH,
Laccisheloic  COOH CH,
Lacclakssholic CH,OH CH,

=0 OH
o<: terpenic acids part
N
R, [~J °| R=CHO, R'=CHOH Jalaric acid "Fence” structure
i / R=CHO, R'=CH, Laccijalaric acid

(b)

Fig.2.21A) Chemcal structure of shellac. Polyesters (a) and single esters (b) (Limmatvapirat

et al, 2004) and Bthe generalized molecular structure of shellac (@aal, 2018)

These acidic functional groups are essentigirepareenteric coatings because the acidic
groups are protonated to make shellac insoluble in the stomach environment. Carboxylic

acids are also deprotonated to carboxylate moieties, causing shellac twaligsthe
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intestine. An example of earrier product in an enteric coating is probiotics, which are
healthy bacteria widely claimed be beneftial to humars. When probiotics areonsumegd

most of their activity is lost in the stomach, which is acidithvei pHof less than 3. The pH

of the digestive tract changes from acidic, neutral to slightly alkaline as the probiotics reach
the intestine, encounteringvarious digestive enzymes. Probiotics are also affected by
digestive enzymes and bile acids, whiebults in aeducedsurvival rate (Teolet al,, 2011).
However, when shellabased entericoated probiotics prepared by huoelt extrusion
processmaintained thesafepassagé¢hrough the stomach, the coating will begin to degrade

in the intestine. Enterishellac capsules showed less than 5% degradation kelpefor 24

h at pH 1.2 and 6,8and complete degradation wasbservedonly after 1611 h in an
environment of pH 7.4 (Gately & Kennedy, 2017). The released probiotics adsorb and grow
in the intestinalmucosa. The adhesion of probiotics to the intestinal mucosa can play a
protective role against intestinal pathogens through competition for hosiradithg sites,

while probiotic adhesion increases the chances of interacting with the host, resulting in
temporary colonization; thus, it can increase the time for probiotics to exert beneficial effects

in the gut(MonteagudeMeraet al,, 2019)

Recently, various experiments have been conducted to develofakiimgy enteric coating
materials for active ingredient deliveiy themucous membranes by combining shellac with
various sustainable material compositioag (,cellulose nanocrystals amatginate). Tangt

al. (2019) prepared a drug encapsulated bilayer film using shellac, esterified cellulos
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nanocrystals, and polyethylene glycol (PEG) as a plasticizer buccal drug delivery since solely
shellac film are breakable. To examine mucoadhgsioperties of the bilayer films, porcine
buccal mucosal tissue from a pig was usedrfatitro evaluation of mucosal adhesioii$e
prepared film was measured by mucoadhesion using a Texture Analyzer. The mucosal tissue
was fixed and wetted with simuéat saliva (SSF), and the film was contacted with the
mucosa with force applied for 300 seconds. Then the probe was removed from the mucous
membrane at a rate of 1 mm/s. As a result, the mixture of shellac and iBG¥&sedhe

swelling properties, mechamal strength, mucoadhesive properties and high drug release
compared to shellac film. This is because ECNC, shellac and PEG possess many hydrogen
bonding groupssuch as carboxyl and hydroxyl groups, forming strong network structures

and increasing adhesistrength to biological mucosa (Taeigal, 2019).

2.8 Encapsulation system

The encapsulation system refers to the whole process of wrapping one material with another
coating material, and the size of the manufactured particles ranges fromnarfemeters

(nm) to a few millimetes (mm). This system provides space to encapsulate desired materials
and protect thencapsulatednaterials from environmental conditigr&ich as pH or UV
radiation. Encapsulation can be functionalizeantmskunpleasantlavoursodaurs, impart
stimuli-responsivenessontroltargeted release, sustained and burst release (Fig. 2t2)
encapsulation oprobiotics, vitamin C, insulin and other active ingredidrage beenused

in daily life (Iravaniet al, 2015).
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Fig. 2.22 Important applications of microencapsulation in the food indusayafi et al,

2015).

2.8.1Encapsulation of Vitamin C (L-Ascorbic acid)

Vitamin C, commonly referred to dsascorbic acid or watesoluble vitamin, is added to

food as a functional food suppleme@onsumption oVitamin Cis necessaryor human

health sincehumans cannot synthesize Vitamin C inithbody due to the lack of
gluconolactone oxidag@Jluataet al, 2015) It is reported thategular intake oVitamin C

can reduce the risk of cancer, kidney, scyiNgmet & Monnier, 2011and heart disease. In
addition, it isa nutrient essential for collagen synthesis to manufacture healthy blood vessels,
variousorgansand muscleghereby enhancing the immune system. It has strong antioxidant

activity with a strong reducing action to eradicate harmful free radicals ane agygen in
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the body. Howevemrxcessive intake of Vitamin C can lead to urinary stodiestheaand
gastric convulsionsHowever, Vitamin C is unstable and will easily decompapen
exposure tair, oxygen, heat, and lighalthoughVitamin C is ready soluble in an aqueous
solution, much of the Vitamin C is not stable, resulting in degradation due to rapid oxidation.
The oxidation process of Vitamin C is described in Rg3. Vitamin C plays aole in
maintaining the redox process-alscorbic acidreduced form) is oxidized to dehydte
ascorbic acid (oxidized formyithout any Vitamin C function los®ehydreL-ascorbic acid
comprise$0to 80%(HekK, 1982)of L-ascorbic acid is oxidized to 2¢8keto-L-gulonicacid
(Shanmuganet al, 2010) The ®nversion of Lascorbic acid to dehydio-ascabic acid is
reversible. However, the oxidation of dehydrascorbic acid t@,3-diketo-L-gulonic acid

is irreversible. When Vitamin C is oxidized to ajketogluconic acid (DKG), its activity is

lost Nymanet al (2008) reported thatlen Vitamin C andodium benzoatébenzoate salt)

(a preservative added to foods to minimize decay and deterioration) are present together in a
beverage, Vitamin C is oxidized by a metal catalyst, such as c@pgiakubo & Cunhaand

iron (Fe) present in the product to reduce oxygen {@form superoxide anion radical {O

), generating hydrogen peroxide »(®$). Also, odium benzoate produces benzene by

hydroxyl radicals formed from hydrogen peroxide and oxyy&rbeystet al, 2013)
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Fig. 2.23 Oxidation of vitamin ¢ (ascorbic acid) via dehydroascorbic acid as intermediate

(Shanmugaret al, 2010)

Due to the instability of Vitamin @ food produts, only a small proportion of Vitamin C is
effective in medicines, foods, and cosmetics. Many studies aim to address the chemical
instability of Vitamin C through encapsulation methods, such as spray drying,- micro
emulsion, doublemulsion, and liposome,were conducted and reported. Micro or
nanoencapsulation is an advanced technology that protects the degradation of sensitive
compounds from temperature, humidity, and microorganisms. HoweverePah@2016)
recently explained that these technologiesehaarious challenges, such as organic solvents

used in liposomes, synthetic polymers as the shell material, and high temperatures used i
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nancand micreencapsulation, which are all factors that affect the functionality of the
systemgPenget al, 2016) Therefore, a new setfssembled hydrogel system with a three
dimensional and porous network structure was developed using natural biopolymers
consisting of bovine serum albumin (BSA) apdctin. Compared to the encapsulation
efficiency of Vitamin C within liposomes (48.30%nd chitosastyclodextrin nanoparticles
(15.70%), BSAPectinVitamin C hydrogel possessed the highest encapsulation efficiency
(65.31%), which are summarized in Fig2(ag) (Penget al, 2016) From the results, BSA
hydrogel (a and b) possessed a loose network structure, andP&SiA mixture (c and d)
displayed a smooth silk structure at pH 7.0. When tBA-Bectin mixture was adjusted to a

pH of 4.5, a dense str uct ur-sheamehdibrile. Fisalyr v e d
in BSA-Pectin hydrogel (g and h), a solid ordered thidmeensional network structure
associated with hydrogen and disudfidonds was evident when the heat was applied (Fig.

2.24 (e and f)Zhouet al,, 2014)
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Figure 2.24 SEM images bbvine serum albumirBSA) hydrogel (a,b)B S AT p €BP i n
mixture at pH 7.0 (c,d), # mixture at pH 4.5 (e,f)y and BRB S A1 Pect i mtphy dr og el

4.5 (g,h}thermal treatmentPenget al., 2016)

However, it seemed that there were restrictions on the application due to changes in the
structure associated with pH and heat. Chitosan is widely used as a coating agent that
increases the stability and absorption rate and controls the release ratly Reegy ionic

gelation method$ormedcapsules in a short time through a rapid crosslinking remactio
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between polyvalent cationic chitosan and a crosslinking agehta counter ion, TPP.

Chitosan oligosaccharides (CSos) were grafted onto CNC througtptadip coupling

reaction and used to encapsulate Vitamin C using TPP for vitamin C delivery. Low molecular
weight chitosans known to have better water solubility and higher antioxidant properties,
therebyprevening the oxidation of/itamin C. The encapsulation efficiency (EE%) and drug

| oading (DL %) of vitamin C were higher ( E:
compared to pH 3 (E: 71. 6 %,aNpH® (aBdupKas), D: 38.
VC is deprotonated, possessingyagve chargehat strondy bound topositively charged
CNC-CSosthat encapsulated thvtamin C within the complex. In additionn vitro release

of vitamin C showed a sustained releasep to 3 weeks in the CNCSos complex. Using

the DPPH method, CNCSOS showed higher antioxidant rate constaaisipared to
physical mixtures that exhibited synergistic activity. The incorporated vitamin C in the CNC
nanecomplex could be used for topical cosmetic applicati@ilaghi et al, 2015) In

another vitamin C encapsulation study, VC and folic acid (BAjledliposomes (VCFA

Lip), and chitosartoated liposomes (C8SCFA-Lip) were prepared to imprevtheir
stability. Technically, positively charged chitosan can interact with negatively charged
liposomes due to electrostatic interactions. It has also been reported that chitosan affects the
stability of loaded drugs, redung theleakage of encapsulated drugs. Initially, VCE#

was prepared with soybean phosphatidylcholine (PC), cholesterol (CHOL), Tween 80, VC
and FA and dissolved in ethanol. After that, the solution was injected into the phosphate

buffer, and ethanol was remed. For both drugs, the encapsulation efficiency (EE%) ef CS
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VCFA-Lip coated with chitosamas much higher than VCFAIp. The reason is that, as
chitosan is coated on the surface of the lipos@méit could improve the EE (%) by filling

the gap of the fgrophobic bilayer via hydrogen bonding and electrostatic interaction. In
addition, the antioxidant activity of G8CFA-Lip was higher than VCFA.p, because
chitosan has antioxidant power and maintains the initial antioxidant activity of M@

the system(Jiaoet al, 2018) Therefore, iwas confirmed that GS¥CFA-Lip could be used

as a variety of functional food materiagsich as the food and cosmetics indysigya high
antioxidant effect and functional material carr{@aoet al, 2018) Similar to the above
study, Liu et al (2017) described the layby-layer (LbL) ekctrostatic deposition
technology, highlighting the disadvantages of the conventional liposomes; easily oxidizing,
long-term instability, and doubllayer damage due to hydrolysis of phospholipid membranes.
This is an effective strategy for stabilizingdgomes by coating a polymer on the surface
and states that it can better resist environmental stresses thapated nanoliposomes. The
multilayered liposomes were prepared with sodium alginate, chitosan, and nanoliposome
(AL-CH-NLs), including vitamin CAt day 1, theparticle size of fresh NL and multilayered
liposomes were about 58 nm and 297 nm, respectively, and this increment of thickness is due
to the binding of thepolymersto the NL via electrostatic interactions. After 90 days, the
particle sizeof multilayeredvitamin C nanoliposomes gradually increased to about 2578 nm.
The possibleeasons arelue tothe AL and CH layerslissociatedrom the surface and
formed networks between polymers througblymer bridging (Fig. 2.25). However, the

degree of oxidation and vitamin C release from multilayer liposonses lower than the
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conventional NL, which means that multilayer sheflf@iaimizedlipid oxidation and initial

burst release.

(a)
strong interaction @ Ry 2
: P

o NI, HoR

o it

CH

Fig. 2.25 Schematic representation of the structural charigdéls-€H-NLs during storage
at 4 C. (a) Fresh AICH-NLs prepared by chitosan (CH) and sodium alginate (AL)
decorating on NLs (day Bnd(b) Loose interaction, rupture and new network formation in

AL-CH-NLs after storage for 90 daykiu et al,, 2017)

2.8.2Encapsulation of probiotics

Probiotics come fr om theWorlGHealtt ®rganipatiod (WH®)or | i f
defines probi ot i c s(bactesia di yeastsybpichiwheo admioistegedimi s ms

adequate amounts confer a health bertefit h e hFA®MH@, 2001).Probiotics
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effectively inhibit harmful bacteria by secreting antibacterial bacteriocin, lactic acid, organic
acid, blood cholesterol, intestinal settlement of harmful bacteria, and enhancing immune
activity and anticancer effects. However, probiotics must see\by withstandinghegastric

acid secreted from the stomach, bile from the gallbladder, and various digestive enzymes
from the small intestine. A relatively large amount is recommended to have a beneficial
health effect of probiotics, typically $10’ CFU/g per day. However, adding probiotic cells
directly to foods resulting in a significanéductionin cell viability during storage and
passage through thetestinal trat Therefore, during storage and digestion, these probiotics
may have reduced vidity below the recommended levels to achieve health benefits. Thus,
probiotics must beencapsulatedvith another protective materjalvhere @capsulation
protects probiotic cells from external environmental factors and promotes bacterial viability
during processing, storage and digestion. Moreover, encapsulation may also improve
probiotic efficiency by controlling the release of probiotics at the right site of action in the

intestine.

Among the various encapsulation processes (e.g. spray drying, emetksrasjon, adhesion

to starch)Rokka & Rantamaki, 2010gxtrusion and emulsification methods are known to
have excellent survivalates of 8890% of probiotics in gastric acid and bile conditions
compared to other methodKrasaekooptt al, 2003) (Fig. 2.26) Both techniques avoid
high-temperature processes during processing. By doing so, a high survival rate of probiotics

is achieved. In the extrusion method, hydrocolloid materials are mainly used, such as
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alginate, carrageenan, gelatamd chitosan, as a coating material. Simply, the hydrocolloid
solution is mixed with probiotics and g&s through a syringe (lab scale) or extruder (pilot
scale), drop it into a gelling soluti@ontaining a multivalent catiofe.g., CaGl) to prepare

a hard capsule. This method is a simple and-tmst and high retention of cells. However, it
has been pointed out that the size of the capsule is limited by the diameter of theamaizzle

it is challenging to scalep the process.

Sodium alginate Microbial cell suspension

Extrusion Technigue Emulsion Technigue

(L]
° o
CEE) &

Emulsification in vegetable oil

CaCl:

w—&-c 1l suspension LH\
-
-

o I:;""‘-"I"_.”l X Addition of calcinm chloride to
Calcium chloride solution Break emulsion and form gel

\_\;/’ Microbial cell

s o @
pele] - (=] o't & Liquid core
o 0950 a5
oo T

Alginate
Calcium alginate bead

Fig. 2.26Flow diagram okncapsulation of bacteria by the extrusion and emulsion technique

(Krasaekooptt al, 2003)
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In terms of emuldication technique, a hydrocolloid solution containing probiotics is mixed
with a continuous phassuch as oilsd.g.,vegetablesoybean, sunflower, canola or corn oil
containing emulsifier like Tween 80 to increase the stability of emulsion usind-aegd
homogenizer to form a W/O emulsion. Once the gelling solution is adutkst slowstirring,
hardened microcapsules are formed and r@®overed viacentrifugation (Rokka &

Rantamaki, 2010)

Usually, polysaccharidesuch as alginate, starch, gum Arabic, gellan, xanthan, and whey
protein are commay used in microencapsulation of probiotics due to their biocompatibility
and nontoxicity. However,Zanjaniet al (2014)reportedthat although sodium alginate is
suitable for encapsulation, the gel passe porosity and showed sensitivity to extrerde p
which could compromise th@rotecton of the probiotics. Thus, mulayer coatingvia
electrostatignteractions was introduced improve thestability of microorganismganjani

et al, 2014) andsomeexampleof theencapsulating materiatgse summarizeoh Table 2.2
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Table 2.2 Some examples of emulsion and extrusion techniques applied in

microencapsulation studies. Survival under gastrointestinal is highet @fein/mL.

Encapsulating materials

Probiotic
microorganisms

Reference

a-Carrageenan/locust bean gum

2 %alginate, 5 % glycerol, 0.26 %
xanthan gum +0.8 % chitosan
1 % Alginate, glycerol + preservative
in micro porous glass (MGP)
membrane
- 2 %alginate +2 % corn starctl %
Xanthan +0.5 % gellan
Emulsion 32 % Oil, 20 % caseinate, 20 % fruct
techniques oligosaccharides, 20 % glucose syrt

Bifidobacterium longum

Lactobacillus bulgaricus
KFRI 673
Lactobacillus casei YIT
9018

Lactobacillus reuteri

Bifidobacterium infantis

(Maitrot et al,
1997)
(Leeet al, 2004)

(Songet al,
2003)

(Muthukumarasa
my et al, 2006)

(Crittendenet al,

or starch (MicroMAX) 2006)
Alginate/starch Bifidobacterium infantis (Sultzaonoag)t al,
13 % gelatin, 1.25 mM genipin +1 % Bifidobacterium (Annanet al,
alginate adolescentis 15703 T 2008)
, , Lactobacillus acidophilus (Sabikhiet al,
0 0
4 % sodium alginate +2 % starch LAL 2010)
1 % gum Arabic, gellan gum or Lactobacillus s (YafhezFernandez
mesquite seed gum P et al, 2008)
Extrusion 1.5 % alginate +0.1 % poll-lysine & - , (Martoniet al,
Techniques 0.1 % alginate Bifidobacterium longum 2008)
Bifidobacterium longum (Lee and Heo,
2i 4 %sodium alginate - KCTC.3128 2000)
Bifidobacterium longum
HLC 3742
2 % Alginate, 1 % gellan, 0.86 % . , -
peptides, 0.2 % fructo Bifidobacterium bifidum (Chze:goe?t al,
oligosaccharides )
(Sun and

Gellan/xanthan
Alginate/starch

- 2 % alginate +0.05 % poll-lysine

Bifidobacterium infantis

Bifidobacterium lactis

Griffiths, 2000)

(Talwalkar and

Kailasapathy,
2003)

Lactobacillus acidophilus (Krasaekoopet
547 Lactobacillus casei 0

al., 2004)
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Interestingly, recent studies have shawatshellaccan be gromising coating material for
theencapsulation of nutrients and probiotics due to its stability in simulated gastric conditions
andits nontoxicity (Farag & Leopold, 2011). However, simikaralginate there are issues

with the use othellag such ashe formation ofiporous membranghatlimitsits application

in theconventional entericoatedsystem To improve the properties of shellac coatings, the
incorporation of plasticizers or polymers cando@sideredStummeret al (2010)showed

that inorporating these plasticizers and wegeluble polymers improved the release profile

in the simulated intestinal environment while maintaining its stability in the gastric
environmentThey further reported thenprovement othe enterigroperties of shellac and
developed probiotic formulations with plasticizesich as glycerol and wateoluble
polymers such as sodium alginate (Stumn&tral., 2010). The bacterial microorganisms
used in this study werBifidobacteria, Lactobacilli andEnterococci They found out that
coatings containing shellac and plasticizer showed excellent resistance to the simulated
stomach environment in the gastric ph&3satings of shellac containing 5% glycerol or 5%
sodium alginate or up to 20% (w/w) polyyipyrrolidone showed the greatest release of
microorganisms in the simulated intestinal environment. Schell and Bee{2044)
investigated a probiotic encapsulatioinLactobacillus reuteti with sweet wheywhich is a
waste product from cheessd a shéhc coating. This study aimed to enhance bacteria
survival by improving the resistance against gastric pH conditions. This encapsulation
technique involved a twstep fluidized bed granulation process. A sweet whey encapsulation

containingLactobacillus reiteri wasgranulated and fluidized into a slurry, then sprayed onto
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the powder for granulation, followed by a spray coating aqueous shellac. Compared to the
unencapsulated bacteria control, major findings suthvat encapsulation dfactobacillus
reuterithrough a twestep fluidized bed granulation proc@sgrovedthe resistance to acidic

pH (Schell & Beemann, 2014)

We found that functional foods provide the necessary human nutrients with spealfity
ingredients through the literature revieMso, they prevent nutritiorrelated diseases and
increase the physichkalthof consumes. The sustainable materi&@NC, showed attractive
physicochemical properties via acid hydrolysis with varioussabigt impart various types
of functional groupgo the CNCsDepending orthe applications,they could be used as
emulsifiers and preservativéddowever synthetic additives in food are still common because
of the costand stability even thoughsynthetic emlsifiers are known to promote
coloncancerandgutinflammation Recently consumerslesireclean labels or naturhlased
preservatives instead of synthetic ariBsusstrong scientific evidence to supptrhctional
materialsin food application must be found. My Ph.D. stuseks to develop, designda
understandimple processes based natural resourcemstead ofsynthdic materials By
applying 3 concepts (microencaplation system + Pickeng emusification method +
sustained nanomaterialg@n differentapproachg we could achieve our goab encapsula
the bbactive substansethat possesthe desiredunctionaliies, such as antioxidastand
antibacterial property.The following chapters will address eadi the objectives of the

functionalizedsustainabl@anomateaals.
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Chapter 3
PhosphoCWICaMedCHiiteadlsan Nanocompl exes

Stabilization of Pickering Emu

The material in this chapter was publishedBaek, J., WahidPedro, F., Kim, K., Kim, K.,
& Tam, K. C. (2019).PhosphorylatedCNC/modifiedchitosan nanocomplexes for the

stabilization of Pickering emulsionS€arbohydrate polymer£06, 526527 .

3.1 Introduction

As environmental and health concerns become more acute, the demand for products
formulated with environmenllg friendly and biocompatible substances has increased (Park

et al, 2004). In cosmetics, health care, and food applications, the use of biopolymers that are
not associated with synthetically derived ingredients has attracted increasing attention, and it
will become increasirlyg relevant due to the enormous benefits of formulating food systems
with naturally derived ingredients. Among the category of natural polymers, cellulose
accounts for the largest proportion of organic matter on earth (Habibi, BuBajas, 2010;
Grishkewichet al, 2017). Since cellulose is a material derived from wood, cotton, recycled
paper, sugarcane bagasse, wheat straw, bamboo, and living organisms (Ashori, 2006; Dagnon
et al, 2013; Credou & Berthelot, 2014), it is renewalid & a natural carbon sink. Nano

sized cellulosic materials, such as cellulose nanocrystals (G¥€3ess several advantages

due to their nan®ize Thus they can be used as reinforcing agents in nhanocomposites,
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polymeric emulsifier in otwater emulsiorand other applications that enhance the properties
and performance over conventional systems.

Various strong acids have been used to produce cellulose nanocmystalsulfuric acid

being the most common. The reason being that CNC produced fromsalidipossess
negative charges, and they are stable and readily dispersible ir{Batdesort al, 2006;

Abitbol et al, 2013). However, in food applications, CNC prepared with sulfuric acid
hydrolysis (SCNC) may not be suitable for humaansumptioras reported bypeshpande
(2002), where hydrochloric or sulfuric acid is rarely used as an acidulating substance in
foods Therefore it is desirable to perform hydrolysis of celluldgdsersusing a weak acid,

such as phosphoric acid, which is not harmful and can be used in food processing.
Surprisingly, there are not many studies on phosphorichgadlyzedCNC (PCNC) and

only a w groups have reported on the phosphorylation of cellulose to enhance their thermal
stability and biocompatibility. Aecent report on PCNC extracted from cotton possessed a
surface charge density @4 + 2 mmol/kg (Vanderflee¢t al, 2018). Higher phosmate
contents were achieved for hydrolysis in water and molten urea, where the phosphate content
values were found to be 435.21 + 7.2 and 1038 + 9.9 mmol/kg, respectively @akol

2015).

Due to the safety concerns in the consumption of synthetithaaddin food products, there
is an incentive to find naturally derived raw materials and used them in food formulations.

One such natural polymer is chitosan, which is the second most abundantl natura
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polysaccharide. Chitosan is produced by the deadetylaf chitin extracted from shells of
crabs and shrimps (Hamedl al, 2016; Zouet al, 2016), and whose structure is similar to
that of cellulose. In neutral and alkaline solutions, chitosan is not soluble due to the
deprotonation of the primary amigeoups, which limits its application, where neutral and
basic conditions are commonly encountered. Therefore, modification of chitosan is necessary
to improve its solubility and broadens its potential applications. By introducing quaternary
ammonium saltsto the chitosan enhances its water solubility and antimicrobial
characteristics. (Qiat al, 2004; Yinet al, 2017). The glycidyltrimethylammonium chloride
(GTMAC)-Chitosan, a watesoluble chitosan derivative of various degrees of substitution
was synesized by reacting chitosan with GTMAC, a quaternary ammonium compound with
a glycidyl group. Generally, epoxy groups readily react with amine groups under neutral or
acidic conditionsTherefore, a reaction between GTMAC and amine groups of chitosan can
be readily implemented. GTMAChitosan, having a quaternary ammonium group at the C

2 position of chitosan, could be prepared by opening the epoxy group of GTMAC using a

catalyst and then reacted with the amine groups of chitosan.

Pickering emulsions argtabilized by adsorbing nanoparticles at thenater interface to
prevent coalescence of the emulsion droplets. The unique properties of the Pickering
emulsions are due to the large interfacial adsorption energies of the particles. The main
difference beveen Pickering emulsions and regular emulsions is that the solid particles

irreversibly adsorb at the interface (Fujisastal, 2017). Hydrophilic particles tend to form
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an O/W emulsiopand lipophilic particles tend to foreW/O emulsion due to the ntact

angle at the oilvater interface of the solid particles. In the case of using a hydrophilic
surfactant, the area of the head portion of the surfactant is larger than that of the tail portion
so the orientation of the interfacial membrane is bent toward the oil to form-iarvaker

(O/W) emulsion. Hydrophilic particles have a contact angle, measured at the waterside of the
interface, smaller than 90° and a large part of the particle susfpcesent on the waterside.

For example, oitreated solid particles have contact angles greater thawi@0a large part

of the particle surface being present on the oil side (Rastradr, 2014).

According to Jonasseet al (2012), most chitosahPP nanoparticles were designed to
improve the drug delivery of small and large molecular weight drugs, where the effect of
chitosan concentration, its molecular weighgratio of TPP to chitosan, and ionic strength

of the medium asexamined. HowevelWanget al (2017) postulated that chitosaPP
encapsulation is metastable, and it is controlled by external conditions, such as pH and ionic
strength. In addition, TPP is known to interact with skin and mucous membranes. Therefore,
alternative anionic rosslinking agents are being sought to stabilize chitdsased
nanocapsules. Thus, the objective of this study is to dead?@NC that is ecériendly and
safefor the human body, with the added advantage of functioning as a newickoss

agent for chitosan. The dynamic morphology of PCNC and GTMAThitosan were
elucidated with dynamic light scattering (DLS) and sthgjlt scattering (SLSat different
phosphate contents and amounts of GTMAC to developew emulsifier for food

applications.
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3.2Material and Methods

3.2.1Materials

Low to medium molecular weight chitosan M 5071 190 kDa) and phosphoric acid were
purchased from Sigmaldrich (St. Louis, MO, U.S.A.). Phosphorylated cellulose
nanocrystals were produced from hardwood kraft pulp (Suzano Inc.).
Glycidyltrimethylammonium chloride, acetic acid,-ascorbic acid, sbum chlorite,
hydrochloric acid, sodium hydroxide, and rhodamine B were also purchased from Sigma
Aldrich (St. Louis, MO, U.S.A.) and used as received. The extra virgin olive oil was

purchased ithelocal market.
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3.2.2Extraction and preparation of PCNC

Theprocess of producing cellulose nanocrystals was divided into three steps: (1) removal of
hemicellulose and lignin via treatment in alkali media, (2) removal of amorphous cellulose
domains by acid hydrolysis, and (3) purification of pristine cellulose crgatals via

ultrafiltration and dialysis.

Hardwood Kraft
1
Extraction of hemicelluloses 6% NaOH at 60 °C,2 h
1

1.25% NaClO, with glacial acetic acid for 6 h
Delignification at 70 °C and repeated 4-5 times until products

become white

!
Filtered and rinsed until residues were neutral
!
Cellulose fibers
|
Phosphoric acid hydrolysis 75% H,PO,at70°C,5h

| Dialysis, Ultrafiltration and Sonication

P-CNC (phosphorylated cellulose nanocrystals)

Fig. 3.1 Schematic for the acid hydrolysis process of kraft pulp.

First, cellulose nanocrystals were extracted from hardwood kraft pulp following the
procedures described in the TAPPI protocol with slight meatibn (Zhanget al, 2013;

Rosliet al, 2013). Briefly, a suspension was prepared by adding 5 g of hardwood kraft pulp
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to 300 mL of 6% NaOH solution and placed on a hot plate at 60 °C and 360 rpm for 2 h to
dissociate the hemicellulose. It was then fdtevia ultrafiltration and placed in a dialysis
tube. To remove the lignin structures in pulp, 5 mL of sodium chlorite aqueous solution (1.25
wt%, NaClQ) and 1 mL of acetic acid (GGOOH) were added to the filtered sample
dispersed in DI water. The pufuspension was maintained at 70 °C and stirred at 400 rpm
for 1 h. The same amount of sodium chlorite and acetic acid was added at intervals of 1 h
and repeated five times, followed by washing via ultrafiltration and dialysis. Upon the
treatments, lengthaf the cellulose fibers were observed by an optical microscope (Nikon
Elipse TS, Nikon Instruments Inc., USA) equipped with a CCD camera (Qlmaging Retiga
2000R). After dialysis, 3 g of the filtered sample was placed in a rbatidm flask, and the
soluion was treated with 75 wt% phosphoric @&atl 70 °C for 5 h. Finally, the reaction was
terminated by adding distilled water, and the unreacted chemicals were removed by

ultrafiltration and dialysis.

3.2.3Synthesis of GTMAC-Chitosan

Chitosan (0.1 wt%) was dissolved in 1 wt% acetic acid solution and heated to 50 °C on a hot
plate, and GTMAC (0.06 wt%) was added to the chitosan solution and kept stirring for 12 h.
The GTMAGChitosan (GCh) was washed with acetone (acetone: sample thi&d fimes

to remove unreacted GTMAC. The resulting solution was then filtered to recover the white
precipitates of GCh, and they were resuspended in deionized water (2 mg/mL) for further

processing.
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3.2.4Preparation of GCh-PCNC nanopatrticles

GChPCNC nanopdicles were prepared according to a modified procedure of \&hab

(2017) based on the ionic gelation of GCh and PCNC. To ensure uniform distribution and to
prevent particle aggregation, both GCh and PCNC solutions were sonicated for 20 min using
Misonix Sonicator XL-2000 Series (QSonica LLC., Newtown, CT) prior to mixing. To
optimize the particle size and morphology, the concentration of GCh, PCNC, and mass ratio
of GCh to PCNC were investigated. GEENC nanoparticles were prepared by the
dropwise adiion of PCNC solution (0.4 wt%) into the GCh solution (0.2 wt%). The mixture
was sonicated with a Misonix sonicator with an output power of about 16 watts and
sonicating frequency of 22.5 kHz in an ice bath for 50 seconds after the addition of one drop
of PCNC solution. After the complete addition of PCNC into the GCh solution, the mixture
was stirred for 5 min at room temperature to complete the reaction, and the resulting

suspension was subjected to further analysis.

3.2.50il in water Pickering emulsion preparation

To uniformly disperse the emulsions, both GCh and PCNC samples were dyed with
rhodamine B (0.05 mg/mland they were placed separately in a dialysis tube. Samples were
collected out and performed ionic gelation to form the nanocomplexely, olive oil was
added tahe aqueous phase containing GBBNC nanoparticlem a 3:7 and sonicated for

3 min. The Pickering emulsions were examined by fluorescence microddion Eclipse

TiT S, Nikon Instruments Inc., USA) to identify the dyed nanocomple The prepareé
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Pickering emulsions were then stored af@%&nd used for further testing within 3 months.

3.2.6Characterization of GCh-PCNC nanopatrticles

3.2.6.1Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy measurements on the origmaatiwood pulp, bleached/delignification
pulp and PCNC were performed using a Bruker Tensor 27 FTIR spectroBet&er
Billerica, MA, USA). This was done to confirm the reduction of lignin and hemicellulose
and the addition of phosphate groups onto #llose nanocrystals. The samples were
freezedried and pressed into potassium bromide (KBr) pellets. Spectra of each samgple w

recorded as the average of 32 scans at4resolution at 25 °C, using KBellets as blank.

3.2.6.2Light scatteringanalysis

The size and morphology of the nanoparticles were determined by light scattering analysis
using a Brookhaven B200SM instrument apparatus equipped with aNddaser operating
at o= 636 nm (Brookhaven, NY, USA). The samples were first filteradgua 0.8 pum
membrane filter to remove any dust and large aggregates in the solution. The size of the
nanoparticles was determined using dynamic light scattering (DLS), measured at a
temperature of 25 °C and scattering angles ranging from 60° to 15(yditwelynamic radii
were then calculated from the translation diffusion coefficient based on Soissin as

shown in Equation3.1).

$ — (31)
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where D is the diffusion constangik s Bol t zmanndéds constant ; T

d i slynamhiceiscosity; ris the radius of the spherical particle.

Static light scattering (SLS) experiments were performed by measuring the average scattered
light intensity at angles ranging from 30° to 155°. The same samples used for DLS were
investigatedafter diluting with deionized water by a factor of 10, and the radius of gyration
was determinedlhe particle shape factor that describes the morphology of the nanoparticles

was determined according to Equati8rRj:
30 —(32)

where SP is the shape fact@r,is the radius of gyration (nm), a@d is the hydrodynamic

radius (nm)

3.2.6.3Transmission electron microscopy

The size and morphology of the nanoparticles were evaluated using a transmission electron
microscope (Philip€M10 electron microscope, acceleration voltage of 60 kV). A droplet of
the sample suspension (0.05%) was placed on a cadaied copper grid and left for 10

min, after which the excess liquid was removed using a small piece of filter paper and left to

dry overnight before TEM analysis.

3.2.6.4Zetapotential measurements

A zetapotential analyzer (Nanosizer ZS, Malvern co., UK) was used to measure the surface
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charge of theCNCand GCh to elucidate their dispersion characteristics. The sample, kept
at 25 °C, wa diluted with distilled waterand 1 mL was withdrawn and used to fill the

measuring cell (folded capillary cell, Malvern).

3.2.6.5Conductometric titration

PCNC:

150 mg of PCNC was dispersed in 25 mL of wadad 10 mL of 5 mM HCI and the sample
was sonicated for 20 min. It was then titrated with 5 mM NaOH, anauiméerof phosphate
groups was determined from Equatidh3] as shown belowQamareroEspinosaet al,

2013)

(0/ — V p 11(3.3)

Chitosan:

50 mg of Chitosan was dissolved in the mixture of 45 mL water and 5 mL 0.1M HCI. The
sample was sonicated for 20 min and then titrated with 0.1 M NaOH. Equa#dnmMas

used to calculate the concentration of amiraugs: Raymondet al, 1993; Dos Santost

al., 2009).

p 11(3.4)

The determination of the degree of deacetylation is by equ&ion (Croftonet al, 2016).
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P$$ p T (8.5)

GTMAC-Chitosan:
20 mg of GTMAGCAhitosan was dispersed in 50 mL of water and sonicated for 20
min. The sample was titrated with 0.01 M Aghidlution, and the degree of quaternization

of chitosan (DQ) is described by Equati@®6) (Li et al, 2004).

$1 —(36)

Where C is the concentration of Aghl@nol/L), V is the volume of AgN@(L), W is the
weight of GTMAC-Chitosan (g), M is the molecular weight of chitosan (161 g/maind

M2 is the molecular weight of GTMAChitosan (314 g/mol).

3.3Results and discussion

3.3.1Bleaching and delignification of hardwood pulp

In the preliminary experiments, we observed that the pulp slurry turned from white to dark
brown to black colour during the acid hydrolysis (data not shown). This colour change
indicated the occurrence of chemical reactions, suabx@stion of hemicellubse, lignin

and other extractive compounds. The appearance of the brown colour in the solution was
caused by chromophoresmprising of benzene rings, carboarbon double bonds, carbon

oxygen double bond quinones, and free radicals (Falkehalg 1966;Chenget al, 2017).

Three chromophores (orttpu i non e, c oni f-earbgnyl) canipdse theybdlle a n d
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of the chromophore mixturgSun & Hou, 2018)The colourcausing chromophores can be
removed by adding bleaching agents, such as hydrogen peroxide and sodium Alfferite.
pre-bleaching, whiteness, crystallinity, flame retardant, and mechanical strength will be
improved (Shahzad, 2012). Sodiuhiarite, which is not dangerous and the low ash contents
generated under acidic conditions, does not attack cellulosa tikemal bleaching agent.
Moreover, thealkali pre-treatment using sodium hydroxide (Fig. 3.1) can remove and
degrade lignin and hegellulose.Therefore, CNCs were extracted by chemical methods via
alkali and bleaching treatments followed by acid hydrolysis. The hardwood fibers were
treated with 6% NaOH to remove the hemicellulose. Upon the addition of sodium chlorite
solution, chlorire dioxide, which is a bleaching aggstformed according to Equatio8.7).
4CH:COOH + 5NaCl@Q — 4CIO; + 2H0 + 4CHCOONa + NaCl 8.7)

Upon treatment, the lengths of cellulose fibers appeared shorter as determined by optical

microscopy as shown in Fig. 3.2.

Fig 3.2 Lengths of cellulose fibers upon bleaching and delignification treatment, (A):
hardwood pulp fibers, (B): after NaOH tresnt, and (C): after NaClQreatment (Scale

bar: 200mm).
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3.3.2FTIR spectrum of bleaching pulps

Fig. 3.3 (A and B) shows the changes in structural and functional groups of hemicellulose
and lignin before and after alkaline pretreatmeagpectively. The interpretation of the
chemical bonds corresponding to the peak positions are as follows; the absorption peak at
34003300 cm' was due to the stretching of the OH group; 29800 cm! is the result of

C-H stretching in hemicellulose améllulose. The peak at 1731 ¢ris attributed to C=0,

the acetyl group of hemicellulose present in the wood, and the ester group of the carboxylic
group in the pcoumaric acid and ferulic acid of lignin. With the removal of lignin and
hemicellulose by NaB and NaClQ/ CHsCOOH, the content of lignin and hemicellulose in

the pulp decreasddungniklet al, 2008; Reddyt al, 2012; Zhangt al, 2013; Mtibeet al.,

2015; llyaset al, 2017).The main peaks before and after pretreatment were glucomannan
peals in the wavelength range of 8830 cm® and ligninrelated peaks in the wavelength
range of 1227 crh(llyas et al, 2017) and 1268270 cm'. The suppression of the peak at
14801510 cmt, attributed to the stretching of-@ of the aryl group present ilignin
suggested that lignin and lignocellulose were removed. To confirm the esterification of CNC
through successful phosphoric acid hydrolysis, the FTIR spectrum of PCNC was obtained
(Fig. 3.3C). The phosphate groups were dominantly featured in the PpEEGrum and
showing the presence of theG™ with peaks found at 1000034, 11681170 and 1223

1236 cm', and a peak at 1164 cnattributed to P=O bands (Loutét al, 2016).
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Fig. 3.3The FTIR spectra of (A): original hardwood pulp, (Bleached fibers with bleaching

and delignification agents, and (C): phosphorylated cellulose nanocrystals.

3.3.3Preparation and characterization of PCNC

The optimum condition for acid hydrolysis was determined to be 75% phosphoric acid at a
temperature of 70C. As shown in Fig3.4A, under these conditions, the average length of
CNC was determined by TEM to be approximately 200 nm. As reaction time and acid/pulp

ratio were increased, the average nanocrystal length decreased.

Cellulose is composed of crydtaé and amorphous domains. When an acid is added to the
cellulose fibers, hydronium ions §8") penetrate the amorphous domains where the chains

are accessible compared to the denser crystalline regions, and the hydronium ions promote
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the hydrolysis of gicosidic bonds (Habibet al, 2010; Cheret al, 2017). As a result, the
amorphous regions were gradually removed, leaving behind the crystalline domain in the
form of CNC. The structure and physical properties of the CNC depend on the species as
well as the concentration of the acid, temperature, and reaction time. In high acid
concentration and long reaction time, the cellulose decomposes completely into the
monosaccharide molecules. On the other hand, when the concentration of the acid is too low
or it is hydrolyzed for a very short time, the amorphous regions are not all completely
removed. While hydroxyl groups on the glucose unit of cellulose were substituted by
phosphorusontaining groups via an ester bond, PCNC was produced. The concentration of
phosphate on the modified CNC was determined by titragi®shown in Fig3.4B. HCl was

first added to the PCNC suspension to lower the pH, and the phosphorus groups on the PCNC
were titrated with NaOH, and phosphorus content of about 200 mmol/kg dbsellkvas
observed. Comparing PCNC withRGINC, which contains a sulphate ester gro&;I$C has

a zeta potential of about3 mV, whereas PCNC with the phosphate group has a zeta

potential of about26 mV.
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Fig. 3.4 (A): TEM image of PCNC (Scale b&fA0 nm), (B): Conductometric titration curve

of PCNC, and (C):he reaction mechanism of cellulose to PCNC.
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3.3.4Quantification of GCh
The proportions of glucosamine and acetyl glucosamine vary depending on the degree of
acetylation of chitosan. The degreeaaketylation of chitosan used in this experiment was

84%, which is consistent with the range-&8%) provided by Sigma Aldrich (Fi§.5).
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Volume of NaOH (mL)

Fig. 3.5Conductometric titration curve to determine the degree of deacetylation of chitosan.

Zetapotential of chiosan and GTMAEChitosan at different pH values are shown in Fig.
3.6A. Both Chitosan and GTMAChitosan showed similar positive charges at pH between
2-6 due to the protonation of primary amine groups. At pH greater than 6, thgorendial

of chitosandecreased to the isoelectric poiSiepmann & Siepmann, 2013nd frompH

7.5, it remained slightly negative. On the other hand, theatiential of GTMACGChitosan

decreased gjhtly to an asymptotic value of about +15 mV. In basic condstionitosan was
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not soluble, while GTMAGChitosan displayed good solubility at all pH valuesshown in
Fig. 3.6B. Thus, highly soluble chitosan could be prepared by grafting GTMAC itsto

polymer backbone.
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Fig. 3.6 Q): Zetapotential profiles of chitosan and GTMAChitosan at different pHs, (B):

digital photographs demonstrating the solubility of chitosan and GTI@Aisan at

different pH valuesand (C): he reaction scheme of théan to GTMACChitosan.

Generally, epoxide groups readily react with primary amines under acidic and neutral

conditions Therefore a reaction between GTMAC and amine groups on chitosan could be
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readily implemented. GTMAhitosan, having a quaternary awmum group at the @
position of chitosapcould be prepared using a catalyst (@hal, 2006; Zouwet al, 2015).

The degree of quaternization (DQ) of chitosan was calculated by measuring the content of
Cl ions of the quaternized chitosan via condoettric titration with AgNQ. DQ is
dependent on the reaction time, reaction temperature, and the molar ratio of GTMAC to the
amino groups on chitosgAhmed & Mondal, 2017)in this study, quaternization of chitosan

was successfully performed, yielding aQDof 48% with amine content around 1850

mmol/kg.

3.3.5Morphological studies of GChPCNC complexes

Morphology of GCRPCNC nanoparticles with different concentration rati@s analyzed

and, the most stable form can be found and utilized to prepare Pickering emulsions. Before
determining the structure of the nanocomplexes of -BCNC, the radius of gyration
(average distance of the particle from the center of yraass hydrodyn@anic radius were
analyedby SLS and DLS, respectively. At low content of GChy&nained constant, and

it increased with increasing ( ¥ ( 0/ (Fig. 3.7A). On the other hand; creased

and then became relatively constant at large values ¢f ¥ (0 / (Fig. 3.7B). By
analyzing R (Fig. 3.7A) and R (Fig. 3.7B), the morphology of nanoparticles could be
elucidated from the shape factor/IR. This trend corresponds to the interaction between
PCNC and GCh, where the nanocomplexes undergo a morpholayickltion with

increasing GCh/PCNC content (Fig. 3.7C). Theoretically, the calculated shape factor valu
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of ~0.774 (3.7(b)) corresponds to a uniform hasphere,and 1.0-1.3 (3.7(c)) for a
hyperbranched polymer cluster or a soft sphere (Baethal, 204), 1.51.8 (3.7(d))for a
flexible random coil chain, and >3.7(a))for a rigid rod (Zhanget al 2000; Niuet al,

2001).
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Fig. 3.7 The dependence of (A): radius of gyratiog) ,(8): hydrodynamic radius ¢{R and
(C): shape factor (RRn) on the ratio of GCh and PCNC.
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In the absence of GCh, PCNC displayed aliloel structure with RRn greater than 2 (Fig.
3.7C(a) and Fig3.8(a)). With increasing GCh content, the morphology of the complex
transformed from a retike structure to a hardphere at. ( j( @ of approximately 23

(Fig. 3.7C (b) and Fig3.8(b)). In Fig.3.7C(c) and Fig3.8(c), the hyperbranched polymers

with a spherical shape were observed because of the insufficient PCNC, and GCh could no
longer becomplexed with PCNC. Further addition of GCh promoted the complexation and
aggregation resulting in the formation of aggregated random coils whog®&nRs
approximately 1.5 (Fig3.7C(d) and Fig3.8(d)). Therefore, based on these observations, the

optimal mass ratio to produce a hasphere was determined to be 2.5:1.

» Increase GCh

R,/Ry >2 0.77 1.02 1.5
Rod Hard Sphere  Hyper-branched Random Coil

Shape

-1 il v o

Fig. 3.8 Aschematic on the microstructural evolution of the nanoscale complexes.

3.3.6Pickering emulsions

As described previouslyiiPPwas used to prepare spherical chitosan bbgdspid ionic

gelation of the polyvalent anion sodium tripolyphosphate (TPP) with positively charged
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chitosan. hie phosphorus groups on the CNC imparted a zeta poterizd wiV to PCNC,

which is similar to the value 681 mV for TPP. Therefore, PCNC was usedasosslinking

agent in the production of nanoparticles. Also, in this study, -Gl and GCHPCNC
nanoparticles were used to replace conventional emulsifiers to stabilize Pickering emulsions
in order to improve their storage stability (F&9). The staltity of GCh-TPP and GCh

PCNC nanoparticles were comparedtla same optimal mass ratio (2.5:1), and their
respective emulsions were evaluated. Based on the evaluations, the Pickering emulsions
containing GCHPCNC emulsifiers formed droplets of aboub 3im, and they remained
stable even after 3 months (Fi§.9A). The emulsions did not exhibit any creaming,
coalescenceayr separation. According to Juliesal. (2014), thesolid particles were densely
packed at the oivater interfacial asnonolayers that remained stable for one year without
coalescencdn contrast, the GCMPP emulsion creamed after 1 h and completely separated
after 2 days (Fig3.9A). The Pickering emulsion prepared with GBRENC (red rings)
nanoparticles remained stalitg a long time without phase separation due to irreversible
adsorption of chitosan nanopatrticles at the oil/water interfidee Pickering emulsion could

be stored for a long time without coalescerieig.(3.9B).

105



O/W Pickering Emulsions

GCh-P-CNC GCh-TPP

20 pen

]

Fig. 3.9 (A): The Comparative stabiliogf GChPCNC and GCITPP oil in water Pickering

emulsion in vials and (B): fluorescence microscope image of-BCKC oil in water

Pickering emulsion.

3.4 Conclusions

Chitosan, a natural polymer, has been widely used as a biomaterial in drug deliverg system
due to its low toxicity and antibacterial properties. Modified chitosan was complexed with
PCNC to prepare nanocomplexes that could be used for functional food applicaétiens.
complexation of GCh and PCNC resulted in the formation of nanoscale compliéxesw
average diameter of 3b0 nm and a harésphere morphology was produced at
.(j(a of approximately 23 The GChPCNC complexes yielded very stable
Pickering emulsions compared to emulsion prepared fhe®@Ch-TPP systemThese novel

nanostructures provide a new approach to stabilize emulsion for functional food formulation.
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Chapter 4
Encapsul £€toindm BRahebads eVi tiamodi Ci ed Cel | ul

Nanocrystals/ Chitosan Nanocaps

The material in this chapter was publishedBaek, J., Ramasamy, M., Willis, N. C., Kim,
D., Anderson, W. A., & Tam, K. C. (2021). Encapsulation and Controlled Reledsanoin
C in Modified Cellulose Nanocrystal/Chitosan Nanocapslestrent Research in Food

Science.
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4.1 Introduction
Vitamin C (VC), commonly known as-ascorbic acid, is a watsoluble vitamin that helps
construct the biological systems by various physiological functions, such as hydroxylation

reactions in collagen synthesigpwth,and repair of skin and connectivesuegA. Bendich
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et al, 1986; Naidu, 2003; Sauberlich, 1999 is an antioxidant necessary for preventing
damage to essential macromolecules in the body by scavenging harmful free radicals caused
by environmental pollution and possibly infectious organigf@endich et al, 1986;
BodannesChan, 1979Because of its antioxidamgotency, VC is quickly oxidized to
dehydroascorbic acid (DHA) and hydrolyzes at alkaline pH to form an irreversible 2,3
diketogulonatg(Simpson& Ortwerth, 2000) Therefore, encapsulating VC with desirable
nanoparticle systems can protect the active compound degradation from external
environments, including lightmaintaining stability and enhances the shigié of the

vitamin-based prodcts.

Increased consumer awareness of potentially harmful synthetic preservatives and the need
for biodegradable and sustainable materials has led to research into natural alternatives,
notably chitosan biopolymers and cellulose nanocrystals. Chitosans(@te second most
abundant natural polymer, making it ideal for biomedical and food applicgf&htaghi et

al., 2015; Kumar, 2000)Because of mucoadhesive, the Ch delivery system can transport
bioactive agents with a longer residence time in the gastrointestinal tract with improved
bioavailability (JiménezFernandeet al, 2014) In an acidic environment, Ch protonates for
efficient binding to anionic compoundRinaudo, 2006; Wangt al, 2017) However, Ch

has low solubility above the pH of 6.5, which limits its application. Therefore, it is imperative

to modify Ch for extended applications over a wide pH range.
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There are several reports on the synthesis aéngatuble ChcompoundgLim & Hudson,

2003; Liuet al, 2011) and modifying Ch with quaternary ammonium groups has been shown
to significantly improve the aqueous solubility of QWloreover, the GTMAC could be
conjugated to Ch by reacting with the epoxide rings yielding a cationic GCh that could
electrostatically imd to VC due to the presence of quaternary ammonium groups.
Furthermore, GTMAC has been shown to possess better antimicrobial properties, which
could preserve the nanocapsules and VC from degrad@iieet al., 2018) Henceforth,
glycidyl trimethylammoniumchloride (GTMAC) was conjugated to Ch to enhance the

solubility, attachment and preserve the negatively charged VC.

Cellulose nanocrystals (CNC) are extracted via sulfuric acid hydrolysis to preulpbatee

CNCs (SCNC). However, such a system may not be suitable for biomedical or food
applications since sulphated materials are rarely used as a food acidulant. On the other hand,
phosphoric acid is considered the most common inorganic food aci(ib&sttpande, 2002),

a safer and healthier hydrolyzing acid for functionalizing CNC. Therefore, cellfiless

were hydrolyzed using phosphoric acid to isolate the crystalline regions of phosphorylated

cellulose nanocrystals (PCNQYamarerdespinoseet al, 2013; Vanderfleett al, 2018)

Sodium tripolyphosphate (TPP) is often used as a irdgag agent to prepare chitosan
TPP complexes. These complexes are metastable|laswaving low mechanical strength,

and thereforethey have limited applications as delivery systefAishahi et al, 2011; de
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Britto et al, 2012; Katouzian &Jafari, 2016) To address this shortcoming, PCNC was
adopted as a novel creisking agent for GCh to produce VC encapsulated nanocapsules
(VC-GCh-PCNC) via ionic gelation. Waret al (2017) used both TPP@®CNCs as cross

linking agents to encapsulate hydrophilic anthocyanins. They confirmed that chitosan
SCNCs yielded more stable capsules, where the external pH modulated the active molecule

releasgWanget al, 2017)

Desai and Park also showed that TPP elioked chitosan microspheres displayed almost
100% cumulative VC release in approximately @esai & Park, 2005)A better carrier
system with a higher encapsulation efficierary sustained release ratdhich alsashields

the active ingredient (especially VC) from degradatidshrafizadetet al, 2020) is needed.
Ideally, GCRPCNC nanocapsules coutdovide a better encapsulation, prolongekbase

rate and enhanced stability than existing carrier systems.

Based on this rationale, the objective of the present study was to produce a better carrier
system with a higher encapsulation efficiency andasusd release VC using GEHCNC
nanocomplex. The VC nanocapsules characteristics, such as particle size, degradation,
encapsulation efficiency, cumulative release, simulated release, and release kinetics, were
analyzed and elucidated. Additionally, weéstigated the nanocapsule's antioxidant activity

and antibacteridgbehaviair.
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4.2 Materials and methods

4.2.1Materials

Vitamin C (L-ascorbic acid), low to medium molecular weight chitosan €\60-190 kDa),
phosphoric acid, glycidyl trimethylammonium chloride, acetic acid, sodium acetate
trinydrate, PBS buffer, hydrochloric acid, and sodium hydroxide were purchased from

SigmaAldrich (St. Louis, MO, U.S.A.) and used as received.

4.2.2Preparation of VC-GCh-PCNC/VC-GCh-TPP nanocapsules

PCNC and GCh were prepared based on the previously reported protocol with minor
modifications Baeket al, 2019. Initially, suspensions of GCh (2 mg/mL) and PCNC (4
mg/mL) and a solution of TPP (0.9 mg/mL) were prepared in IQillwater. The
concentrations of TPP and PCNC were selected based on the phosphate ion concentrations.
GCh and PCNC suspensions were sonicated in apigitécted environment for 10 min
(Misonix Sonicator XE2000 Series, QSonica LLC) to produce a stable dispersion. Under
nitrogen purging, 0.5 mL of VC solution was added to 10 mL of GCh, and the suspension
was ultrasonicated for 5 min. A 2 mL of PCNC oPP was added using a Harvard Apparatus
syringe pump into the VAGCh dispersion every 50 s with continuous u#fomication to

obtain VGGCh-PCNC/VGGChTPP nanocapsules as shown in SchérheThe prepared

samples were stored in the dark at 4 °C and etllior further examinations.
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Scheme4.1 Schematic illustrationaredescribing the formations of VGCh-TPP and VE

GChPCNC nanocapsules by utilizing VC, GCh, TPP, and PCNC.

4.2.3Characterization

4.2.3.1FTIR

TPP and PCNC were analyzed using the FTIR spectrophtegoBzuker Tensor 27 FTIR
spectrometer, Billerica, MA, USA) to confirm the presence of phosphate groups.-Freeze
dried samples were ground in a mortar and compressed with potassium bromide (KBr) to
form pellets. FTIR spectra of each sample were recordeeeba 4000 crhand 400 crit

with a resolution of 4 cthand 32 scans.
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4.2.3.2Characterization of the nanocapsules
The mrticle size and zeta potential of M&Ch, VGGChPCNCand VGGChTPP were
determined using a Malvern Zetasizer Nano ZS instrurfiéamosizer ZS, Malvern, UK).

All the experiments were carried outtiiplicate

4.2.3.3 Morphology

The morphology ofVC-GCh, VGGChTPP, and VEGGChTPP was evaluated using a
transmission electron microscope (TEM, Philips CM10 electron microscope, an acceleration
voltage of 60 kV). The sample was placed on a@@8h carboitoated copper grid and air

dried before analysis.

4.2.4Degradation analysis of VC

Degradd&ion reaction upon storage or processing is the main problem of nutritional quality
loss. To determine the optimal conditions to perform further experiments in which minimal
VC degradation test has been conducted. VC solution, equivalent to the cormeirirtite
nanocapsules used in other studies, was prepared using phdsyfferted saline (PBS, pH

7.4) in the rubbestoppered round bottom flask. Nitrogen purging and sample withdrawal
were facilitated through the inlet and outlet needles. The flaslcaxased with aluminum

foil and left to stir at 250 rpm at room temperature. For comparison, another flask with the
same experimental setup was used but without nitrogen purging and cover. At designated

time intervals, 1 mL aliquot of the solution was withwn and analyzed at 265 nm using a
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UV-Visible spectrophotometer (Cary 100 Bio WXs spectrophotometer with quartz

cuvettes). The concentration of VC was determined from the calibration curve.

4.2.5Determination of encapsulation efficiency

An encapsulatioefficiency (EE, %) was performed on VGChPCNC and VEGGCh-TPP
nanocapsules. At first, 1 mL of the sample dispersion was filteradstainlessteel syringe

filter holder (Millipore and 1 Whatman 13mms$inga 25 nm pore size membrarizugapore
membrand i | t er PV BigmaAldrizl?, St. Leum, MO, U.S.A.). The VC content

in the filtrate was measured using the Cary 100 Bio-\%/ spectrophotometer. The
encapsulated VC concentration was determined from a standard VC calibration curve and

used to detenine the EE from Eq4(1) (Akhlaghiet al, 2015)

00op pnmbp (4.1

where VGotal is the absorbance of the control andsiVe is the absorbance of thmbound

VC.

4.2.6Cumulative VC release study

The cumulative release of VC frofC-GCh-PCNC or VGGCh-TPP was performed based
on the modifiel method oDesai & Park (2005)TenmL of the nanocapsule dispersions was
placed separately in a dialysis bag, submerged in 25 B8&f(at pH 7.4 and 25 °C) on a
stirrer-plate with continuous nitrogen purging and under controlled light exposure. The

dialysate was collected at predetermined time interval&2(@, and up to 14 days), and the
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VC release was analyzeding the Cary 100 Bio UWis spectrophotometeA control test
with a similar experimental condition was also performed for the VC solufibis

cumulative release study was conducted in triplicate, and the average values were reported.

4.2.7DPPH free radical scavenging activity

A colorimetric 2,2diphenytl-picrylhydrazyl (DPPH) assay was used to measure the free
radical scavengingctivity of VC, VGGChPCNC and VGGChTPP. The method was
adapted with slight modification based on the reported g¥8apget al, 2017) DPPH is
reduced when it reacts with an antioxidant reagent, causing a colour change from violet to
yellow. Initially, the DPPH solution (0.025 mg/mL) was prepared in pure methanol and
protected from light using an aluminum foil. The nanocapsule suspensions were filtered
througha25 nm pore size membrane, and 0.15 mL of the filtrate was stirred with 1 mL DPPH
solution in thedark for 30 minand 5 daysFinally, the absorbance was measured using the
Cary 100 Bio UWVis spectrophotometer. The encapsulated VC concentration was
determined from a standard VC calibration curve. The scavenging activity was calculated

using Eq. 4.2):

SAY%= 100% (4.2)

where Aontrol IS the absorbance of the control andneis the absorbance of the free VC.

4.2.8Drug release kinetics and mathematical models

The different mathematitanodels have been used to determine the kinetics of drug release
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from the delivery systems, such as zero order, first order, and Higuchi (Stalgichovaet

al., 2014; Zandi, 2017)These dissolution modelgeanecessary to study the release
mechanism of drugs, as it mathematically describes the release profiles, in our case VC.
The three models are shownEq 4.3, 4.4, and 4.6Azevedoet al, 2014; Siepmann, 201,3)
where Mis the amount of active ingredient eluted at timedisMhe initial amount o¥/C in

the solution ih most of the casedo=0) (Larsenet al, 2013; Rosenzweigt al, 2013)

Various Kinetic Release Models

Zero-order equation: Mo- M= Kot (4.3)
Firstorder equation: log Mo - logM;= K11/2.303 (4.4)
Higuchi equation: Mo- M= Kut? (4.5)

* Ko is the zereorder release constant.
*Ki1i st lomler eleaset constant.

* Ky is the Higuchi dissolution constant.

4.2.9Digestive system simulation release test

A released study was conducted in a simulated digestive system by modifying the pH of the
environment based on conditions shown in TabléLil et al, 2020) To mimic the
gastrointestinal tract, the pH of the system was altered by replacing the buffer solution at
specified time intervals using acetic asiodium acetate Ifiers of pH 2 and 5 and a PBS
buffer of pH 7.4. The release test was performehkerdark withcontinuous nitrogen purging

and stirringwith a magnetic stirrer dhe physiologicatemperature (37 °C).
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Table 4.1 Experimentaonditions to simulate thagkstive system

Digestive Region pH Time (h)
Upper Stomach 5 1
Lower Stomach 2 3

Duodenum 7.4 1
Small Intestine 5 3

4.2.10Antibacterial tests

Escherichia coli (E. colipndStaphylococcus aure(S. aureusyvere used as the modet
Gramnegative and Grarpositive bacteria. Each strain was streaked fr8tn°C glycerol

stock on LaurieBertani agar (LBA) plates and kepternightat 37 °C. Fully grown, a single
colony was inoculated in fresh LB medium in an Erlenmeyer flask and itexliba a shaking
incubator (250 r/min) for 16 h at 37 °C. Phenotypic assays were performed using overnight
cultures after reénoculating bacteria in LB broth at 0.05 initial turbidity at optical density
600 nm. The effects of \GCh-PCNC on both bacteriaexe evaluated using the standard
broth dilution method. In brief, different concentrations of the dried nanopartid@8s 64,
32,16,8,4,2,¢ g/ mL) were dispersed in sterile LB b
turbidity of bacterial suspensigh0® CFU/mL) was adjusted, eimoculated and incubated in

a shaking incubator for 24 h. After that, each of the baetencapsule suspensions was
serially diluted to achieve $@ 1¢ CFU/mL. The samples were vortexed for 5 s, and 100

eL of t ioewas speqd®mtlse agar plate and incubated for 24 h at 37 °C. Finally,
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the MICwas determined according to the lowest concentration that inhibited the maximum

visible growth of microbegShiet al, 2015)

4.2.11Statistical analysis

All experiments were performed as three indepengeaparation and theresults are

expressed as means with error bars of + standard deviations.

4.3 Results and discussion

The loading of active ingredients, such as vitamins or dinghe nanoparticulate system

can be prepared with surface charge interaction mechaitemBritto et al, 2012) The

active ingredients, either phgsily entrapped (incubation) or adsorbed (incorporat@mn)

the surface of polymer matrices to create the parti(Radtchenkoet al, 2002)
Polysaccharide nanoparticles displayed enhanced loaelifigencies slow/sustained
releaseincluding chitosan nanopartidéLazaridouet al, 2020) GCh is soluble imneutral

pH medium, which ensurabat thechemical deradation of the vitamirdoes notoccur
during the nanoparticle formation. The preparation, loading, and release of VC in the GCh

nanocapsules will be discussed subsequently.

The FTIR was conducted to compare the two elio&ing agents and confirm the functional
groups on TPP and phosphoric acid hydrol§sigpreparing theCNC The spectra of both

TPP, PCNC are shown in Fig1A. The spectrumghlarged viewof TPPpossesses peaks
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at 12101218 cm which are associated withe stretching vibration of P=0. The band at
11301156 cmt is assigned symmetrical and asymmetric stretching vibration gf#@ the

peak at 1091094 cm' is attributed to the symmetrical andymmetric stretching vibration

of PGs. The asymmetric peak preseat 888892 cmt is a result of FO-P stretchingMartins

et al, 2012) To prove the esterification of CNC through successful phosphoric acid
hydrdysis, the IR spectrum of PCNC was also determined. As similarly found in the IR
spectrum of TPP, phosphate groups were dominantly featured in the PCNC IR spectrum,
revealing the presence of®H stretching with peaks at 100034 and 1223236 cm', a

pe at 1164 critis attributed to P=0 bands, and peak at betweead@452 cm' attributed

to the HOP=0 bandLoutfy et al, 2016)

In our previous stud{Baeket al, 2019) we observed that the shape of the nanocomplexes
changed from a rotike to hardsphere and random coil morphology as the GCh/PCNC ratios
were increased. This microstructure is considered to be optimal for the preparation of the VC
encapsulation syste(®enget al, 2015) The negatively charged PCNC interacted it
positively charged GCh via eleostatic interaction at all pHs, resulting in the retention of
VC over a prolonged period. CNC is known to be a strong reinforcing agent for the polymer
matrix (Genget al, 2015) Sampatlet al (2017)reported strong inteand intramolecular
interactions, resulting from hydrogen bonding between hydroxyl and amino groups on
chitosan and hydroxyl groups @NC (Sampathtetal., 2017) As a result, the complexation

of PCNC and chitosan significantly increased the mechanical properties of the nanocomplex.
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Poor mechanical strength leads to low drug loading capacity and burst release of the drug,
whereas high mechanical stggh produced a sustained drug release due to strong interaction

between drug and matr(Xu et al, 2020)

Lin et al (2016) developed a double membrane hydrogel with anionic alginate and cationic
CNC (CCNC) via electrostati interactions and drugs were encapsulated within the
membranes of the hydrogel. By adding CCNC, enhanced mechanical properties, robust
hydr ogel and sustained drug release -were
obstruction/ | oc kigelgandeitfcobulel be appliednn the lrag deliyedyr o
system for prolonged drug releaden et al, 2016) TPP is an ionic crodsker, having

three phosphate groups (tripiegative charges), and it has been used as alorkisg) agent

for chitosan. Since chitosan has N&hd OH groups which are easily protonated t©

(below itspKa), which could bind to the negative phosphate groups. It has been reported that
the conventional GRPP complex is a metastable system with poor mechanical and is highly
pH-dependent. As thpKa of chitosan is 6.5, thus at pH of 3.4, 5.5, and 6, 100%, &086

40% of amino groups are protonated, respecti(i@yatet al, 2008;Karimi et al, 2013)
Additionally, Weiet al (2020) reported that when the TPP content was lower than 0.04%, a
burst release of theophylline (TH) in TH/JWPP particles was observed within 2 h while at
0.04% of TPP content, 90% of TH was slowly releasetthini5 h (Wei et al, 2020) In
compairson, our PCNC containing nanocapsules showed prolonged VC rdfiesme they

are considered to be a better delivery system.
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Fig. 4.1B shows the size and zeta potential of the GCh nanocapsules loaded with VC and
crosslinked using TPP or PCNC. The largparticle size of 620 nm was obtained by
electrostatically binds with negatively charged VC and highly positive GCh. However, VC's
high affinity towards GCh neutralized the cationic charges on the GCh, which reduced the
stability of the complex and ight induce the aggregation of the system (BigdCa). This
tendency of aggregation may l@eldressed using@ther strategiesto preparea stable
nanoparticulate system. The alternative methodologies of incorporating TPP or PCNC
yielded highly stabl@anocaps@ formation with zeta potential values of abeiit mV and

-26 mV, respectivelyEyley & Thielemang2014) statd thatthe acid hydrolysisof CNC

using sulfuric or phosphoric acicthpartednegative chargeo the CNC from the ecoration

of sulfate or phospdte group on the surfacef CNC. If the phosphate groums the CNC
surfaceare insufficient, it has the tendency to aggredgidey & Thielemans, 2014)The
alternative methodologies of incorporating TPP or PCNCs provide the nanocapsule
formationwith the zeta potential values of abe8® mV, which is considered highly stable.
VC-GCh possessed a zeta potential (ZP) of ~+9 mV, which decreased8m¥ when the
VC-GCh was complexed with TPP and PCNC. The average particle diameteri84bad

428 + 6nm was recorded forVC-GChPCNC and VCGGChTPP nanocapsules.
Consequently, both nanocapsules yielded 0.05 as the average PDI confirmed the uniform size
distribution of the nanocapsules without aggregations. W&ingl (2017) reported that
anthocyanins, which are blueberry extracts, were added wenedanicrocapsules by CNC

and TPP crosBnking agents, respectively. The anthocyanins could be presented in all parts
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of the entire microcapsule, such as on the capsule surface, core, and matrix. In their prepared
Ch-CNC microcapsules, anthocyanins wererfd on the core and the surface whereas,
anthocyanins weréund on the surfacef the CRTPP microcapsules. The anthocyanins
could not be encapsulated in the core due to the weaker matrix with larger space within the
matrix. Besides, the sizes of their-CINC and CRTPP microcapsules were 259 nm and

34 mm under vigorous stirring process, respectiyéianget al, 2017) However, the

size of CRTPP under higiintensity ultrasonication process was around 300 nm with 0.53 of
PDI (Tanget al, 2003) Fig. 4.1C depicts the morphology of VGCh (a), VEGChPCNC

(b) and VCGGCh-TPP (c) nanocapsules, and Scheme 2 summarizes the microstructure of the
nanocapsules and the chemical functionality of each compoimentrroboratbon, TEM
images described the formation of spherical and monodispersed nanocapwiId€-GCh
mixture formed through ionic gelation possessed an amorphous structure of aro@ad 600
nm (Fig. 4.1Ca). Both VCloaded VCGChTPP fig. 41Cb) and VGGChPCNC
nanocapsuled-{g. 4.1Cc) maintained a spherical shape with an average size e5@@dm.

The sample crodinked using PCNC showed enhanaahtrast signals compared WM¢-
GChTPPR, associated with the high VC encapsulation. Additionally, this phenomenon
supports our hypothesis of better crbsking capacityand higher VC loading in the GEh

PCNC system.
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Fig. 4.1 (A) The IR spectra of TPP (upper trace) and PCNC (lower traceXdia potential
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and(C) TEM images of (a): V&5Ch complex (Scale bar: 500 nm) (b): \Gh-TPP (Scale

bar: 2mim), and (c): VEGCh-PCNC (Scale bar:rn).
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Scheme. 4.2. Schemaiillustrationsare describing the microstructure of the nanocapsules

and the chemical functionality of each of the components.

External environmental conditions, such as light, high temperatures, low pH, and dissolved
oxygen, could expedite the VC degradat{@urdurlu et al, 2006; Zerth et al, 2003)
Therefore, it is essential to protect the VCyield the desired performance for a given
application. Removing dissolved oxygen in a lighttectedenvironmentis an importah
measure to ensure no VC degradation. As shown in422d\, nitrogen purging brought
minimal to no degradation over 5 days than the VC exptusachbient conditions. Without
nitrogen purging degraded rapidly, VC solution resulted in 86% within the2drst and
entirely within 4 days. Moreover, a controlled environment prevents VC degradation, with

the concentration maintained at almost 98% at the end of 5 days. Thus, the optimal condition

124



for conducting the VC release requires continuous nitrogen myrgvhich was being

adoptedor accurate VC quantifications from the prepared nanocapsules.

The encapsulation efficiency for both M&ChPCNC and VGGChTPP nanocapsulesas
measuredn neutral pH. Since thpKa of vitamin C is pH 4.2 and 11(@ianet al, 2009) at

neutral pH, vitamin C was ionized, yielding more negative charges tacdteerwith GCh,
leadingto higher encapsulation VC. The indirect metlyoelded anEE of 90.3 + 0.42% for
VC-GChPCNC, which was 33% higher than M&ChTPP (57.3 + 0.28%) nanocapsules
based on the vitamin C calibration curéis significant difference ikE confirmed that
nanocapsules prepared using GCh and PCNC possessed good encapsulation of VC and
stability due to the chemical bonding compared to the weaker TPRlioless VC-GCh

TPP nanocapsule system. In the previous studydsai and cevorkers the encapsulation
efficiency of VGloaded CRTPP capsules using different molecular weight types was in the

range of 52.7467.25%(Desaiet al, 2006)

An incremental release test to simulate food storage performed over 14 days under
continuous nitrogen purging conditions shown in EBi@B. A burst release of more than

75% in a few burs was observed for VC only (control) than the nanocapsule systems that
clearly explain the importance of encapsulation. On the other hand, th@eCQWI PP
nanocapsules recorded a more rapid release profile of 42% within a day and approached 76%

in two weeks. In contrast, V&G Ch-PCNCshowed slowelease of VC to reach 18% over
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the extended period of 14 days. A slow release of VC was achieved usitGCWECNG
primarily due to thePCNCthat possessed a more robust and durable-tnbsthan TPP.
PCNCmay also function as a filler for the GCh matf¥u et al, 2019) thereby improving

the nanocapsules' mechanical strength that might also be contributed to the controlled release
of VC from the system. Wateoluble GCh with TPP has been reported to load protein,
insulin, quercetin, and Bovine Serum Albumin (BSRwei et al, 2014; H:l. Zharg et al,
2009)andIn vitro study, they demonstrated an initial burst and then slow/continuous release
trends. Even though high EE% asldw-releasaate of GCh were shown comparing to-Ch
TPP, almost 7-B0% were releasedithin 24 h due to the weak iaation degree of GCh at

pH 7.4and fewerpositively charged amine groups. However, in our study, PCNC provided
function as a filler for the GCh matrix, thereby improving the nanocapsules’ mechanical
strength that might also be contributed to the conttakdease of VC from the systepu

et al, 2019) Therefore, the V& ChPCNCwould be more useful for the logrm storage

of active ingredients foods,cosmetics, and personal care applications.

126



B 100

:T UI S—
A o
E s o 80
©0.03 - a
E @
[}
g —ia— VC-Nitrogen Purging 4 60
%5 002 - —— Ve g —s— VC Control
5 40 —a— VC-GCh-TPP
S > —a— VC-GCh-PCNC
 0.01 - ¥ k|
8 ¥ ™
J.\
=
0 1 2 3 4 5 0 2 4 6 8 10 12 14
Time (day) Time (day)

Fig. 4.2 (A) Changesn concentration concerning the time of a 0.04 mg/mL VC solution in
PBS under nitrogen gas purging, limited light exposure, and constant tempédiree

cumulative release profile of VC from nanocapsules through a dialysis membrane to time.

The DPPH solution is violet in calo and has a characteristic bINsible absorption peak at
517 nm in the nomeduced state (Fig.3A). The results of the DPPH free radical scavenging
activity experiments foWC, VC-GCh-TPP, and V&G Ch-PCNC nanocapsules for 30 min
are shown in Figd.3B. A higher scavenging activity in the filtrate (free VC) reflects a lower
encapsulating capacity of the nanocapsules and vice versa. As $egniB, the filtrate

of VC-GChPCNCpossessed lower 13t50.58%scavenging activity (%) compared to VC
GChTPP(44.7+ 0.89% and free VC (56.% 0.62%) after 30 min and Fig}.3C shows the
antioxidant power for 5 days, displaying still lower scavenging activity (%) oiGGD
PCNC However, in contrast, the retained VC in GRBNC nanocapsules possessed a
significant freeradical scavenging activity than VC in GOW®PP since PCNC provides a
better crosdinking capaity with GCh yielding a compact nanocapsule that preserves the

VC from external degradation over a long storage time.
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Fig. 4.3 (A) DPPH absorption spectra, (B) DPPH free radical scavenging activity from the
filtrates of nanocapsule diggsions of VG GCh-TPP and VE&GChPCNC for 30 min, and

(C) DPPH free radical scavenging activity from the filtrates of nanocapsulersispe of

VC- GChTPP and VGGChPCNC for 5 days

The data obtained from the VC release studies fromG@B-PCNC and VEGChTPP
nanocapsules were used to elucidate the various drug release kinetic modeBr{éero
FirstOrder, and Higuchi)The zereorder release corresponds to constant release with the
same amount of VC release per time. The-brster model is a concentratiolependent
release with the same rate of drug release per tine the case of sustainedlease and
matrix diffusioncontrdled release. Theliguchi model can be used to determine the release
of the drug from the matrifFu & Kao, 2010; Mircioiuet al, 2019) Based on the equations
(3-5), the best kinetic model was determinedtly highestcoefficients of determination
(R?). These kinetic equations will provide the VC release mechanism, delivery bahavio

from nanocapsules. Besides, the rate constants (k) were obtained from the linear regressions
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of these models (Table 2), and they were used to identify the fittest modet i@i¢ase of

VC from the nanocapsules. Both fhmtder and Higuchi models yielded sufficiently high
correlation constants (>0.95), indicating a good fit for the kinetic data. Aofider fit
suggests that the release of VC from the nanocapsules waspmrding the sustained
release and matrix diffusiecontrolled release. In contrast, a Higuchi fit could represent a
diffusing watersoluble drug in a matrix system, where the square root otdapendent
release is associated with the Fickian diffugi@accaveet al, 2015; Chiarappat al, 2017)

In summary, the VC release was mediated by diffusion from the GCh matrix, where the VC
was electrostatically bound. The diffusion rate was attributed to theR&BIC polymer

matriix's strength due to crodisking for the lowest VC release.

Table 4.2. Rate andcorrelation constants for both VGCh-PCNC and VGGChTPP

nanocapsules fit zerorder, firstorder, and Higuchi mathematical models.

Zero-Order FirstOrder Higuchi
Nanocapsule

Kt R Ki(h?) R Ku(h©) R

VGGCRPCNC 0.05 0.92 3 10* 0.97 0.77 0.96

VGGCRTPP 0.17 091 1.7m 10°® 0.97 2.79 0.95

* Ko is the zereorder release constant.
*Kii st lomer eleaset constant.
* Ky is the Higuchi dissolution constant.

Theoretically, as depicted in Fig4A, orally swallowed food passes through the esophagus
to reach the stomach in several seconds. The food remains in the stomach and is digested by
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the gastric acid and enzymes (p#3,11.54 h), after which it enters the duodenum, and the
small intestine \a peristalsis, induced by a series of muscular contractions. It is mixed with
digestive juices and enzymes from the pancreas, liver, and intestine§pH2h), where

the water and nutrients are absorbed into the bloodstream. As peristalsis cothtentes]

and fluid movement'sonveyed theindigested fractions to the large intestine (pH %224

h), where the remaining water is absorbed, resulting in the solid (8fle@llements, 2010)

The digestion of VC occurs similarly, and after ingestion, it will be oxidieeDHA and

wholly absorbed in the small intestiidkydn, 2002) The release profiles of VGCh

PCNC in a simulated human digestive system at the specific pH environanenggd 7.4
(control) are shown in Figt.4B. When changing the release medium pH to simulate the
conditions of the digestive system, it was observed that a higher cumulative VC release over
8 h compared to the control pH. At 8 h, the digestion simulaadrelchieved an incremental
release of approximately 27%ompared tameutral pH, where less than 10% of the VC was
releasedSince chitosan an@NC have mucoadhesive propest they could attach to the
mucous membrane and slowly release the M&ationic chitosan exhibited high
mucoadhesiveroperties and could bind twegatively charged mucin, resulting in strong
mucosal adhesion. Moreover, the high surface area could interact with mucin rather than
TempoCNF and CNF, and hydrophobic attraction or hydro@emding promotes the
adhesion of mucin to CNQ.in et al, 2019) After digestion, Chitosan can be daded by
enzymes, such as lysozyme and hutmacterial enzymes in our body fluespecially in our

lungs and colond. o n | aet & (201f)stated that in the enzymatic digestion process, the
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enzyme is first diffused to the solution and partitioned to the surface of the complex. The
enzyme adsorbs in the complex initiates the catalytic reaction that resulted in the scission of
the macromoledar backbone, and the bioactive substance is then released into bulk solution
( Lon| etale2017)ilf the chitosan complex is porous, then the degradation would occur
more rapidly. Hence with the addition of CNC, which acted as reinforcement in the chitosan
complex, the degradation and burst releasingewse@nificantly reduced. However, as there

is a lack of cellulase intake by the human body, most of the CNC will be excreted, or it could
be fermented by gut microflora, such Bsminococcus champanellenpresent in the
human feca(Zhanget al, 2018) The pH sensitivity of the nanocapsules is desirable in food
preparations to ensure that VC remains encapsulated and protectepsthnage, whereby

in the digestive tract following ingestion, a controlled release is desirable.
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Fig. 44 (A): diagram ofthe human digestive system and (B):vitro simulation of various

conditions of the digestive system of MGChPCNC.
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It is well-known that chitosan possesses antibacterial properties against a wide range of
microorganisms. The antimicrobiaharacteristioof chitosan is affected by intrinsic and
extrinsic factors, such as strain, pH, ionic strength, molecular weight or degree of
deacetylation of chitosan etc. Chitosan loses its antimicrobial function ab@& iisie to

the deprotonation of the amino groups and its low solubility in water. Hoyuitasy (2019)
claimed that chitosan has limited activity because amino grouipschitosan backbone can

only act as weak positive charge cestétay, 2019) Therefore, in this study, we enhanced

the antibacterial property by grafting GTMAC to the chitosan backbone to introduce more
cationic groups to the chitosan that will bind to the negative cell membrane and kill the
bacteria. The range of antimicrobiati@ities of GCh againdk. coliandS. aureusvere both

8to 16 ug/mL (Fig.4.5).

32 pg/mL 16 gImL 8 yg/mL 4 ug/mL 2 gImL 1 ug/L

Fig. 4.5 Antimicrobial activity of VG GChPCNC withE. coliand withS. aureus(*MIC

values of GTMAGChitosanfor two types of bacteria were &4 ¢ gldtambt shown).
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Other reasons for the antimicrobial effects of the comateX'C has been shown fibssess
antibacterial propertggainstS. epidermidis, E. coli and P. aerugingganditet al, 2017)

and lav concentration of VC (0.15 mg/mL) inhibited the growthSofaureugMousaviet

al., 2019). Lipinget al (2020) developed wataoluble chitosan with vitamin C complex
(CSVC) and confirmedts antibacterial activity againdt. coli. Compared to the blank
control, the MIC of CSVC againé. coliwas about 5 mg/mL (Lipingt al, 2020). In this

study, due to the quaternary ammonium group and VC presence, the nanocapsule system
inhibited the pathogenic bacteria population at minie@icentrations. Thus, VGCh-

PCNC could sustain against bacteria contamination over a reasonably long period, making

them a suitable antimicrobial agent for functional fegdtems.

4.4 Conclusions

This study examines the stabilization mechanism and effeetsgeof PCNC over TPP on
improving the stability, encapsulation, and VC release in W& GCh-PCNC nanocapsule
system PCNC could effectively stabilize the system via stronger ionic gelation compared to
TPP. The stability of VC in the system is highly degent on light, pH, and dissolved oxygen

of the environment. A better kinetic release of VC has been achieved under nitrogen purge.
The PCNC crosfinked nanocapsules possessed a sustained release profile, making them
ideal candidates for prolonged VC stge. The kinetic release profiles were fitted to the-first
order and Higuchi kinetic models {R0.95), showing a concentratialependent release

from theVC-GCh-PCNC nanocapsule systes digestive system simulatéa vitro release
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test by varying the pHsvhich showedh faster release rate at low ptHat wasattributed to

the degree of quaternization of GCh. The sedimented5\@G-PCNC possessed a higher

antioxidant capacity than VGCh-TPP. Additionally, the MIC folE. coli and S. aureus

bacterial strais were between 8nd1 6 € g/ mL, whi ch sSGCHRCAGt ed t he
nanocapsulesvere efficient antimicrobial agents that cowddtend the shelife of food

systems These results showed that VC's stability was enhanced in the presence of PCNC,
thereby ofering a strategy for the preservation of highly unstable compounds (such as VC)

during longterm storage in functional food materials.
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Chapter 5
Functionali zed Ferulic Aci d and Cel

Mul ti ple PickeEnhgnEmul|l #robi oo cs

The material in this chapter will beomprised part of gpatent application and also

reformattednto aresearchpaper to be submitted to a journal

Hydrophobic Stabilizer
(SNPs)

W,/ O Emulsion W,/O/W, Emulsion
_onaw
Water +

5.1 Introduction

Probiotics effectively inhibit harmful bacteria by secretingilaacterial bacteriocin, lactic
acid, intestinal settlement of harmful bacteria, and enhancing immune agtiaiy& Polk,

2011) However, probiotics must survive the gastric acid secreted from the stomach, bile
from the gallbladder, and various digestive enzymes from the small intestine. A relatively
large amount is recommended to generate a bealdfiealth effect of probiotics, typically a
minimum of 16-10’, a total of 18to 1 CFU/g or mL per dayKechagiaet al, 2013)
However, adding probiotic cells directly to foods results in a significant reduction in cell

viability during storage and passage tigb the intestinal tract. Therefore, during storage
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and digestion, these probiotics may have reduced viability below the recommended levels to
achieve the desired health benefits. Thus, probiotics must be encapsulated with another
protective material, wherencapsulation protects probiotic cells from external environmental
factors and promotes bacterial viability during processing, storage and digestion. Moreover,
encapsulation may also improve probiotic efficiency by controlling the release of probiotics

at the right site of action in the intestine.

Various encapsulation techniques were developed to improve the survivability of probiotics
(Shimaet al, 2006) One particular method is a multiple emulsion system, where a-imater

oil (WsubstancdO) emulsion is again emulsified in wateesulting in a watemn-oil-in-water
(WsubstancdO/W) emulsion. Recently, the multiple emulsion has been developed in various
forms, such as O/W/O and W/O/W, depending on the applications. W/O/W type emulsions
are the most preferred choice for variondustries over O/W/O type emulsions due to
limitations, such as solubility. Typically, W/O/W emulsions are used in drug delivery
systems and food applications to encapsulate probiotics, vitamins and mikkrsdhiolik

& Dickinson, 2017) W/O/W emulsions can be produced in two steps. First, a stable W/O
emulsion is prepared with a hydrophobic emulsifier at higher shear forces and -then re
dispersed in a hydrophilic emulsifier solution at a lowerastierce. This is done because
when a high shear force is applied in the second step, the coalescence of the W/O
encapsulants can occur due to the merging of the internal water droplets and the rupture of

the oil phase film(Ortiz et al,, 2020; Thompsoet al, 2015; Zowet al, 2013)
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However, conventional surfactants, such as swdéatge low molecular weight polymers

have food safety issues and high cqSisarma, 2014)Due to these limitations, interest in

the utilization ofnaturally derived and foedrade emulsifiers is on the rise. One example of
the utilization of naturabased nanoparticles as an emulsifier is Pickering emulsions, which
are stabilized by solid nanoparticléBaek et al, 2019; McClement®t al, 2017) These
nanoparticles strongly bind and accumulate at thevaier or watepil interface to produce

a rigid barrier that minimizes the coalescence and increasing stability when compared to
conventional surfactants. Moreover, fegchde solid nanopades, including cellulose
nanocrystals (CNCshave no toxicity, leading to higher safety fiovivoapplications. CNCs

are produced by acid hydrolysis of celluldderswith lengths ranging from 16250 nm. It

is considered one of the preferred candidates for Pickering emulsion preparation due to its
low cost, biocompatibility, sustainability, and adaptable surface modifications, which have

been successfully manipulatedfood emulsion systen{§anget al, 2016)

FA has many beneficial effects health, and food industries have been utilizing it in their
formulations (de Oliveira Siva & Batista, 2017) FA has been approved as a food
preservative and natural antioxidgAtdeyemiet al, 2019; Motaet al, 2008) It is being
used in Japan to preserve oranges and to prevent the autoxidation of linf@ad&dlwok,
2004) It has also been used to maintain the goedour of peas and avoid discoloration of
green tea and bananas. The recommendation of daily intake is approximafedpd50

mg/day due to its low toxicitgGohil et al, 2012; Linet al, 2013)
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Up to now,there are no data available for the use of modified FA as a Pickering emulsion
stabilizer.The CNCs are highly applicable and sustainable emerging nanomaterials suitable
for use as novel emulsifiers in food applications. This chapter presents a synergistic approach
by combining FA and CNC to provide a better alternative to improve emulsifiers an
encapsulate active probiotics within an emulsion. This modification utilizes the dissociation
constant of the phenolic acid, and with the-gghsitive deprotonation, the emulsion can be
induced to break and release the probiotics in neutral or basitheHsuccessful release of
probiotics in a high pH environment offers a strategy to deliver appropriate treatmawts

that is beneficial to intestinal health. Furthermore, these are properties that would greatly

expand their applicability for food armomedical applications.

5.2 Materials and Methods

5.2.1Materials

TransFer ul i c acid (FA, MW=194. 18 ,Sacch&dmyces cor n
cerevisiag¢ 1,1-diphenyt2-picryl hydrazyl (DPPH), hydrochloric acid, sodium hydroxide,

and Nile red were purchasddom SigmaAldrich (St. Louis, MO, U.S.A.). Cellulose
nanocrystals (CNCs) were provided by CelluForce Inc. (Montreal, Canada). 100% reagent

al cohol was purchased from Fisherbrand (His
Pittsburgh, PA), and vegetablel @ias purchased from a local market in Waterloo (ON,

Canada).

138



5.2.2Preparation of CNCFA

To conduct the binding capacity, 1 g of CNCs and 10, 20, 40, 60, 80 and 100 mg of FA were
dispersed in 0.8 mL and 2 mL of reagent alcohol, respectively. The FA solution was
introduced into the CNC suspension, followed by stirring for 24 h. The suspensions were
dried in the oven at 35 °C for 24 h. After drying, the CNCFA powder wasspersed in

200 mL of pH solutions range from pH81 mixing for 24 h.

5.2.3Preparation of SNPs

To replace synthetic emulsifiers with natural hydrophobic emulsifiers for W/O emulsion
systems, the starch nanoparticles were prepared using a nanoprecipitation method, adapted
and modified from the protocol described by @iral (2016) Five gramsof corn starch was
dispersed in 100 mL of MiHQ water in a round flask and heated at 90 °C to produce a
gelatinized solution. After 1 h, the temperature was set to 7@ I@indred millilitres of

ethanol was added dropwise to the gelatinized starch suspevitiioconstant stirring (500

rpm) for 2 h. The suspensions were washed using ethanol at least 3 times by centrifugation
(7000 rpm/ 7 min). The sediments were dried in the oven at 50 °C for 24 h and then ground
to obtain a fine powder. The white, fine pavdbtained was characterized and used as a

hydrophobic emulsifier.

5.2.4RPM test

To check the viability of yeast using the SNPs, various homogenizer speeds at 12000, 18000,
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20000, and 22000 rpm were applied for 3 min using Ik25Thighspeed homogenizer at a
pH 7.5. The four Pickering emulsions prepared at the various speeds wsferteahto the

agar plates for serial dilutions. The detailed methods will be discussed in section 5.2.6.8.

5.2.5Preparation of double Pickering emulsion

Multiple Pickering emulsions (W/O/W) were prepared by a-sttep method, and the
schematic for the procgss shown in Fig. 5.1. A WyeastO emulsion (ratio 3:7) was first
produced stabilized by a hydrophobic emulsifier (modified SNPs), using aspegd
homogenizer (UltraTurrax T25 homogenizer, IKA, Germany) at 18,000 rpm for 3 mins. In
the second emulsdation step, W, yeaddO/W>, cncra€mulsions were obtained with the same
high-speed homogenizer at 12,000 rpm for 2 mins. The emulsion ratio was 3;7 (W
yeastO/W2, cnerp), and CNCFA nanoparticles were used as the hydrophilic emulsifiers. To
distinguishthe oil and water phase, 1 mg/mL of Nile red, a hydrophobic dye, was used to
produce the fluorescence in the oil phase. The pH of the emulsions was adjusted to 2 and 7.5
to mimic the gastric and intestinal pH, and the viability of yeast was evaluatetheAll

samples were examined immediately usingadpiecal microscope.
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——| Inner aqueous phase | ‘ Qil phase

Yeast 10mg/mL ~—— SNPs
Nile Red (0.1mg/mL)
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——{ W,/O emulsion | ‘ Outer aqueous phase
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12000 rpm (2min)
Dy, = 60%

v

‘ W,/O/W, emulsion |
Fig. 5.1 The schematic for the process of multiple Pickering emulsion (W/O/W)

5.2.6Characterization of the nanoparticles

5.2.6.1Size and zetpotential analysis

The size and surface charge of CNGITFA and SNPs at different pH were performed using
a Zetasizer (Malvern, Nano ZS90, UK). Each sample was diluted 10 timeseasdred in

triplicates.

5.2.6.2The adsorption of CNCFA

The CNCFA is formed by hydrogen bonding while both CNCs andcé#ponents are
stirred for 24 h. The instruments, UNs (Agilent 8453 UV\visible spectrophotometer, Santa
Clara, CA, USA) was used to confirm that FA had adsorbed onto CNCs. For the UV test, all

the samples were placed in quartz cuvettes (Hellma Anglydied the spectra were recorded
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over the wavelength range of 200 to 400nm. They were filtered using the 10 ml ultrafiltration
cell with a 0.1 em filter membrane to remove
regarding the characterization of FAjrftion was used; however, FA will not be filtered for

further experiments as free FA acts as a super antioxidant

The adsorption equilibrium capacityegvas calculated according to equatiéri) (Davila-

Guzmaret al, 2012)

n —— (561
where G is the initial FA concentration and: € the equilibrium concentration after 24 h; V

is the solution volume in land m is the dry weight of CNC in g.

5.2.6.3FTIR structure analysis

In order b examine the chemical structures of CNC, FA, and CNCFA, FTIR analysis was
performed using a Bruker Tensor 27 FTIR spectrometer (Bruker, Billerica, MA, USA). The
spectrum of each sample was recorded as the average of 32 scans'atdatmtion at 25

°C, using KBrpellets as blank.

5.2.6.4Free radical scavenging activity

The 2,2diphenytl-picrylhydrazyl (DPPH) assay was conducted to measure the free radical
scavenging activity of FA and CNCFA at pH 2 and 7.5 as a function of time. A DPPH
solution (0.025mg/mLyjvas prepared in methanol and covered with aluminum foil to prevent

light exposure. 1.5 mL of FA or CNCFA sample was added to 10 mL of the prepared DPPH
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solution in an aluminum foitovered vialand the sample was stirred on a magnetic mixer.
All the absobances were measured at 517 nm at different times (0O, 5, 10, 15, 20, 25, and 30
min) using a Cary 100 Bio U¥is Spectrophotometer. The scavenging activity was

calculated using equatiob.p):

SA%= 100% (5.2)

5.2.6.5Transmission electron microscopy

The morphology of the modified SNRsas examined using a transmission electron
microscope (TEM, Philips CM10 electron microscopy, an acceleration voltage of 60 kV).
One drop of diluted suspensions was placed on a cadmbed copper grid (200 mesh), air

dried and examined under TEM.

5.2.6.6Contact angle

The measurement of contact angles of CNC, CNCFA, SNRperformed using a sefp
equipped with a CDD camera. All the sample powder was prepared as pell&B bgrass.

3 ¢L of water was dropped on the pellets, and then the angle was determined by the CDD

camera software, and the measurements were condadtgaicate.

5.2.6.70ptical microscope
The morphologies of the Pickering emulsions and yeast within the emulsions were observed
by an optical microscope (Nikon Elipse-3j Nikon Instruments Inc., USA) equipped with

143



a CCD camera (QIlmaging Retiga 2000R) andf@oel microscope (Zeiss LSM 510 Meta
Laser Scanning Confocal Microscope (CLSM). For the yeast test, one colony on the plate

was swabbed by a sterile swab dispersed in PBS (pH 2 and 7.5).

5.2.6.8Final yeast CFU enumeration at different pH

To prepare serialdilutons, 90 &L of P'BoI0®miarecenpifuge tubed, i nt o
then 10 €L from the prepared W O/ W emul sions
to the first microcentrifuge tube. The diluted samples were vortexed to achieve a uniform
mixtureand 10 €L of this mixture was transferre
the series. Upon the completion of serial di
plate to perform measurements in triplicate. Sterilized glass beads wer® sgedad the

contents of the serial dilution in each plate. Upon completion of plating, each plate was

incubated at 40 °C for 48 h.

5.2.6.9Statistical analysis
All experiments were performed disree independentreparation and the results were

expressed as the average with error bars of + standard deviations.

5.3 Results and discussion
In this study, the role of FA in the newly formed CNCFA and the interactions between FA
and CNC were studied. The antioxidant property and stability of Pickerintsiemwvere

demonstrated by adsorbing FA onto the CNC surface, forming adi@oi® emulsifier.
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Ferulic acid (FA),4-hydroxy-3-methoxy benzoic acids abundantly present in plant cell
walls and seeds of plantscomprises a phenolic compound with a cagpgroup ¢COOH),
hydroxyl group {OH) and ethylenic bond (C=Cprinivasanet al, 2007) The chemical
structure of FA below and abop&aare shown in Fig..2A. FA is subjected to protonation
in an environment where the pH of the solvent is lower thapkhésuch as a strong acid).
Alternatively, thepKa dissociation values can describe the adsorption belragiothe
phenolic acid. When the pH of the sattés greater than theKa (between pH 4.8.72), the
-COOH conjugated to phenol ring will deprotonate (CJO&hd dissociate into the ionized
form (Al Arni et al, 2010) DavilaGuzmaret al (2012)state that at pH4, FA is norionic,
where it can be better bound to an adsorbent. Moreover, at solution pH greater than 4, the
ferulic acid is partially ionized and becomes anfienulate, reducing the FA adsorption due
to the repulsive force between the FA compourd the adsorber(DavilaGuzmanet al,
2012) The U\W-Vis results shown in Fig. 5.2B confirmed this behaviovhere theUV
spectrum of FA over the range of 2000 nm exhibited two peaks at®and 322 nm, but
the hypsochromic shifting of the maximum abstion band from 32to 280 nm is due to

dissociation of the carboxyl groupSarunchicet al., 2001)
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Fig. 5.2 A) The chemical structure of FA below and abpkea value (pH 4.5) and B)

absorbance spectra of FA, the effect ofgitdngegrom 2 to7.5.

Using ethanol to prepare CNCFA is suitable to increase the solubility of FA and the binding
interactions between CNC and FA since FA is poorly soluble in water (0.78 g/L at room
temperatureWang et al, 2021) Fig. 5.3. Bows the redispersion of CNCFA powder
containing different concentrations of FA NMilli -Q water(pH 4, belowpKa). When the
concentration was increased, the CNCFA dispersions became opaque;tamohdri-A or
untdissolved crysta(Das & Wong, 2020yas found floating on the edge of the botiTo
examine the use of this emulsifier in the multiple Pickering emulsion, an O/W emulsion was
prepared, and the morphologies of the emulsion were observed using an optical microscope.
As a result, the emulsion containing 80 and 100 mg displayed aulareshape and size
distribution. This is assumed that two different sifENCFA and unbound FA crystal)
stabilizers may not stabilize the emulsion, inducing coalescence of the O/W emulsion. This

makes lower coverage efficiency of water dropleZembylaet al, 2019)
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Fig. 53 CNCFA dispersions containing different concentrations of FA1(® mg) and

optical microscope images of O/W Pickering emulsions (Scale bam)}20

As the optimal concentration, 60 mg of CNCFA was selected because it produced a stable
emulsion, and aigher CNC coating will generate a higher antioxidant effect, which will be
further examined. The particle size and zséential of CNC and CNCFA were conducted

to elucidate the FA binding capabilities on CNC. As shown in Fig. 5.4A, the CNC at all pH
ranges of 1 tdB possessed a negative zptaential at all pHs due to the sulphate ester groups

on the surface. At a low pH of 1, the zeta potential of the CNC suspension incredled to
mV since thgpKaof the sulfuric acid groups was about 1.9. Therefore, the protonation of the
sulfate group reduced the net charge belovplta. Interestingly, ata pH of 7, the zeta
potential increased td0 mV.Qi et al (2019) explained that the electron shieldingurced

with the addition of N3 resulting in a reduction in the zeta potential of CNC. However, at

the same concentration, the effect of HCI on the zeta potential of a CNC suspension was
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higher than NaOH owing to reduced crystallinity, which was lesgiveato ions upon the
addition of-OH (Qi et al, 2019) On the other hand, in terms of the si&NC dispersion

at different pH levels, CNC aggregation yielding particle size of 900 nm was observed below
the pKavalue. The attractive force induced by hydrogen bonding between CNC and FA is
greater than the repulsive force. When pH was increased 2rd¢o 8, the particle sizes
remained constant at around 100 nm. In Fig. 5.4B, CNCFA dispersion at different pHs
displayed a similar trend of size and zptdential as the CNC dispersion. Still, with a slight
difference, it showed a slightly larger sizeedto the adsorption FA to CNC by hydrogen
bonding, hydrophobic interaction and lower zptdential values below thEKavalue of FA
Therefore, when a condition above theKa (>4.2) of CNCFA, the FA in CNCFA would
detach from the CNCs surface since ®NCs possessed negative chaegesresult of the
sulfate groups. Therefore, the changes in the adsorption of phenolic acid may vary depending

on the pH and salt concentration.
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Fig. 5.4 A) Particle size and zgpatential of CNC from pH-B and B)particle size and zeta

potential of CNCFA from pH -B.
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To understand the strengthening mechanism of CNCFA nanopartitlesbinding
mechanism of FA with CNC should be elucidated. The interactions between FA and CNC
are dominated by hydrogen bonding andiiophobic interactions. Hydrogen bonding has
been considered to be the main driving force towards the formation of CNCE#n lie
explained by the abundanceidH groups on both the FA and CNC, where it@®OH
groups below theKa values would form hyebgen bonds with the OH groygess shown in
Figure 5.5.The hydrogen bonding between the FA facilitated the coating of FA onto CNC
that yielded an apparently more hydrophobic CNCFA system belopKiealue. This may

allow it to interact with its surroumalgs or surfaces via hydrophobic forces (Fig. 5.5), which
could involve a benzene ring of FA and hydrophobic sites of CNC, (200) lattice( Blarsd

et al, 2019) Chang et al (2020) combined protein ovalbumin (OVA) and FA via
hydrophobic interaction and hydrogen bonds and measured the surface hydrophobicity FA
OVA wusing ANS method (hnilinonaphthalen&-fulfonic acid), which is a
fluorescenprobe thatcould reveal the hydmhobic sites in the protein by a Fluor
Spectrophotometer. When the concentration of FA was increased from 1:1 to 1:40, the
hydrophobicity of surface (§§ decreased from 693.69 to 577.65. Since unmodified OVA is
hydrophobic (716.39)FA binds to the hydrombic part of amino acid on OVA via
hydrophobic interaction, resulting in the reduction of the hydrophobigGhanget al,

2020)
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Fig. 5.5 The chemical structure of CNCFA by hydrogen bonding.

Fig. 5.6A shows the adsorption capacity for FA on CNC at various pH values. Below the
pKa, the highest adsorptiowas observed, and the maximum adsorption number was 1.91
mg FA/g of CNC. On the other hand, at high pH, we observed a reduction in the adsorption
capacity of FA with a value of 0.03 mg FA/g of CNC since FA became ionic due to the
deprotonation of the clhoxyl groups. Many researchers have reported on the adsorption
capacity of ferulic acid on the different types of resin, such as zeolitenfyB(Simonet

al., 2015)and203.2 mg/((Thiel et al, 2013), XAD7HP (63.6 mg/g)XThiel et al, 2013)
amberlite resin XAD16 (19 mg/gimonet al, 2015)and 133 mg/gDavila-Guzmaret al,

2012) as an inorganic adsorbent at different pH and time. Moreover, there are few studies
using detaryfibers (DFs), such as cellulose and xylat digestion environment at pH 2
(stomach chyme), 4f@rithmetic), and 7 (ileum chyme). Each DFs were prepared at different

pH conditions using buffers. FA was first dissolved in ethanol and then tradgfetvaffers
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with a 4% final ethanol concentration. The ratio of FA (100 mg/L) to D&s1wb0. At pH

of 2, the maximum adsorption was 0.529 mg/100 mg of cellulose and 0.568 mg/100 mg of
xylan. However, the author claimed that the FA adsorption onto B¥ptagled lower than

the synthetic macroporous resin (11.7 mg/100 mg) due to the higher specific area of
macroporous resins of between 400 and 128@,ncompared to a lower specific area in

microcrystalline cellulose, 2.39%y (Costaet al, 2015)

The contact angle of native cellulose and modified CNCFA were investigated ugserg wa
contact measurements. Fig. 5.6B shows that the pristine CNC possessed a low contact angle
of 32° because cellulose is interconnected by hydrogen bonding bet@dagroups of CNC

and water molecules, resulting in a relatively flat drogleinh & Mekonnen, 2018)
Whereas the contact angle of CNCFA increased? with the carboxyl groups, leading to
more hydrophobicityChartrandet al (2017 developed modified microcrystalline cellulose
(MCC) with FA via esterificatin, resulting in benzyl ring and hydroxyl groups on the
hydrophilic MCC. They conducted water contact angle measurements, and MG @i(45

FA displayed a contact angle of°@Chartrancet al, 2017) The anticipated CNCFA at pH

2 and 7.5 is illustrated schematically in Fig. 5.6C. Based on the results of several tests, FA
was bomd to CNC, and it became ¢géte through hydrogen bonding in acidic conditions.

On the other hand, at pH 7.5, most FA was desorbed from the CNCs due to the repulsive

forces.
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Fig. 5.6 A) Influence of pH on maximum adsorption capacity of FA on CN@nByes of
contact angles of native CNC and CNCFA, and C) schematic illustration demonstrating the

pKaof FA.

The interaction between FA and CNC is controlled by-omvalent inteactions, such as
hydrogen bonding, which occurs betweenrddeptor sites on the CNC and the hydroxyl
group/carboxyl groups of FA. Hydrophobic interactions may occur in the bonding between
the phenyl ring of FA with the hydrophobic domains on CNG.evaluée the hydrogen
bonding interactions between FA and CNC, FTIR measurements were conduct&d/(Fig.

Due to the various functional groups, the peaks for the FA before and after adsorption were
clearly evident. The peaks of native FA were observ&i#a7 cm?, which is characteristic

of the OH group in phenolic compounds. The broadband at-that@tching of the benzene

ring is 2,850 cnm* band.After modified CNC with FAnew peaks were observed at 3394 (

OH) and 651 (phenolic hydroxyl) chdue tothe formation of hydrogen bonding between
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FA and CNC, which reduced thi®H groups of CNC, leading the shift and narrowing of

their vibration frequencie@u et al, 2017; Panwaet al, 2016)

T (%)

—— CNCFA
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——CNC
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-1
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Fig. 5.7 FTIR spectra of CNC, FA, and CNCFA.

Starch is a biodegradable, renewable and natural polymer found in crops and cereals (e.g.
rice, maize, wheat, corn, tapioca, potgthinenezt al, 2012) It is widely used in food and
pharmaceuticals owing to its various functions, such as thickener, stabilizer and gelling agent
(Berskiet al, 2011) However, according t¥anieret al (2020) starch is physically weak

or easily gelatinized and has limitations due to retrogradation during storage and processing
(Vanier et al, 2020) A higher concentration of starch (maize and wheat) is needed for
beverage emulsions compared to conventional surfactants, such asZQyeeprepare a

stabk emulsion. The remaining starch in the agueous phase was the result of emulsion

instability that induced creaming and flocculation between oil droplets. Recently pieéas
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reported that starch nanoparticles/nanocrystals with a small size cauiteble Pickering
emulsionstabilizer To improve the hydrophobicity of starch nanopartiétesadsorption at
oil-water interface, modified starches, suchoetenyl succinic anhydride (OSA) has been

reported(Geet al, 2017)

In this study, to confirm the morphology and mean size of the modified SNPs, TEM and
Zetasizer were used. To conduct the wettability of SNPs at different pHs, a contact angle
instrument was used. The results shown in Fig. 5.8A and B were consistentenTtBNh
images, as most particles were uniform with spherical particles at a diameter of 138 nm at
pH of 2. Moreover, the PDI value was about 0.41, indicating that the SNPs distribution was

homogenous (Table 5.1).

Table 5.1 Particle size and zgtatental of SNPs at pH 2 and 7.5.

pH 2 (A) pH 7.5 (B)
Size (nm) 138.6 £ 0.6 3760 + 138

PDI 0.418 1
Zetapotential (mV) -8.34 £ 0.8 -125+15

Theoretically, when the angle of the emulsifier is 90°, the stabilization energy of the emulsion
is high; and the particle would be in contact with the two opposing phases without bias so
that the surface shape of the droplet can be effectively maintaih@dever, some

agglomeration was observed for the particles due to the high energy of ultrasonication, which

could cause the modified SNP to break down and swell. On the contraptiadf 7.5 and
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with high alkaline treatment, no spherical particles wafident, and only a heterogeneous
matrix was observed (Fig. 5.8C). This is because alkaline materials, such as urea or NaOH
destroyed the crystalline structure and increased the solubility, whereas the minimum acid

solubility of starch was observed at@H.
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Fig. 5.8 The TEI\'/I:"irﬁag‘es of SNPs at'A) & B) ét pH 2 and CHaf b and contact angle of

SNPs at pH 2.

DPPH (2,2diphenytl-picrylhydrazyl) is a purple compound that reacts rapidly with
antioxidants. Thus, to measure the DPPH radical reductiomopgddonating ability

through a colar change from purple to yellow. The electrdonating capability was
measured at 517 nm and is expressed as the antioxidant power. The results of measuring the
DPPH radical scavenging activity of FA, nitered CNCFAat pH 2 and 7.5 and filtered

CNCFA at pH 2 and 7.5 are shown in Fig. 5.9. The FA Scavenging activity (% S3A\) wa
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99.1% at 30 min, showing the highest antioxidant activity. The antioxidant activity of FA is
caused by the proton transfer from the phenolituarsaturated carboxyl groups to the DPPH
radicals. Ferulic acid, which is a derivative of hydroxycinnamic acid, has higher antioxidant
property than hydroxybenzoic acids, such as vanillic acid. FA is a powerful antioxidant that
neutralizes free radicald inhibits reactive oxygen species (ROS) or nitrogen to protect
living organisms due to these functional groups. The phenoxy and hydroxy groups of FA
donate electrons to remove the free radicals
free radicakeaction, and the carboxyl groups also attack the free radical site, preventing the
premature oxidation of DNA and lipids as this group binds to the lipid bi{&rerivasaret

al., 2007) This is due to the presence €2K=CH-) between the phenyl ring and the carboxyl
group, inducing stronger hydrogen donating capdéityitan etal., 2018) As it is known

that the FA has a strong antioxidant effect, displaying an excellent antioxidation effect in 1
minute and almost 94% in 30 minutes. Surprisingly, CNCFA at pH 7.5 showed a similar
effect to FA, but it had a little antioxidantfect after filtration. This suggests that most of

the FA were bound to the CNCs. Regarding CNCFA at pH 2, almost 60% of the results were

observed in 30 min both before and after the filtration.
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assay.

The multiple Pickering emulsions (W/O/W) containing yeast at different pHs were observed
through an optical microscope. The main parameters examined in this study consisted of
food-grade emulsifiers, CNCFA and SNPs, whéehey absorbed rapidly at the-niater
interface and reduced the interfacial tension. The release of bioactive compeiwnds (
probiotics) can be achieved by destabilizing the emulsions at neutral to basic pH found in the
intestine which caused the geotonation of the carboxyl groups of FA and destabilized the
emulsion droplets. Besides, another critical factor of the multiple emulsion in the preparation
step is to find the optimal speed of the hggeed homogenizer. The higher driving force
causedhe breakage of emulsion, followed by the release of active substances and induced
the coalescence of the droplets that resulted in phase separation. The purpose of this study is

to enable the probiotide safely pass through the stomach with strong gaatid as th
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emulsions remained stable in low pH condifoHowever, the insufficient mixing speed
induced the emulsion phase to separate within a short period of time during processing and
storagewhich reduced the viability of the probiotics. As showrFig. 5.10A and B, the
highest viabilities were observed at 12,000 and 18,80@h yielded 2.23 x 10CFU/mL

and 2.12 x 10CFU/mL, respectively. Ding and Shah (2009) investigated the homogenization
technique using two different homogenization machines, adpghd homogenizer and a
Microfluidics microfluidizer, to reduce the size of calcium alginate beads. Various settings
were usedn the homogenization study, such as speed (rpm), duration (min), and pressure
(psi). Both homogenization techniques reduced the microcapsule size, but the higher speed
and longer time significantly reduced the viability of the probiotics. This is bedhase
probiotics are susceptible to high mechanical shearing stress and sensitive to external stress,
such as heat and oxygeituring the homogenizatiofCapelaet al, 2007; Ding & Shah,

2009) Therefore, optimal condition tests are required to maintain the viability of the

probiotic,which depends on the ntd@ne time and species of probiotic microorganisms.
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The freshly made W/O/W emulsions were transferred to each solution maintained at a pH of
2 and 7.5and changes ithe morphologies were examined (Fig.5.11). The changes of oil
droplets of W/O/W Pickering emulsions at different pHs are shown in Fig. ED1TFaese

results were recorded using an optical microscope based on-feeighticroscopy. By
comparing the restd with the original W/O/W Pickering emulsion (Fig. 5.11B), it was
confirmed that the aggregation was enhanced at a pH of 2 (Fig 5.11C). Simultaneously, the
oil droplets coalesced, burst, and disappeared when the pH was increased beyKadthe

FA up toa pH of 7.5 (Fig. 5.11DD3, time flow observation). It seems that this change is
related to the zeta potential value between CNCs and FA. When CNCFA was adsorbed on
the oil droplets, the electrostatic repulsive force was reduced at low pH, resulting in
aggregation; however, when the pH was increased.3pthe electrostatic repulsion also

increased causing the emulsion to become unstable due to the detachment of FA.
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Fig. 5.11 The optical microscope images of A) yeast, B) W/O/W Pickering emulsion at pH
4.3, C) W/O/W Pickering emulsion at pH 2;IDto D-3) change in the morphologies of

W/O/W Pickering emulsion at.5(scale bar: 20m).

The 2weels stability test of the multipl®ickering emulsion at pH 2 and 7.5 was conducted,
and the results are shown in Fig. 5.12. The emulsion was stable at pH 2 without phase
separation However separation started when the emulsion was transferred to a high pH
solution. The optical microscopmages of the Pickering emulsions at pH 2 confirmed that
the particles of the emulsion after 2 weeks were still stable.high stiffness and numerous
hydroxyl groups on the CNC acted as a nexinforcement and participated in the
crosslinking of the hgrogenbonded structure. Recently, there are many studies on phenolic
or polyphenolbased emulsifiers for Pickering emulsions because they not only increased the

antioxidant property, but they improved the stability of the emulsion, which was also reported
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for gallic acid (GA) ortannic acidn zein nanoparticlednterestingly the phenolic nucleus

of the polyphenols could be used as Pickering stabilizers for the-oibiaterface. A
complex consisting of polyphenol and whey protein demonstrated aicagmiimprovement

in the stability of the emulsion. Complex formation mechanisms could be associated with
hydrogen bonding, hydrophobic or electrostatic attraction between the protein at the interface
with the polyphenol particles with opposite chargesnfGcal images of the Pickering
emulsion stabilized by polyphenol particles and whey protein confirmed the location of the
complex at the oilvater interface. The emulsion showed high stability at pH 3 rather than at

pH 7 due to the chemical decompositidmpolyphenols at alkaline pH, resulting in a weaker

complex(Zembylaet al, 2019)

Z Hd e s)aam Z 1alv

actual pictures of the Pickering emulsions before and after 2 weeks (scale ). 50

Table 5.2 shows the total number of yeasts in thecgtlitioned Pickering raulsions

calculated from the standard broth dilution methods. The initial number of utilized yeasts
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was 16, and the population &.7 x 16 and3.14 x 16 CFU mg/mL were observed for pM
and pH7.5 respectively. The reduced yeast number obtained dower pH value was

interestingly different when viewed under the microscope.

Table 5.2The total number and survivability of yeasts in-pelated Pickering emulsions

Initial pH 2(10%) pH 7.5(10%
10 5.7 x 16 3.14 x 10
Survivability (%) 84.5 % 93.71 %

After the incubation period, one colony was removed by rolling the swab and transferred to
the glass slide to examine the morphologies of the emulsion. Surprisingly, the microscopic
observation clearly showed that at pH 2 (Fig. 5-113&nd 5.13A2), the yast was protected

inside the oil droplets, which corresponded to a lower population on the plates. Whereas at
the pH of 7.5, more yeast was observed (Fig. 5.13B) with no encapsulating layer because the
emulsion droplets broke and released the yeasts airalpH, thus resulting in a higher

population on plates.
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Fig. 5.1

(B) at (H 7.5.
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5.4 Conclusions

In this study, functional material ferulic acid, coated on CN@uld functionas a stable
emulsifier at the oil and water interface. The ferulic acid (FA) functionalized cellulose
nanocrystals (CNCs) (CNCFA) was used, where FA acts as an antioxidant and pH
responsive compound t o pr eysencentafisgyeasttvithd mul t
a modified planbased emulsifierThis modification was adopted such that the dissociation
constant of the phenolic acid would induce the deprotonation of the carboxyl groups, causing
the emulsion to burst and releasing thebpotics. The viability of yeast during the
emulsification process, storage, and intestinal deliveas demonstrated with higher
survivability against severe acidic conditions in the stomach (pt2.5)5The results from

this study can be used to prepaagious healthy microflora deliverable as a prophylactic or
treatment towards inflammation and infection of the intestine. Moreover, the successful
release of probiotics in a high pH environment can be safely used to deliver appropriate

treatmentsn vivoto benefit intestinal health.
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Chapter 6

A New Approach for the Encapsul ati on

Cell ul ose Nanocrystals

The material in this chapter will be comprised part of a patent application and also
reformatted into a research paper to be sitted to a journal

Shellac, CNC and CaCl,complex

00 ¢ B NS
S og & I
Saccharomyces cerevisiae Shellac Cellulose Nanocrystals

6.1 Introduction

Sustainable coating materials, including polysaccharides, have been widely used in food,
pharmaceutical, and agricultural industries for encapsulating active ingredients and
molecules (Hategekimara al, 2015; Junget al., 2015; Pwet al, 2011). However, these

high molecular weight coating materials suffer from a limited dissociation rate due to the
polymer chain interactions, resulting in a longer release time. These systems are rendered
less desirable due to theiighi cost, poor barrier performance, and high moisture sensitivity

compared to conventional materials, such as petrolgasad polymers. A suitable coating
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material should possess salsembly characteristics with strong interactions and is
compatible withthe encapsulating materials. It should also function as an amphiphilic
material to form microcapsules with the hydrophobic active compounds. Previously, Gemini
amphiphiles with lower critical micelle concentrations (CMCs) were synthesized and utilized
to prepare microparticles (Soreg al, 2013. However, these compounds failed to form a

stable encapsulating system due to the lack of-mtkecular polar groups.

Shellac is a natural resin that is approved as a$adel additive by the U.S Food and Drug
Administration (Luangtan&nan et al, 2010). This alkaline or alcohol soludkc insect

resin is hydrophobic, biodegradable, and renewable, making it a suitable candidate for
commercial applications (Hamaet al, 2012). The resin's uniquehemical structure
comprises hydrophilic aleuritic acid and hydrophobic cyclic terpenic acids, connected
through ester bondslence it is consideremsan amphiphile. Additionally, this resin consists

of other functional groups-CHO, -OH, -COOH), where thy can interact with various
polymers or chemical components through electrostatic or hydrogeding to form a
functional biomaterial (Soradeeh al, 2012; Tanget al, 2019). Thus, shellac is considered

a suitable candidate as a coating materialdocfional food systems.

Cellulose nanocrystals (CNC) are natural materials with emerging biomedical applications
due to their excellent physical, chemical, and biological properties, including

biocompatibility and biodegradability (Dat al, 2019; Kimetal., 2019). Cellulose esters
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based adhesive films can strongly interact with drugs through hydrogen bonding. The films'
capillary systems expand in the presence of moisture, which weakens the hydrogen bonding
network, facilitating the release of the drog active compounds. Although cellulose
polymers have good adhesion characteristics, they are limited by their brittleneskeigid
structure, hydrophilicharacterand weak barrier against water (Hattal, 2010). These
shortcomings can be addresd®dutilizing a suitable filrforming material that enhances

the composite film formation, structure and permeability. In this study, CNC is used as a

suitable filmforming material.

Probiotics are mixed cultures of microorganisms that benefit the hosmpsoving
indigenous microflora’s wellnegssand they are capable of preventing and treating
pathological disorders (Gupta & Garg, 2009). The beneficial effects of probiotics are highly
dependent on their survival in harsh acidic gastric conditions (pH)lakd their delivery in

the intestinal environment (pH8) (Fioramontiet al,, 2003). Additionally, probiotics suffer
from detrimental food processing techniques and storage conditions (Tripathi & Giri, 2014).
Appropriate encapsulation of probioticsparamount to provide a suitable physical barrier

from harmful conditions that could hinder their maximum viability during the delivery.

Current microencapsulation techniques used for probiotic loading include -thegaze,
spraydrying, electrospinningemulsification, and extrusion. However, these methods are

prone to induce cell lysis due to their high processing temperatures, oxidative stress, organic
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or alkaline solvents, and muktep processes (Cheow & Hadinoto, 2013; Peighambardoust
et al, 2011).For example, produced dry probiotics are prone to moisture absorption during
storage. The altered glass transition temperature of the coating resulting from this leads to a
significant acceleration of inactivation of probiotic bacteria (Pastsat, 2012). Hence, to
address these challenges, it is vital to design microcapsules capable of storing the probiotic
in a liqguid medium, preferably oil, which could preserve the cells throughout the

gastrointestinal tract and trigger the release in the ingggivironment.

For the first time, we describe the preparation of novel composite skellatose
nanocrystal microcapsules capable of encapsulating and preserving probiotics from harsh
environments. Additionally, a triggered disintegration mechaniticelh release from the

microcapsules is realized at intestinal pH conditions and is presented as-afgronéept.

6.2 Experimental section

6.2.1Materials

Shellac (Dewaxed Orange) was ordered from Inoxia Ltd (Cranleigh, United Kingdom).
B ak er 0 Saccharaysets cefevisige calcium chloride, calcofluor white stain, mucin,
pancreatin, pepsin, Nile red and methylene IMB) were purchased from Sigrasddrich

(St. Louis, MO, U.S.A)). Cellulose nanocrystals were provided by CellufoccéMontreal,
Canada). Asolute ethanol and 100% denatured alcohol (with 5% isopropyl alcohol, 5%

methyl alcohol, and 0.03% water) were purchased fréiisherbrand HistoPrepTM (Fisher,
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Ottawa, ON, Canada or Pittsburgh, PA). Vegetable oil was purchased from a local market in

Wateloo (ON, Canada).

6.2.2Preparation of Shellac dispersion

Four concentrations (2.5, 5, 7.5, and 10 mg/miere dissolved in 10 mL of denatured
alcohol and redispersed in 190 mtMilli -Q waterto achievethe desired concentration.
ShCNC was prepared with 3 mL of shellac dispersion (5 mg/mL in 5% ethanol) and 2% CNC
dispersion, and 0.8% Cadolution was added to ShCNC to produce ShCNCCa, which was

used for future testing.

6.2.3CO0O test

S. cerevisia@roduceCO, and ethanol as aarobic byproducts in the fermentation when
incubated with sugar at the optimum temperature and pH. We developed and utilized a
method to assess the yeast activity by recording the€l€ase using an-nouse assembled
apparatus (i§. 6.1). The hot plate was set to 40 °C to promote the metabolism of yeast in the
presence of glucose at 400 rpm. It was conducted at four pHs (2, 8 an& 9.3to measure

the CQ production in order to assess the viability of the yeast. The tespeveemed by
incubating 50 mg oB a k eyeast with 50 mg Eylucose in 5 mIMilli -Q water Three trials

were performed at each pH valaed an averaged value was recorded.
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Fig. 6.1 The scheme of setfssembled apparatus for £@st

6.2.4Determination of the antisolvent effect

To confirm the antsolvent precipitation process, slight changes to the previous methodology
were implemented (Chest al, 2018; Dooskt al, 2019). Shellac was grounded to a fine
powder and dissolved 5 mL of 100% denatured alcohol solution. Shellac solution was used

as the solvent, whil#lilli -Q waterand oil were used as the aatilvent. The 5 mL shellac
solution was added to 15 nMilli -Q watersolution to achieve a volumetric ratio of ethanol

to the aqueous phase of 1:3. The ethanol irstihaion mixture was evaporated in a water
bath at 50 °C at a stirring speed of 750 rpm. Samples of the mixed dispersion were removed

to determine the size ptedetermined timed intervals (1 niir80 min).
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6.2.5Preparation of Pickering emulsion

A W/O emulsion (ratio 4:6) was prepared usihg Pickering emulsification technique.
Specifically, 30 mg yeast was dispersed in water to hydrate, and 1@@{hlylene blue (10
mg/mL) was added. The excess dye was removed using a centrifuge at 3,000 rpm for 2 min.
Then, 3 mL of 5% shellac dispersion was added to the dyed yeast and mixed with vegetable
oil using a highspeed homogenizer (Ultra Turrax T25 homagen IKA, Germany) at 9,500

rpm for 3 min, followed by the addition of 2% calcofluor white dyed CNC (6NN&) and

0.8% Cad solution to improve the emulsion stability. To distinguish between the oil and
water phase, 1 mg/mL of hydrophobic Nile red anditdmL of hydrophilic CW were used.

To precisely detect the CNCW, unbound CW was removed by ultrafiltration with a 0.1um
filter. The emulsions' pHs were adjusted to Zdrto mimic the gastric and intestinal pH

conditions and the yeast viability was sessed.

6.2.6Preparation of simulated gastric (SGF) and intestinal fluid (SIF)

The modified methodologies of SGF and SIF were utilized (Annunetatg 2019). 500 mg
of pepsin was dissolved in 25 mL of 0.1 N HCI. The final pH was adjusted to pH 2 using 1
N HCI. The solution was then incubated at 37ut@er continuous stirringt 250 rpm for 2
h. For SIFthepH of the 15 mL water was adjusted to 6.5 using 0.5 N £&C0hL of 1:1
pancreatin (v/v) and bile salt solution was made with 40 mg (8 mg/mL) péncaed 200
mg bile salt (50 mg/mL). 15 mL water and 5 mL solution were mixed and incubated at 37 °C

under continuous stirringt 250 rpm for 2 h.
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6.2.7Material characterization

6.2.7.1Size and zetpotential analysis

The hydrodynamic particle size and surface chafy¢he yeast, shellacShCNCCaat
different pHs ranging from 2 to 9 were determinedtliy Zetasizer Nano ZS instrument
(Nanosizer ZS, Malvern, UKghellac (5 mg/mL) was dissolved in ethanol, and the volume
was adjusted withMilli -Q waterto reach an ethanol concentration of 5%. For the size
distribution of the ShCNCCa complex, 5 mg/mL of shellac in 5% ethanol was mixed with 2%
CNC and 0.8% Cagthrough highspeed homogenization at 12000 rpm for 5 minutes, using
the highspeed homogenizer (Ultra Turrax T25 homogenizer, IKA, Germany). Aliquots of
each sample were adjusted to their desired pH with concentrated HCI and EaCH.
sample was measured thréimes, and the mean * standard deviation of the data was

calculated.

6.2.7.2Fourier transform infrared (FTIR) spectroscopy

CNC, Shellac, ShCNC, and ShCNCCa were analyzed using the FTIR spectrophotometer
(Bruker Tensor 27 FTIR spectrometer, Billerica, MA, USBJied samples were grounded

in a mortar and compressed with potassium bromide (KBr) to form pellets. The FTIR spectra
of each sample were recorded between 4000 ana 400 cri, with a resolution of 4 crh

and 32 scans.
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6.2.7.3Microstructuralinvestigation

The morphologies of the yeast, ShCNC, ShCNCCa complex and yeast encapsulated
Pickering emulsions at pH 2 adcbwere analyzed using a transmission electron microscope,
Philips CM10 (TEM), Environmental scanning electron microsc¢@eianta FEG-250,
Republic of Czech (ESEM)), optical, fluorescence (Nikon Eclips8,ikon Instruments

Inc., USA), and confocal microscope (Zeiss LSM 510 Meta Laser Scanning Confocal
Microscope (CLSM)For the sample preparation of ESEM, after fixing the carbon tape to
the aluminum stub, the emulsion sample is loaded onto the carbon tape surface. A TEM at
an acceleration voltage of 60 kV. One drop of each diluted suspension was placed on a
carboncoatedcopper grid (200 mesh) under filter paper;dried and examined under the
machine. Also, fresh samples of encapsulated yeast Pickering emulsions with the ShCNC
and ShCNCCa at pH 2 and 7.5 were observed by an optical and fluorescence microscope
equippedvith a CCD camera (Qlmaging Retiga 2000Rfferwards, a confocal microscope

was used to detect the interaction of the shellac nanoparticle dispersion with oil for figuring
out the antisolvent effect. The dispersion sample was smeared with oil to mateetoiith

each other. Also, we have checked the distribution and position of the Shellac and CNC in
the Pickering emulsion. The observation magnification %3as/1.4 Oil DIG and an
immersion objective lens was used, with the immersion medium being agewere taken
under DAPI &6s 405, argon 514 and 543 nm | aser
into a 3D image using ZEN 2009 analysis softwdi@.calculate the retention of yeast in
different microcapsules, the number of yeast particles waszathlysing the ImageJ, and

the average of all counts was determined from the optical micrographs.
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6.2.7.4Mucoadhesive test

The assessment of mucoadhesion for the ShCNCCa was conductedhesiisgosity
method based on a previous study by keinal (2019),where the synergism between
ShCNCCa and mucin was characterized by an
Modifications to this method were made for the assessment of the ShCNCCa system. SIF set
atpH 7.5was prepared 24 h in advance and stirred. Shellaedlalere grounded to a fine
powder, and 1% of shellac along with 4% CNC were added to the SIF sample. Another SIF
was added with 10% porcine gastric mucin. Both samples were completely dispersed in their
agueous medium via ultrasonication at room tempezatud ratios of both mixtures were
incorporated and placed on a magnetic stirrer to yield a homogenized mixture comprising 5%
mucin,0.5% shellac, and 2% CNC. In an alternate trial, 10 mgdfnyeast was added to the
ShCNCCamucinin-SIF prior to preparig the solution mixture. The enhancement in the
viscosity was measured using the Kinexus Ultra+ Rheometer. The cylindrical fixture was
used, with a cup (DO25 C0107 AL) and bob (DG25 L0381 SS) geometry, and the sample
was heated to 37°C. The shear rate veascsa range from 0.1 to 5¢.sThe enhancement
and relative enhancement were calculated at shear rates of 3.98 and 10.00 1/s using equations
Eq 6.1 and 6.provided from a previous study by (Lét al, 2019):

L b L L p 1 TI(f.1)

b t t E (62)
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6.2.8Statistical analysis

All experiments were performed dbree independenpreparation and the results are

expressed as means with error bars of + standard deviations.

6.3 Results and discussion

Shellac is known to be insoluble in water because of its many carboxyl (feepsing,

1996) The protons of these carboxylic acids can be removed by dissolving shellac in alkaline
solvents, such as sodium hydroxide and ammonia (Shellac pids & 6.9 7.5) (Al-
Obaidyet al, 2019). Additionally, shellac is completely soluble in methanol, rethand
partially soluble in ethyl acetate, chloroform and etf@agil, 2020) Since this study
concerns the development of microcapsules for food applications, low concentrations of
ethanol, which is harmless to hunsamas used. In addition to the solubility consideration,
another crucial factor in selectimgow concentration of ethanol is to ensure the viability of

the probiotics or yeast used in the study. The 5% ethanol was used as the optimum
concentration to pragte shellac dispersions via the asulvent precipitation process, and
different shellac concentrations (2.5, 5, 7.5, and 10 mg/mL) were studied. As shown in Fig.
6.2A, after diluting to prepare 2.5 and 5 mg/mL shellac dispersion, a homoddigize

brown dispersion with no sediment was observed. In contrast, significant particle
aggregations leading to dark and sticky sedimentations at the bottom of the vial occurred at
a shellac concentration of 7.5 and 10 mg/mihe hydrodynamic size and zgtatentialwere

measured and shown in F§2B. The mean particle size increased with increasing shella

174



concentration, which changed from nano to micron size range (> 1 um in diameter), which
corresponded to particle aggregation as shown irbE2§. At 2.5 and 5ng/mL, the particles

were narrowly dispersed and within the size range of 130 and 250 nm. However, at 7.5 and
10 mg, microrsize particles were observed with a significant scattering. Smaller
nanoparticles are desirable since they can readily adsomba@ttater interface due to high

diffusivity compared to larger particlél/er et al, 2015).

On the other hand, the zeta potential changed ff8dnto -16 mV when the shellac
concentration was increased, which is most likely caused by particle agglomeration that
shielded the surface charges. FBC shows the zetpotential trend of s#llac dispersion

(5 mg/ml in 5% denatured alcohol) from pH 2 toA.basic pH(abovepKa), shellac was

fully solubilized in solution, as indicated by the margoiour and clear dispersion (Fi§3).

As the pH approached the acidic condition, zb&apotential became less negative due to
the presence of Hons. The influence of pH on the zgiatential became more significant
when the pH transitioned from 4 to 2. The protonation of the carboxylic groups of the aleuritic
and terpenic acids on trehellac resulted in the zepatential approaching the isoelectric
point (pl) of 3, which destabilized the shellac systen$ p a s etjale 2020) resulting in

the precipitabn and sedimentation of shellac particles. Likewise, the sedimentation was also
observed at pH 2. In Fi§.2D, the sizadistribution of the ShCNCCa complex between the
pH of 2 to 9 correlated with the resutiepictedin Fig. 6.2C. At basic pH(abovepKa),

shellac was more dispersible, as indicated by the reduction in the particle size and the ligh
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purple colar of the dispersion (Fig.4). As the pH approached the acidic condition, the size

of the ShCNCCa increased, reaching a maximum at pH 3, whicklated with theol of the
shellac dispersion shown in Fi§.2C. Shellac, being most unstable at this pH condition,
would lead to the largest size of the complex, causing an increase in overall particle size.
Despite this, there is no completestabilzation of the complex due to deprotonat@H

groups from the CNC.
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Fig. 6.2 A) Shellac dispersion in 5% DA at different concentrations (2.5, 5, 7.5, and 10
mg/mL), B) size and zefpotential of 4 concentrations of shellac dispersion in 5% DA, C)
zetapotential of shellac dispersion (5 mg/mL) at various pH9J2 and D) diameter of

ShCNCCa at various [#{(2-9).
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Fig. 6.3 Photographs of Shellac solutions at different pBl)(2

ShCNCCa

Fig. 64 Photographs of ShCNCCa complex at different pt9)2

The schematic for theormation ofthe ShCNCCa complex is shown in Fi§.5 and the

gualitativeverification of functional groupsetween CNC, shellac, CaGlas obtained by

FT-IR, as presented in Fi§.6.
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Fig. 6.5Schematic of théormation of ShCNCCa complex.

FTIR wasconductedo evaluate and confirm the interaction of CNC with Shellac and-CaCl
Fig. 6.6shows the FTIR spectra of Shellac, ShCNC and ShCNCCa. Key peaks préisent in
Shellac are broaeDH stretching vibration band, terpenids carbonyl stretching vibration
band and @ stretching band at 3427 1738 cm! and 1265 cm, respectively. Upothe
addition of CNC, therevas no significant peak intensity observed for the bre@d
stretching vibration band, signifyintge hydrogerbonding interaction between shellac and
the CNC. According to ShCNCCa peak, thevas no peakfor the carbonyl stretching
vibration band, possiblyndication the bonding interactiotetweenCa* and C=0 since

shellacwould interacwith C&*.
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Fig. 6.6 FT-IR data of CNC, Shellac, ShCNC, and ShCNCCa.

The antisolvent precipitation method was used to confirm that the size of the nanoparticles
increased withthe mixing time ofthe solvent and antsolvent solution. Furthermore, it was

also used to analyze the interactions between shellac and water or oil in the formation of the
nanoparticles. Fig6.7A depicts a 3D model of the arstolvent process that describes the
different stages of nanoparticle growth: supersaturation, nucleation, particle growth by
condensation and coagulation. After adding the solvent to thes@wént, the mixture's
solvent pwer was reduced, leading to supersaturation. When the mixture exceeds the critical
supersaturation concentration, nucleation occurs, inducing the shellac nanoparticles to
precipitate. As the concentration of pure solute decreases, the mixture passitscdhe c
supersaturation concentration where nucleation ceases, and the number of nuclei remains

constant. The remaining nuclei continue to grow through condensation and coagulation
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Particle growth through condensation will occur as single molecules@ed salthe particle
surface. Condensation will cease when the concentration of the free solute is reduced below
the equilibrium saturation concentration. Particle growth through coagulation occurs when
the solute concentration is lower than the equilibrgaturation concentration and when the

attractive interactions exceed the repulsive interactions (Joye & McClements, 2013).

The size distribution of shellac nanoparticles using thesahient precipitation method was
analyzed using a dynamic light seaihg instrument (DLS). Fig$.7B and6.7C show a
positive correlation between the mixing time of the -gantvent (water) and particle size.
When the samples were mixed for an extended period, the size and scattering intensities
increased due to the foation of larger particles. At lower mixing times, the rapid attainment

of the homogenous supersaturation resulted in the rapid nucleation of the pditicteless

time was needed for the particle growth by condensation and coagulation. This relationship
is shown in Fig6.7C, where there is an overall increase in the particle size as a function of
mixing time. At mixing times of between 1 to 5 minutes, nucleation with low particle growth
by condensation was dominant, and when it was increased to bé&weéf minutes, more
particle growth occurred via condensation, resulting in the dramatic increase in the particle
size. However, when the mixing time exceeded 10 minutes, the particle size plateaued and
condensation ceased, as the concentration of &le¢eswas now below the equilibrium
saturation concentration. Furthermore, coagulation was reduced with continuous stirring as

aggregated particles could be dissociated through mechanical mixing (Joye & McCJements

180



2013). Fig.6.7D shows the 3D image oféhmicrocapsules, and Fi§.7E shows the cross
sectional intensity of a microcapsule acquired with the confocal laser scanning microscope.
The intensity profiles provide insights into the interactions between the shellac dispersion
andoil (anti-solvent).The low intensity in the middle of the microcapsule indicated that the
shellac had precipitated and migrated to thewailer interface. The high intensity of shellac
measured at the microcapsule outer shell suggested that tremlaatit effect drove the

shellac to the oilvater interface to form a shell.
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Fig.6.7A) Proposed 3D model of the growth of particle size duringsoitient precipitation
process, B) Intensity size distribution of shellac nanoparticles in water versus particle
diameter. The dierent colars represent the measurements at different mixing times, C)
Particle size change of shellac nanoparticles in water as a function of mixing timeaadd D

E) 3D images of W/O emulsion and the corresponding fluorescence intensity profiles of

shellac (green) and oil (pink).
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In order to evaluate the pH effect on the probiotics, we conducted terngkblled studies

on the yeast by monitoring the g@lease as a function of time (F&8A). At pH 2, the
amounts of CQreleased wre0.6 ml, indi@ting that the yeast cells had lysed. At pH of 5,
7.5, the CQrelease was fairly similar. However, apH of 8, the CQrelease was lower,

and it reduced further at pH 9.3. Thus, we concluded that the condition for the viability of
the yeast was between the pH of 5 to (RBethu Narayanan & Ch, 2012)jeast viability

was lower inanextremdy acidic and basic environment. Additionally, the yeast was dyed
with methylene blue to allow us to check its viability under therasicope and compare it
with CO; release tests. Cafhvas added to the yeast dispersion to improve its stability, and
Ca" ions are known to promote yeast growth (€ual, 2009), and they did not inhibit the
viability of yeast as shown in Fig6.8B. Thus, the CQtest was conducted to examine the
impact of the encapsulation strategy on the viability of yeast dellmlek-Mirek and
ZadragTecza(2014) stated that living cells enzymatically reduce the dye by pumping the
methylene blue out of the cell. Hee live yeast cells do not stain (F&8C), while dead

cells are stained blue (KwoléMirek & ZadragTecza, 2014). Therefore, the live and dead
yeast could be clearly distinguished under different pH conditions. Moreover, dead cells that

are stained wit methylene blue emit red fluorescence under a fluorescence microscope.

From the magnified image of Fi§.8C, many dead yeast cells were evident when they were
incubated at pH of 2. However, once ShCNCCa was added to the yeast, partial coverage

on yeast occurred (Fig.8D) as indicated by the gredhuorescent shellac anad
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fluorescent methylene blualyed shellac coated yeast from the fluorescence images.
Identification oft he shell ac i n the emulsion d+opl ets
fluorescence characteristiqBellan et al, 2012) Fig. 64E shows the zefpotential
distribution of yeast in the presence of 0 and 0.8wt% £aGIpH 2 and 3, the dispersed
yeast in 0 and 0.8wt% Calossessed a positive zgtatential. As the pH incesed, the
zetapotential of both yeast dispersions became negative, rea@8133 mV and16.37 mV

at pH 9 for the 0 and 0.8wt% CaQlespectively. In the presence of divalent cationspthe
remained relatively unchanged, which is consistent withititenigs of Narongand James

where they reported @ of pH 3.6 in the presence and absence of monovalent sodium ions
(Narong & James, 2006). The same behavad yeast in C& solutions suggested that the
addition of these ions compressed the electrical double layer of the yeast paiticles.
comparing the C@release tests (Fig.8F) of the control, ShCNC and ShCNCCa at pH 2,
approximately 5 times more G@as released due the coating of ShCNCCa on the yeast
cells that preserved the yeasts in unfaable pH conditions. The partial coverage of yeast
was possible because of; (1) CNC acting as a reinforcement in the polymer matrix (Obradovic
et al, 2017) and C4 as a brilging ion (Luoet al, 2016) to crossink the carboxyl groups

of shellac (2) zetpotential of yeast at pH 2 was positive awdisbelow thepl (pH 3.1)of

the yeast cell wall protein (Narong & James, 2006); hence it could interact with the negative

chages via electrostatic interaction to form the shellac complex (Rogatsita2018).
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Fig.6.8A) Control CQ release of yeast in varying pHs B) £&@lease by yeast at pH 5 with

Zeta-potential (mV)
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and without CaCl C) Optical and fluorescence microscopy of yeast dyed with methylene
blue to determine the viability at pH 2 (Scale bar:n®8), D) Optical and fluorescence
microscopy ofthe partial coverage of yeast by ShCNC@ged in methylene blue) to
determine the iability at pH 2 (Scale bar: 58m), E) Zetapotential of yeast and yeast with

0.8% Cad at various pH (D), and F)CO; release of yeast at various conditions at pH 2.
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The morphologies of the Pickering emulsions at pH 2 Abdvere observed by optical,
confocal microscopy, TEM, ariESEM. In the initial stage, various Pickering emulsions were
prepared with shellac, ShCa, ShCNC and ShCNCCa to compare their emulsifying properties.
As shown in Fig6.9A, whenthe only shellac was used, the emulsion dropVetse larger

and were irregular in shapes due to agglomeration and coalescence, and the yeast loading
was low. When CaGlwas added to the shellac, a drastic reduction in the droplet size was
observed. However, as shown in Fig9B, the droplets were irredar in shape due to the
unstable oHwater interface. Pickering emulsions produced using ShCNC yielded spherical
emulsion droplets (Figs.9C). However, coalescence occurred after a short time which is
possibly due to the porous nature of the ShCNC shie#. shellac and CNC complexation

were facilitated by the hydrogen bonding between the carboxyl and hydroxyl groups present
on shellac and CNC (Obradowt al, 2017). However, the nanocomplex formed did not
yield a strong, stable continuous netwaak shown in the TEM micrograph (Fi§.9D).
However, when Caglwas incorporated in the emulsion prepared with ShCNC, uniform
spherical particles were observed with a significant increase in the encapsulated yeasts (Fig.
6.9E). This demonstrated that calm ions play a major role in the formation of a strong
crosslinking and stable network between shellac and CNC @#:). Moreover, the CNC

was intercalated with the shellac and calcium ions at thevatker interface forming an

Al mper me ab | esulting i staleaandespherical microcapsuléiis resulted in

the improved retention of yeast cells shown by the average number of yeast particles

encapsulated per droplet. With only the shellac complex, the average nunyearsef
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