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The demand for nutritional and functional food is increasing due to the change of 

consumer’s consumption pattern. With growing awareness of health concerns, 

consumer not only seek for foods that are delicious, but also those that are highly 

nutritious and functional. However, multiple challenges are associated with active 

nutritious ingredients, including their low solubility, inappropriate physical state, low 

physicochemical stability, low biochemical stability, poor flavor profile, and poor 

handling characteristics.1 Microencapsulation can be a good technique to solve such 

problems, as it can provide capabilities to protect, control release, and modify the 

properties and texture of active ingredients.2,3  

Typically, a good microencapsulation system requires capabilities for economic 

production, compatibility with target food matrix, high protection toward destabilizing 

environments, high encapsulation efficiency, increased bioavailability, and delivers 

ingredients with desired mechanism in a controlled release manner.4 Furthermore, 

additional microencapsulation functions are needed in the food industry, e.g., retard 

chemical degradation, mask undesirable flavors, prevent flavor loss, provide 

antimicrobial activities, and modify food textures.5 In addition to delivering nutritious 



 

food cargos, consumers also seek for food that are made from ingredients with smaller 

environmental footprints. Specifically, sustainable methods and materials to form 

microcapsules are in high demand.6 However, current encapsulation methodology 

focuses on chemical ingredient modification, which is time-consuming with large 

environmental drawbacks and is difficult to scale up.7–10 Thus, we aim to investigate 

facile sustainable methods for the microencapsulation of unstable active ingredients to 

be used to solve food-related problems.  

Generally, active food ingredients that have been largely explored for 

encapsulation can be divided into two categories, hydrophobic and hydrophilic 

ingredients. Hydrophobic ingredients generally require encapsulation to prevent 

oxidation,11 avoid heat degradation,12 and improve bioavailability.13 Hydrophilic 

ingredients, such as natural colorants, vitamins and proteins are often pH-sensitive and 

unstable.14 To date, it is still challenging for researchers to develop suitable 

microencapsulation systems for specific components. Therefore, we provided a 

systematic investigation on microencapsulation methods featuring internal core 

structuring and surface shell modification, specifically, to encapsulate multiple model 

compounds for various applications in functional food and beverages. With our findings, 

microencapsulation is no longer an added-value technique, but a new solution to a broad 

array of food ingredient applications.
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CHAPTER 1 
INTRODUCTION 

Bioactive components and human health 

Multiple studies have proven the effect of active ingredients in modulating 

chronic diseases and improving health; this has then contributed to an increase in 

consumer demands for functional foods. Functional foods are foods that have been 

formulated with active ingredients that demonstrate health benefits beyond their basic 

nutrition value. Current functional food products span almost all food categories, 

including dairy products, beverages, fats and oils, and bakery products. However, 

development of functional food requires sophisticated technology, as many of the active 

components are limited by their inherent characteristics, such as incompatibility with 

the food and its physicochemical instability. In this respect, microencapsulation can be 

a versatile technology that addresses market needs and provide solution to the labile 

active ingredients. 
 

Microencapsulation Technique 

Microencapsulation is the process of entrapping one active ingredients (termed 

core) within another matrix (shell). Typically, microcapsules are generated through the 

creation of an emulsion between two immiscible fluids. Emulsion provide a kinetically 

stable system and are typically produced under high shear. By their nature, the bioactive 

ingredients can be loaded into the emulsion internal phase consisting of the core and 

protected by ingredients that are dispersed in the emulsion external phase. Numerous 

encapsulation techniques have been developed; however, these techniques generally are 
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limited to the nature of encapsulant (e.g. molecular weight, solubility, polarity, etc.) and 

the desired physicochemical properties in the microcapsules (solubility and stability, 

etc.). Microcapsules are fabricated using either physical, physicochemical, or chemical 

methods.15 Above all, physical methods generate microcapsules of low encapsulation 

efficiencies and chemical methods are time-consuming and requires the use of non-food 

grade solvents. As current consumer demand for foods that are clean-labelled, 

sustainable, and with smaller environmental footprints, physicochemical methods for 

microencapsulation became an attractive approach. Physicochemical and 

environmentally-friendly fabrication techniques can be achieved by two means, 

structuring the microcapsules internally or externally. Internal structuring refers to 

creating network within microcapsules, typically through addition of structurants during 

emulsification, upon trigger such as counter-ion, pH, or temperature changes. Examples 

of such includes formation of ionotropic gels, acid-induced gels, solid lipid particles, 

and oleogels. Additionally, surface modification can be achieved by engineering a 

coating at the emulsion droplet interface and forms a strong shell for bioactive 

component protection. By internally or externally structuring the emulsion phases, 

bioactive components can be retained at high levels and wider applications are extended. 
 

Formation of Internal Structures within Microcapsules 

Creating internal structures within microcapsules is an attractive idea to achieve 

compound protection and a tuned controlled release. Due to the added internal structures, 

mobility of the active components within microcapsules become lower, thus endowing 

high microcapsule encapsulation efficiency and protection toward destabilizing 
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environment.16 Internal structures can be achieved by adding polymerizable or network-

forming materials into liquid matrix which creates a gel. Depending on the nature of 

structurant, the network can be created within either hydrophobic or hydrophilic matrix, 

forming oleogels or hydrogels, respectively. Such structurants can be divided into two 

categories according to three acting mechanisms: crystal particle, self-assembly, and 

ion-induced system.17 The former two are largely observed for oleogel formation, and 

the latter two are mostly used for hydrogel. 

Oleogels are commonly fabricated in hydrophobic environment using temperature 

stimulation. Through the addition of small amount of structurants (e.g., fat crystals, 

cellulose nanocrystals, fibers and wax) above melting temperature followed by cooling, 

structurants can be self-assembled into three-dimensional networks through non-

covalent interactions including electrostatic and hydrogen-bonding. Such structurant-

assisted formation of networks endows the liquid formulation with processability, 

spreadability and texture characteristics.18  

Similarly, hydrogels are formed through polymer incorporations but in aqueous 

settings, and networks can be induced by temperature, pressure, acids, ions, enzymes, 

ethanol and others.19 Such inductions are not limited to non-covalent forces but also 

covalent forces such as disulfide bond. Natural polymers, such as proteins, 

polysaccharides, and hybrid of both, can assist in hydrogel formation.  

Addition of active ingredients in gel, may also alter the structure and change their 

delivery functions. Extensive researches have been done on oleogel and hydrogel, due 

to its appealing capabilities to retain large fraction of hydrophobes and water, 

respectively, for various applications.20,21 
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Formation of External Shell Around Microcapsules 

Stabilization of active compounds can also be achieved through coating of the 

emulsion droplets. Conventional methods involve coating of oppositely charged 

polyelectrolytes onto spherical scaffold through electrostatic interaction in a layer-by-

layer (LBL) fashion using polymeric surfactants, or by physical coating through spray-

drying. The coating composition can be easily modified using combination of polymer 

species, allowing a wide range of particle properties to be modulated. However, current 

methods focus on non-covalent coating by electrostatic deposition and physical 

interactions. As a result, the coating shell is loosely-packed and the encapsulated 

materials are susceptible to external stresses. Therefore, a facile way of creating strong 

microcapsule coatings should be developed. Recent advances on ultrasonication has 

allowed the formation of a strong covalent cross-linked shell of polymers at the 

emulsion droplet interface, conferring high protection for the encapsulated active 

compound. Ultrasonication is the application of high intensity sonic waves of 

frequencies at 20 kHz or more in order to produce agitation and is particularly useful 

for the formation of microcapsules.22 The agitation produces cavities of gas or liquid 

within the system that are capable of implosion. The release of energy from cavitation 

induces water to generate free radicals, which can assist in the covalent chemical 

bonding of capsule materials.23 Specifically, upon ultrasonication-assisted mixing of 

two separate polymer containing amine and carboxyl group, amide linkage can be 

formed easily. This ultrasonication techniques can be applied to encapsulate a variety 

of active ingredients that need to endure harsh environments such as high heat or 
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prolonged pH treatments. 

 

Using Oleogelation to Encapsulate Hydrophobic Materials 

Multiple studies have suggested the oleogelation technique for encapsulation of 

hydrophobic active ingredients.21 Structuring oil phase leads to higher loading, 

physicochemical stabilities and bioaccessibility of bioactives.24–26 However, the nature 

of oleogels are often limited to food products with high oil contents. To overcome the 

incompatibility of oleogel in water-based formulation, oleogel can be engineered into 

suspended emulsion particles using conventional emulsification-based methods with 

preheated oleogel mixture in liquid state. Such oleogel emulsion holds promise for 

delivery systems consisting of higher water-dispersibility and oral bioavailability. 

Oleogel can also act as a good system to retard oil oxidation, because the destabilizing 

factors (transition metals and oxygen) are less likely to reach the oil immobilized in the 

structured phase. Moreover, formulations of oleogels using different structurants can 

result in diverse mechanical strength profiles. The resulting mechanical behaviors can 

become an asset for food texture modification purpose. 

 

Using Oleogelation to Encapsulate Hydrophilic Materials 

Due to rising consumer demands for hydrophilic nutraceuticals, research focused 

on finding ways to stabilize hydrophilic bioactive components. Natural hydrophilic 

active components, such as anthocyanins, vitamins, and minerals are highly unstable 

upon exposure to pH, radiations and heat. Conventionally, the encapsulation of 
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hydrophilic compounds involves creating a layer of immiscible matrix around 

encapsulates; where hydrophobic components often makes a good external layer. 

Multiple double emulsion, or W/O/W emulsion delivery systems, have then emerged 

for such needs. However, there are a few drawbacks for the above-mentioned systems, 

including limited surfactant selections, low loading efficiency of cargos and 

sophisticated processing procedures which are not economically feasible. Furthermore, 

double emulsions are not sufficiently stable due to the lack of support within emulsion 

phases and would results in phase inversion easily. To improve loading efficiency and 

stability, researchers have incorporated hydrophilic materials into structured gel matrix. 

For example, hydrophilic materials that are fabricated into hydrogel particles, or a W/O 

bigel (hydrogel-in-oleogel) system which presents high viscoelasticity and good 

physical stability.27  
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CHAPTER 2 

 

COMBINATION OF INTERNAL STRUCTURING AND EXTERNAL COATING 

IN AN OLEOGEL-BASED DELIVERY SYSTEM FOR FISH OIL 

STABILIZATION 

Abstract 

In this study, we created oleogel-based formulations featuring varying degrees of 

beeswax for internal structure and whey protein isolate (WPI) as external coating to 

improve the oxidative stability of fish oil. Oleogel was characterized by rheological 

analysis to access gelation behavior, and morphology was visualized using electron 

microscopy. It was found that the WPI-coated oleogel displayed strong physical 

stability during storage. The oxidative assay demonstrated that WPI-coated oleogel had 

the best protection against fish oil oxidation under both thermal treatment and 

ultraviolet-C radiation. The oxidation of fish oil was inhibited by 2–3 fold, compared to 

its unencapsulated form. This stability was attributed to the modulation of beeswax and 

WPI on the micropolarity and microviscosity of the formulation, as evidenced by pyrene 

fluorescence measurement. Our approach combining internal structuring and external 

coating may contribute to the development of oleogel system for efficient delivery of 

lipophilic bioactive components. 

 
 

 

 

Lee, M. C., Tan, C., & Abbaspourrad, A. (2019). Combination of internal structuring 

and external coating in an oleogel-based delivery system for fish oil stabilization. Food 

Chemistry, 277, 213–221. https://doi.org/10.1016/j.foodchem.2018.10.112 
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Graphical Abstract 

 

Figure 2.1. Graphical abstract for chapter 2. 

 

Introduction 

Fish oil is a rich source of omega-3 long chain polyunsaturated fatty acids 

(LCPUFAs), the consumption of which is linked to decreased risk of 

neurodevelopmental deficits and cardiovascular disease.1–3 Increasing omega-3 

LCPUFA intake through diet is the most accessible means for reducing the risk of these 

illnesses. However, the intake of these fatty acids worldwide is currently well below 

recommended levels. As a result, the food industry has taken action to increase ω3 
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LCPUFA intake through dietary supplementation and food fortification.4 Additionally, 

LCPUFA in fish oil can be easily oxidized by activated oxygen species and pro-oxidants 

in the food matrix, results in loss of functionality and rancid odors, making its 

incorporation into foods challenging.5–7  

Enhancement of fish oil stability has been previously demonstrated through 

encapsulation in appropriate delivery systems, such as emulsion and nanoparticles.8,9 

Encapsulation can assist in delaying fish oil oxidation, as well as physically entrapping 

off-flavored oxidative products.10 Emulsion-based methods for encapsulation are the 

most widely used in the food industry. This method enables the modulation of the 

physicochemical properties of emulsion particles, such as the internal structure or 

surface charges. Modification of the internal structure can be achieved through the 

addition of structurants into the dispersed phase to increase the solidity within each 

particle. The particle surface charge can be modified through electrostatic coating, 

which involves the bonding of positively or negatively charged polyelectrolytes onto 

the oppositely charged particle surface.11 However, current methods for monolayer-

coating and internal-structuring of emulsions are insufficient to provide protection 

against pro-oxidant penetration.12,13 Either encapsulation technique alone, however, 

often resulted in low encapsulation efficiency and oxidative instability, due to the 

leaching of oil onto particle surface during processing.14 Currently, studies on the effect 

of both the infrastructure and external coating on the stability of fish oil have been rarely 

explored.  

We hypothesized that a combination of internal structuring and surface coating 

could retard oil oxidation more efficiently than applying either encapsulation technique 
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alone. Internal structuring of delivery systems is achieved through addition of beeswax 

into liquid oil to form oleogels. The combination of liquid oil and beeswax in the oleogel 

can form a semi-solid matrix that retains the encapsulated bioactive compounds 

effectively during storage and inhibit oxidation caused by external pro-oxidant elements, 

thus making it an ideal carrier for hydrophobic materials.15,16 To further stabilize the 

oleogel and improve its water dispersion, we also modified the surface of the oleogel 

by adding external protective coatings such as phospholipid layer and whey protein 

isolate (WPI) layer. The dense WPI layer can function as a physical barrier against the 

penetration of destabilizing agents, such as pro-oxidants and transition metals, and 

enable powder formation during spray-drying.17 The sunflower phospholipids could 

also provide protection to oleogels due to their antioxidant properties.18 In this study, 

we evaluated the physical and chemical characteristics of the formulated fish oil 

nanoparticle delivery systems. We believe the combination of both encapsulation 

techniques holds great promise for application in preventing the oxidation of fish oil. 

 

Materials and Methods 

Materials 

Menhaden fish oil (triglyceride oil), trichloroacetic acid (≥ 99.0%), 2-

thiobarbituric acid (≥ 98.0%), 1,1,3,3-tetraethoxypropane (≥ 96.0%), 1-butanol (≥ 

99.4%) and sodium hydroxide (≥ 98.0%) were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). Hexanes (≥ 98.5%) was obtained from Fisher Scientific (Pittsburgh, PA, 

USA). Hydrochloric acid (36.5–38%) was obtained from VWR International (Radnor, 

PA, USA). Sunflower phospholipid (Sunlipon® 90) was obtained from Perimondo, 
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LLC (NY, USA). Beeswax and WPI were kindly donated by Strahl & Pitsch, Inc. (West 

Babylon, NY, USA) and Davisco Food International Inc. (Le Sueur, MN, USA), 

respectively. All reagents were used as received. 

 

Preparation of Phospholipid-Stabilized and WPI-Coated Fish Oil 

To fabricate the phospholipid-stabilized fish oil (P-FO) emulsion, first 2 wt% 

phospholipids were dissolved in distilled water under gentle stirring overnight. Fish oil 

was then added to this phospholipid dispersion at a ratio of 1:50 (v/v), followed by high-

shear homogenization at 17,500 rpm for 3 min (Model VWR200, Radnor, PA, USA). 

To form the WPI-coated fish oil (WPI-P-FO), previously formed P-FO was mixed with 

2 wt% WPI solution at a ratio of 1:1 (v/v). The WPI solution was made in distilled water 

and was pre-adjusted to pH 3.5 to form positively charged proteins, which could be 

directly deposited onto the negatively charged P-FO surface through electrostatic 

interactions. 

 

Preparation of Phospholipid-Stabilized and WPI-Coated Fish Oil Oleogel 

The oleogel mixture, which consisted of 95 wt% fish oil and 5 wt% beeswax 

(structurant), was heated to 70 °C for 3 min with constant stirring. After mixing, a 2 

wt% phospholipid dispersion pre-heated at 70 °C was added until the ratio of the oleogel 

mixture to dispersion reached 1:50 (v/v). This mixture was further homogenized at 

17,500 rpm for 3 min at 70 °C. Immediately after homogenization, the solution was 

placed in an ice bath to cool down to 4 °C to produce the phospholipid-stabilized fish 

oil oleogel (P-FOG). To form WPI-coated oleogels (WPI-P-FOG), previously formed 
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P-FOG was mixed with 2 wt% WPI solution at a ratio of 1:1 (v/v). The WPI solution 

used was pre-adjusted to pH 3.5 to form positively charged proteins, which could be 

directly deposited onto the negatively charged P-FOG surface through electrostatic 

interactions. 

 

Rheological Measurements of Bulk Oleogel 

The bulk oleogel were prepared by melting different concentrations of beeswax 

at 1 wt% and 5 wt% into fish oil at 70 °C, followed by cooling to 4 °C in an ice bath. 

The rheological measurements of the bulk oleogel were carried out through dynamic 

measurements on an AR 1000 Rheometer (TA instruments, New Castle, DE, USA), 

using a 60-mm plate geometry and a gap of 500 μm. The linear viscoelastic region was 

determined by a stress sweep at a frequency of 1 Hz from 0.03 to 10 Pa. Both G’ and 

G” moduli were obtained through frequency sweeps from 0.1–10 rad/s using a fixed 

stress value of 0.5 Pa. 

 

Electron Microscopy 

The morphologies of the P-FO, P-FOG, WPI-P-FO and WPI-P-FOG particle 

suspensions were inspected with a transmission electron microscope (TEM, FEI T12, 

Hillsboro, OR, USA). For TEM, the samples were stained with 1.5 wt% uranium acetate 

and inspected at 120 kV accelerating voltage, using a LaB6 filament, SIS Megaview III 

CCD camera, and a STEM dark field and bright field detector. 

For scanning electron microscopy (SEM) imaging, WPI-P-FO and WPI-P-FOG 

powders were used. The WPI-P-FO and WPI-P-FOG emulsions were spray-dried in a 
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FT30MkIII-G Spray Dryer (Armfield Ltd., Hampshire, England), equipped with an 

atomizer nozzle. The product feed temperature was kept at 4 °C, and inlet and outlet 

temperatures were 160 °C and 50–55 °C, respectively. The WPI-P-FO and WPI-P-FOG 

powders were inspected under a field emission SEM (LEO 1550 FESEM, Carl Zeiss, 

New York, USA). SEM images were taken with electron high tension at 18 kV, with a 

5-mm working distance and an aperture size of 30 μm. All samples were sputter-coated 

with gold before analysis. 

 

Fish Oil Encapsulation and Loading Efficiencies 

The encapsulation efficiency (EE, %) of the P-FO, P-FOG, WPI-P-FO, and WPI-

P-FOG particle suspension was determined by extracting any unencapsulated fish oil 

using hexanes.19 Briefly, this method involved mixing 5 mL of each emulsion with 2.5 

mL of hexanes by vortexing the material for 1 min. Next, the mixtures were centrifuged 

at 959 × g for 3 min, and the top layer was transferred to new clean conical tubes. The 

extraction process was repeated twice, and the upper layers were combined, resulting in 

approximately 5 mL of extract for each sample. The amount of fish oil in this organic 

phase was quantified by ultraviolet-visible (UV-Vis) spectrophotometry (UV-2600, 

Shimadzu Scientific Instrument, Marlborough, MA, USA) at 320 nm. A standard curve 

of fish oil in hexane was obtained and used to convert absorbance to concentration 

(g/mL). The EE of the fish oil was calculated according to Eq. 1: 

 

EE (%) = !"#$%	$'"()#	"*	*+,-	"+%./0#1$2#34	*+,-	"+%
!"#$%	$'"()#	"*	*+,-	"+%

× 100         (1) 
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The loading efficiency (LE, %) of fish oil can also be calculated according to Eq. 2: 

 

LE (%) = !"#$%	$'"()#	"*	*+,-	"+%./0#1$2#34	*+,-	"+%
!"#$%	$'"()#	"*	415	,(6,#1$#3,

× 100  (2) 

 

Particle Size and ζ–potential Measurement 

The mean particle diameters and ζ-potential (net-electrical charge) of the P-FO, 

P-FOG, WPI-P-FO, and WPI-P-FOG samples were measured using a zetasizer (Nano-

ZS; Malvern Instruments, Worcester-shire, UK). This instrument measures the size and 

ζ-potential of the particles within a suspension. The particles suspension were diluted 

100 times with distilled water to prevent multiple scattering effects. 

 

Micropolarity and Microviscosity Measurements 

To assess the kinetics of pyrene diffusivity, we measured the micropolarity and 

microviscosity of the fish oil particles using a fluorescence pyrene probe, based on a 

technique described by Tan, Selig, Lee, & Abbaspourrad (2018). A fixed amount of 

pyrene (6 mM) was mixed with 2 mL of each fish oil delivery systems and incubated 

for 1 h with measurements taken at 5-min intervals under room temperature. Emission 

spectra (350–500 nm) of the samples were measured on a Spectro Fluorophotometer 

RF-600 (Shimadzu, Kyoto, Japan), using an excitation wavelength of 336 nm and 

excitation and emission slits of 5 nm and 2.5 nm, respectively. Micropolarity was 

determined by the ratio of the vibrational peak intensities (I1/I3) at 373 nm and 383 nm 

of pyrene in the emission spectra. Microviscosity was assessed by the ratio of peak the 
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intensities of the excimers (E) and monomers (M), which corresponded to vibrational 

peaks at 393 nm and 470 nm, respectively. 

 

Physical Stability 

To investigate the physical stability of the P-FO, P-FOG, WPI-P-FO, and WPI-

P-FOG emulsion particles, the particle suspensions were subjected to different pH 

conditions (3.5, 4.0, and 4.5, adjusted using NaOH or HCl solutions) or varying 

concentrations of sodium chloride (10, 50, and 100 mg/L) at pH 3.5. The lower pH range 

for storage studies was selected due to the isoelectric point of WPI, in which only pH 

lower than the isoelectric point will result in a positively charged WPI and could enable 

electrostatic deposition. The samples were stored in the absence of light at room 

temperature for 28 days and analyzed for particle size and ζ–potential every 7 days. 

 

Oxidative Stability 

For oxidative stability, P-FO, P-FOG, WPI-P-FO, and WPI-P-FOG were 

subjected to temperature and radiation. 50 wt% plain fish oil in water was used as a 

control. To assess the effect of temperature, all samples were subjected to thermal 

treatment at 40 °C in the absence of light for 10 days. When evaluating the effect of 

radiation, all samples were subjected to ultraviolet-C (UVC) light exposure for a period 

of 8 h, with measurements made every 2 h. UVC radiation is not biologically relevant 

due to ozone filtration. However, the effect of UVC in in vitro assays is analogous to 

the effect of UVB, but at a considerably faster rate.21 A UVC lamp (𝜆 = 254 nm, UVP 

UVLS-28 EL Series, Upland, CA, USA) with a measured fluence of 6.9 mW/cm2 was 
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used, with a set exposure distance of 2 cm.  

The TBARS assay was carried out according to (Lee et al., 2018), in which the 

formation of malondialdehyde, a secondary oxidation product, was monitored over the 

period in which the samples were subjected to UVC treatment. Briefly, the samples 

were added into an aqueous solution containing 15 wt% trichloroacetic acid, 0.375 wt% 

thiobarbituric acid, and 2 wt% HCl. This mixture was kept in a water bath at 85 °C for 

15 min. The reaction was stopped by transferring this mixture to an ice bath for 5 

minutes. After the mixture cooled down to 4 °C, 3 mL of butanol was added, vortexed 

for 1 min, and centrifuged at 5,000 g for 10 min at 25 °C. The supernatants were 

separated and analyzed by UV-Vis spectrophotometry at 532 nm against a standard 

curve prepared using 1,1,3,3-tetraethoxypropane. 

 

Statistical Analysis 

All experiments were carried out in triplicate and results were reported as mean 

± standard error. One-way ANOVA was used to assess differences between samples, 

with Tukey’s post-hoc test, with P = 0.05 (IBM SPSS version 24.0, Chicago, IL, USA). 

Paired t-tests (P = 0.05) were carried out to assess differences within groups over time. 

 

Results and Discussion 

Physicochemical Characterization of Fish Oil Oleogel 

To ensure oleogel formation with the addition of beeswax, we conducted 

rheological measurements on the bulk oleogel. Figure 2.2A shows that oleogel 

structures were formed with various concentrations of beeswax, with 5 wt% being the 
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most visually opaque. The rheological properties of the bulk oleogels were determined 

through the storage (G’) and loss (G”) moduli. In frequency sweep measurements 

(Figure 2.2B) the G’ modulus appeared to increase with higher wax concentration, and 

the bulk oleogel with 5 wt% beeswax gave the highest G’ value at ~1000 Pa. These 

results are in agreement with previous studies, which showed that increased wax 

concentration is associated with increased gel rheological properties.23 When comparing 

the G’ modulus between bulk oleogels made with 1 wt% and 5 wt% beeswax, G’ seemed 

to be more dependent on the frequency sweep at the 1 wt% concentration, indicating 

that this gel was more liquid-like. At 5 wt%, G’ was more independent of the frequency 

sweep, demonstrating the solid-like properties of the gel. In addition, G” was larger than 

G’ for the bulk oleogel with 1 wt% beeswax, which gives insight into its more liquid-

like structure as compared to 5 wt%, in which G’ was larger than G”. These results 

indicate that oleogels can be created using 5 wt% wax, which is sufficient to immobilize 

around 95 wt% of the hydrophobic oil materials. 

 

 
Figure 2.2. (A) Morphology of bulk oleogels with different concentrations of beeswax. 
(B) Dynamic storage (G’) and loss moduli (G”) responses of the bulk oleogel made with 
1 wt% and 5 wt% beeswax in a frequency sweep.  
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Morphology of the P-FO, P-FOG, WPI-P-FO, and WPI-P-FOG 

The structures of the P-FO, P-FOG, WPI-P-FO and WPI-P-FOG samples were 

inspected using TEM (Figure 2.3A-D). With TEM, one will be able to visualize the 

phospholipid coating around the P-FO and P-FOG samples (Figure 2.3 A and B). The 

particle sizes were less than 500 nm in diameter. 

P-FO and P-FOG were then coated with WPI via electrostatic deposition forming 

WPI-P-FO and WPI-P-FOG, respectively, which were further spray-dried for SEM 

imaging. We used WPI as a coating material for oleogel because of its high water  

solubility, antioxidant capacity, and effective emulsifier ability for oil-in-water 

emulsions.24,25 Furthermore, WPI can enable the formation of powders due to the 

increased solid contents added during the spray-drying process of the WPI-P-FO and 

WPI-P-FOG samples. Those without WPI cannot form a powder. The powder form of 

the encapsulates is typically desirable for extending the shelf-life. WPI-P-FO and WPI-

P-FOG morphologies under TEM are shown in Figure 2.3C and 2.3D, respectively. The 

WPI-P-FO particles are 200-250 nm in diameter and are irregularly-shaped, but a thick 

layer of WPI can be seen covering the materials. In contrast, the WPI-P-FOG samples 

are more spherical and approximately 400 nm in diameter, with a thin surface layer of 

WPI protein coverage visible around the particles (Figure 2.3D). The spherical shape is 

desirable due to the decreased surface area compared with irregular-shaped particles, 

which reduces surface contact during collision and increases the stability in water.26 

When comparing WPI-P-FO and WPI-P-FOG, we observed a thicker but loose layer of 

WPI on the P-FO surface as opposed to P-FOG, which supports the pyrene diffusivity 
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results described later (Figure 2.3H). In addition, increasing internal structure and 

coating with electrostatic deposition showed the possibility of fabricating particles 

without substantially increasing the particle sizes. 

SEM images (Figure 2.3E-F) shows that most of the WPI-P-FO particles 

ruptured during spray-drying, due to the insufficient internal support from the particles. 

However, the WPI-P-FOG sample appeared to be more spherical, suggesting that a rigid 

internal structure and a dense layer of WPI was achieved to maintain the spherical shape 

after spray-drying. Both surfaces of the WPI-P-FO and WPI-P-FOG spray-dried 

particles were mostly smooth, but with some degrees of porosity. According to 

Rosenberg & Young (1993), the roughness and irregularity of the particles are attributed 

to mechanical stress from water evaporation during the atomizing process of spray-

drying. The powdered form of WPI-P-FO and WPI-P-FOG in SEM images was shown 

to be larger than those in suspension in TEM images due to the possible merging or 

deposition of excess WPI onto the surface at high temperatures during spray-drying.  

Two important metrics for evaluating the success of encapsulation techniques 

are their encapsulation (EE) and loading efficiencies (LE). According to Table 2.1, the 

EE and LE of P-FO was the lowest among all the samples, indicating the least efficient 

fish oil encapsulation. In contrast, the EE and LE of fish oil in P-FOG and WPI-P-FOG 

were very high, demonstrating the beeswax in the oleogel system with improved internal 

structuring can lead to better fish oil encapsulation. The particle size, ζ-potential, and 

polydispersity index (PDI) of P-FO, P-FOG, WPI-P-FO, and WPI-P-FOG particle 

suspensions were shown in Table 2.1. Results show that P-FO had the largest particle 

size and lowest ζ-potential. Typically, a larger particle size and lower ζ-potential would 
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suggest emulsion instability, as coalescence and creaming effects are prone to occur.28 

By contrast, the internal structuring of fish oil increased the stability, as demonstrated 

by the smaller particle size and higher negative charges of P-FOG. As expected, further 

coating of the P-FO and P-FOG particles resulted in a larger particle size, and the surface 

charge inversion confirmed the successful deposition of WPI onto both P-FO and P-

FOG surface. The PDI values reflect the size distribution of the particles in the emulsion, 

where a smaller PDI value between 0-0.3 indicates a narrower range of sizes and can 

provide better emulsion stability.29 In our study, all samples showed a PDI value close 

to 0.3, suggesting fish oil particle suspensions are all relatively homogeneous. 

 

Table 2.1. Encapsulation efficiency (EE, %), loading efficiency (LE, %), particle size, 
size distribution and ζ-potential of the fish oil delivery systems. 

Samples EE (%) LE (%) Particle Size (nm)  PDI(nm) ζ-potential (mV) 

P-FO 87.79 ± 7.10a 44.49 ± 4.28a 267.83 ± 53.48a 0.44 ± 0.09a -4.72 ± 3.08a 

P-FOG 98.59 ± 1.06b 50.73 ± 0.84b 173.37 ± 47.58b 0.23 ± 0.13b -9.22 ± 0.98b 
WPI-P-FO 89.28 ± 1.53c 46.18 ± 1.02a 233.61± 23.70a 0.42 ± 0.02c 22.73 ± 1.44c 
WPI-P-FOG 93.43 ± 3.57b 49.08 ± 0.49b 200.20 ± 13.67c 0.41 ± 0.02d 14.93 ± 0.64d 

Results are expressed as mean ± standard error. Means followed by different letters in 
the same column are significantly different at P < 0.05, according to the Tukey’s test. 
 

Next, we used pyrene to monitor the influence of oleogel structure and WPI 

coating on the micropolarity and microviscosity of the delivery systems by measuring 

the I1/I3 and E/M ratios in the emission spectra, respectively (Figure 2.3G-H). A high 

I1/I3 value indicates the pyrene is in a high micropolar environment, and can be used as 

an indication of the extent of water and polar components that penetrate into the delivery 

system 30. This value can give us insight into the extent of transition metals, free radicals, 
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and pro-oxidants that can enter the delivery system and result in progressive oxidation. 

The WPI-coated delivery systems (WPI-P-FO and WPI-P-FOG) showed a higher I1/I3 

value than the uncoated materials (P-FO and P-FOG), indicating that pyrene remains in 

a higher polarity environment, which is at the WPI-phospholipid interface. Meanwhile, 

P-FO and P-FOG showed a lower I1/I3 value, suggesting pyrene was located in a more 

non-polar environment, such as the particle core at the phospholipid-oil or 

phospholipid-oleogel interface (Figure 2.3G). Typically, the addition of beeswax in P-

FOG would result in a lower micropolarity inside the core than P-FO, due to the nature 

of the wax’s higher hydrophobicity. However, P-FOG presented slightly higher I1/I3 

values to P-FO (P < 0.05), indicating that pyrene introduced remain at the P-FOG 

phospholipid-water interface without diffusing into the core.  

The E/M value obtained from fluorescence spectra reflects the degree of a 

molecule’s lateral mobility. A high E/M value indicates that the pyrene exhibits high 

mobility (in a low viscosity environment). In Figure 2.3H, the WPI-coated systems 

showed the highest E/M ratios, which is concordant with the I1/I3 results that pyrene 

resides at the WPI-phospholipid interface. However, the E/M ratio of WPI-P-FO was 

higher than WPI-P-FOG, suggesting pyrene might diffuse differently at the WPI-

phospholipid interface. The lack of particle internal structuring in WPI-P-FO compared 

to WPI-P-FOG caused the WPI to adhere to the particle surface differently by two 

mechanisms. First, fish oil particle without internal structuring lower the efficiency of 

WPI deposition, due to the steric hindrance and inability of P-FO to form solid spherical 

particle like P-FOG, as evidenced in Fig 2.3C-D. These factors cause WPI to be loosely 

packed on the WPI-P-FO surface while tightly packed on the WPI-P-FOG surface. 
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Second, fish oil oleogel is more hydrophobic than fish oil alone due to the addition of 

beeswax, which suggests that WPI, which contains inherent hydrophobic patches, 

would adhere onto the P-FOG surface not only through electrostatic deposition but also 

through more enhanced hydrophobic interactions. These results provide insight into 

how E/M ratios in WPI-P-FO need longer time to stabilize and still present higher value 

than WPI-P-FOG even if the pyrenes are both at the WPI-phospholipid interfaces.  

The E/M value of P-FOG was slightly higher than that of P-FO, once again 

suggesting that pyrene is located in the lower viscosity environment of the phospholipid-

water interface and was unable to diffuse into the oleogel core. Based on this 

information, we speculated that the addition of the external coating and internal 

structure within P-FOG further delayed external water penetration, which could in turn 

become an effective barrier to slow the oxidation of fish oil, as transition metals and 

hydrophilic pro-oxidants are less likely to diffuse into the nanostructured core.31 
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Figure 2.3. TEM images of (A) P-FO, (B) P-FOG, (C) WPI-P-FO, and (D) WPI-P-FOG 
and SEM images of spray-dried (E) WPI-P-FO and (F) WPI-P-FOG particles. The 
arrows indicate WPI layers on particles. Changes of the fluorescence peak intensity ratio 
of (G) micropolarity (expressed as the I1/I3 ratio) and (H) microviscosity (expressed as 
the E/M ratio) as a function of time in P-FO, P-FOG, WPI-P-FO, and WPI-P-FOG. Each 
point represents mean ± standard error. 
 

Stability Assessment 

- Physical Stability 

It is essential to investigate the stability of emulsions during a given storage period, 

since emulsions are thermodynamically unstable with a high tendency to coalesce and 

flocculate. Figure 2.4 and 2.5 show the particle size and ζ-potential measurements of 

the samples under different pHs and NaCl concentrations over 28 days of storage at 25 

ºC. It was observed that the change of particle size was similar between the four 

formulations over time (P > 0.05) at fixed pH. The particle size of P-FO did not change 
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significantly during a 28-day storage period at pH 3.5 (Figure 2.4A), but when stored at 

pH 4 and pH 4.5, it became significantly larger at day 21 (Figure 2.4B) and day 28 

(Figure 2.4C), respectively. The particle size of P-FOG increased at an earlier stage of 

the storage period under pH 3.5 and increased more gradually at pH 4. Additionally, the 

WPI-P-FO and WPI-P-FOG sizes significantly increased when the pH increased (P < 

0.05). This change is due to the proximity of pH 4.5 to the isoelectric point of WPI (pI 

= 5.1),32 resulting in a lower surface charge and causes the flocculation of WPI-P-FO 

and WPI-P-FOG. WPI-P-FO showed significant size change starting from day 7 at pH 

4.5 (P < 0.05), which this instability results from the low ζ-potential of WPI at pH 4.5 

but also the loosely packed surface WPI with the lack of internal structuring of fish oil 

particle. As a comparison, there was no significant increase in particle size for WPI-P-

FOG over the storage period within the same acidic conditions, confirming increased 

internal structure could prevent particles from coalescence and Oswald ripening.  

The ζ-potential of P-FO and P-FOG became more negatively charged over time 

at fixed pH (Figure 2.4D-F). A higher charge of ζ-potential would generally suggest 

higher stability, due to the ability of particles to repel each other in the emulsion system. 

The ζ-potential became negative when WPI-P-FO and WPI-P-FOG were stored for 21 

or more days at pH 4 and pH 4.5, which might result from the dissociation of WPI from 

the P-FO and P-FOG surfaces (Figure 2.4E-F). P-FOG and WPI-P-FOG were more 

physically stable than P-FO and WPI-P-FO, as no significant differences were observed 

in particle size over time. This observation suggests that the internal structure provided 

by the addition of the beeswax helped to prevent droplet dissociation over time. 

When P-FO, P-FOG, WPI-P-FO, and WPI-P-FOG were stored under different 
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NaCl concentrations (Figure 2.5), the stability trends were similar as at different pHs 

(Figure 2.4). From Figure 2.5, particle sizes of P-FO and WPI-P-FO were more affected 

by salt concentration due to the lack of internal structure, whereas WPI-P-FO and WPI-

P-FOG particle sizes were more dependent on the pH of the environment, due to the ζ-

potential of the WPI coating. 

Interestingly, when evaluating samples at higher concentrations of NaCl (50 

mg/mL, 100 mg/L), the ζ-potential remained unaffected (Figure 2.5D-F), which is in 

contrast to the previous report by Jayme, Dunstan, & Gee (1999), where ζ-potential was 

highly affected by electrostatic screening from NaCl. We speculate that the electrostatic 

screening provided by the sodium and chloride ions in our emulsion matrix was less 

pronounced. This observation suggests that ζ-potential was not the only factor 

contributing to the stability of the emulsion. It is possible that the effect of electrosteric 

stabilization is more dominant, and the structure provided by the oleogel in this system 

can protect particles from Ostwald ripening.33 
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Figure 2.4. Particle size measurements at (A) pH 3.5, (B) pH 4, and (C) pH 4.5, and ζ-
potential measurements at (D) pH 3.5, (E) pH 4, and (F) pH 4.5 of P-FO, P-FOG, WPI-
P-FO, and WPI-P-FOG over a 28-day storage period at 25 °C. Results are expressed as 
mean ± standard error. Stars (*) represent significant difference (P < 0.05) within (—) 
and between groups (---). 
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Figure 2.5. Particle size measurements at NaCl concentrations of (A) 10 mg/mL, (B) 
50 mg/mL, and (C) 100 mg/mL, and ζ-potential measurements at (D) 10 mg/mL, (E) 50 
mg/mL, and (F) 100 mg/mL of P-FO, P-FOG, WPI-P-FO, and WPI-P-FOG over a 28-
day storage period at pH 3.5 and temperature of 25 °C. Results are expressed as mean 
± standard error. Stars (*) represent significant difference (P < 0.05) within (—) and 
between groups (---). 
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- Oxidative Stability 

One of the major challenges of incorporating fish oil into food products is the 

high susceptibility of LCPUFA to oxidation. Fish oil is susceptible to multiple oxidation 

factors, such as heat, light, UV radiation, and the influx of transition metals.34 We 

examined the oxidative stability of P-FO, P-FOG, WPI-P-FO, and WPI-P-FOG to 

oxidation to evaluate their respective potential for use in stable liquid formulations for 

food applications. Fish oil in water at the same concentration with all other formulations 

was used as a control. Oxidation stability was determined in two destabilizing 

environmental conditions: (1) thermal storage at 40º C for 10 days; and (2) continuous 

exposure to UVC light for 8 h. Figure 2.6 shows the oxidation rate under these two 

accelerated conditions as represented by malondialdehyde (MDA) production, which 

was measured through the TBARS method.22 Primary oxidation products (peroxide 

value, PV) of the UV-irradiated samples were also evaluated through a PV method,35 

results are shown in Figure 2.7. 

The formulations showed similar oxidation trends for both the thermal stress and 

UVC treatments. In both, the fish oil in water control oxidized faster than the other 

formulations, and the oxidation rate followed the decreasing order of fish oil in water > 

P-FO > WPI-P-FO> P-FOG > WPI-P-FOG. These trends demonstrated that both the 

internal structuring and WPI coating, can significantly increase the oxidative stability 

of encapsulated fish oil (P < 0.05). The same trend was observed for the oleogel system, 

as P-FOG oxidized faster than WPI-P-FOG (P < 0.05). The phospholipids as an 

emulsifier also provided some degree of oxidative protection to the fish oil. Similar 

observations have been described in previous study, where increased coating around 
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designed vesicles has been demonstrated to provide more protection against oil 

oxidation induced by Fe3+ or oxygen.30 The PV (Figure 2.7) is concordant with the 

TBARS value. Typically, the PV increased and followed by a decrease as oxidation 

proceed, and higher PV would indicate that peroxide formation is faster than peroxide 

degradation. However, this oxidation behavior can vary between different systems. In 

our system, the PV constantly increased as the MDA production increased, which is 

primarily due to the harsh treatment of UVC light.36  

We believe the systems examined here could protect fish oil from oxidation 

through several mechanisms. First, the combination of fish oil and beeswax increases 

the internal structure of the delivery system to enhance the overall oxidative stability. 

This is supported by previous research demonstrating that increasing the internal 

structure of nanoparticles can retard oxidation.37 In addition, these oleogel structures 

could prevent oil diffusion out of the particles, increasing the integrity of the particles, 

and thus increasing the encapsulation efficiency of these minute delivery systems. The 

three-dimensional structure provided by the oleogel can also act as a physical barrier for 

transition metals, free radicals, and pro-oxidants, whereas the external layer of the WPI-

coating on the outside of the P-FOG acts as a secondary barrier, further enhancing the 

oxidative stability.38 Additionally, phospholipids have been shown to possess 

antioxidant abilities, and their use as an emulsifier could further assist in delaying fish 

oil degradation.18 Lastly, positively charged emulsion particles, such as WPI-P-FO and 

WPI-P-FOG, can better delay oil oxidation due to their ability to repel transition 

metals.11 Similar oxidation trends were also found for all formulations after thermal 

stress and UVC radiation treatments. However, the generation of MDA was more 
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pronounced under radiation exposure, with roughly ten-times more MDA detected. Our 

findings in this study suggest that UVC radiation could be a promising method for 

inducing oil oxidation. 

 
Figure 2.6. TBARS measurement of P-FO, P-FOG, WPI-P-FO, and WPI-P-FOG over 
storage conditions at (A) 40º C and (B) under UVC exposure. All data points are 
expressed as mean ± standard error. 
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Figure 2.7. Peroxide value of P-FO, P-FOG, WPI-P-FO, and WPI-P-FOG over 
storage conditions under UVC exposure for 8 h. All data points are expressed as mean 
± standard error. 
 

Conclusion 

We successfully fabricated a novel delivery system that delays the oxidation of 

fish oil by creating oleogel structure with WPI coating. The combination of internal 

structuring and external coating improved the physical and chemical stabilities of the 

encapsulated fish oil in storage experiments. Particularly, the external coating of WPI 

was shown to slow the oxidation of fish oil further compared to internal structuring 

alone. Future research should further explore the combination of both techniques and 

the selection of materials for the encapsulation of other food ingredients. As the WPI-
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P-FOG formulation can be easily translated to large-scale production, this nano-scale 

delivery system for fish oil encapsulation has valuable potential application in the food 

industry. 

 

Acknowledgments 

This work made use of the electron microscopy and soft matter/polymer analysis 

facilities of the Cornell Center for Materials Research (CCMR) with support from the 

National Science Foundation Materials Research Science and Engineering Centers 

(MRSEC) program [DMR 1719875].



 

36 

REFERENCES 
 

(1)  Adkins, Y.; Kelley, D. S. Mechanisms Underlying the Cardioprotective Effects 

of Omega-3 Polyunsaturated Fatty Acids. Journal of Nutritional Biochemistry. 

2010, pp 781–792. 

(2)  Siscovick, D. S.; Barringer, T. A.; Fretts, A. M.; Wu, J. H. Y.; Lichtenstein, A. 

H.; Costello, R. B.; Kris-Etherton, P. M.; Jacobson, T. A.; Engler, M. B.; Alger, 

H. M.; et al. Omega-3 Polyunsaturated Fatty Acid (Fish Oil) Supplementation 

and the Prevention of Clinical Cardiovascular Disease. Circulation 2017, 135 

(15), e867–e884. 

(3)  Colussi, G.; Catena, C.; Novello, M.; Bertin, N.; Sechi, L. A. Impact of Omega-

3 Polyunsaturated Fatty Acids on Vascular Function and Blood Pressure: 

Relevance for Cardiovascular Outcomes. Nutrition, Metabolism and 

Cardiovascular Diseases. 2017, pp 191–200. 

(4)  Stark, K. D.; Van Elswyk, M. E.; Higgins, M. R.; Weatherford, C. A.; Salem, N. 

Global Survey of the Omega-3 Fatty Acids, Docosahexaenoic Acid and 

Eicosapentaenoic Acid in the Blood Stream of Healthy Adults. Progress in Lipid 

Research. July 2016, pp 132–152. 

(5)  Huber, G. M.; Vasantha Rupasinghe, H. P.; Shahidi, F. Inhibition of Oxidation 

of Omega-3 Polyunsaturated Fatty Acids and Fish Oil by Quercetin Glycosides. 

Food Chem. 2009, 117 (2), 290–295. 

(6)  Keogh, M. K.; O’Kennedy, B. T.; Kelly, J.; Auty, M. A.; Kelly, P. M.; Fureby, 

A.; Haahr, A.-M. Stability to Oxidation of Spray-Dried Fish Oil Powder 

Microencapsulated Using Milk Ingredients. J. Food Sci. 2001, 66 (2), 217–224. 

(7)  Stansby, M. E. Flavors and Odors of Fish Oils. J. Am. Oil Chem. Soc. 1971, 48 

(12), 820–823. 

(8)  Komaiko, J.; Sastrosubroto, A.; McClements, D. J. Encapsulation of ω-3 Fatty 

Acids in Nanoemulsion-Based Delivery Systems Fabricated from Natural 

Emulsifiers: Sunflower Phospholipids. Food Chem. 2016, 203, 331–339. 

(9)  Soltani, S.; Madadlou, A. Gelation Characteristics of the Sugar Beet Pectin 



 

37 

Solution Charged with Fish Oil-Loaded Zein Nanoparticles. Food Hydrocoll. 

2015, 43, 664–669. 

(10)  McClements, D. J.; Decker, E. A.; Weiss, J. Emulsion-Based Delivery Systems 

for Lipophilic Bioactive Components. J. Food Sci. 2007, 72 (8), R109–R124. 

(11)  Guzey, D.; McClements, D. J. Formation, Stability and Properties of Multilayer 

Emulsions for Application in the Food Industry. Adv. Colloid Interface Sci. 2006, 

128–130, 227–248. 

(12)  Sivapratha, S.; Sarkar, P. Multiple Layers and Conjugate Materials for Food 

Emulsion Stabilization. Critical Reviews in Food Science and Nutrition. 2018, 

pp 877–892. 

(13)  Meng, Z.; Qi, K.; Guo, Y.; Wang, Y.; Liu, Y. Physical Properties, Microstructure, 

Intermolecular Forces, and Oxidation Stability of Soybean Oil Oleogels 

Structured by Different Cellulose Ethers. Eur. J. Lipid Sci. Technol. 2018, 120 

(6), 1700287. 

(14)  Tan, C.; Celli, B. G.; Lee, M.; Licker, J.; Abbaspourrad, A. Polyelectrolyte 

Complex Inclusive Biohybrid Microgels for Tailoring Delivery of Copigmented 

Anthocyanins. Biomacromolecules 2018, 19 (5), 1517–1527. 

(15)  Co, E. D.; Marangoni, A. G. Organogels: An Alternative Edible Oil-Structuring 

Method. JAOCS, Journal of the American Oil Chemists’ Society. 2012, pp 749–

780. 

(16)  Jain, S.; Patel, N.; Shah, M. K.; Khatri, P.; Vora, N. Recent Advances in Lipid-

Based Vesicles and Particulate Carriers for Topical and Transdermal Application. 

Journal of Pharmaceutical Sciences. February 2017, pp 423–445. 

(17)  Peña-Ramos, E. A.; Xiong, Y. L. Whey and Soy Protein Hydrolysates Inhibit 

Lipid Oxidation in Cooked Pork Patties. Meat Sci. 2003, 64 (3), 259–263. 

(18)  King, M. F.; Boyd, L. C.; Sheldon, B. W. Antioxidant Properties of Individual 

Phospholipids in a Salmon Oil Model System. J. Am. Oil Chem. Soc. 1992, 69 

(6), 545–551. 

(19)  Palchoudhury, S.; Lead, J. R. A Facile and Cost-Effective Method for Separation 

of Oil-Water Mixtures Using Polymer-Coated Iron Oxide Nanoparticles. Environ. 



 

38 

Sci. Technol. 2014, 48 (24), 14558–14563. 

(20)  Tan, C.; Selig, M. J.; Lee, M. C.; Abbaspourrad, A. Polyelectrolyte 

Microcapsules Built on CaCO3 Scaffolds for the Integration, Encapsulation, and 

Controlled Release of Copigmented Anthocyanins. Food Chem. 2018, 246, 305–

312. 

(21)  Pelle, E.; Maes, D.; Padulo, G. A.; Kim, E. K.; Smith, W. P. An in Vitro Model 

to Test Relative Antioxidant Potential: Ultraviolet-Induced Lipid Peroxidation in 

Liposomes. Arch. Biochem. Biophys. 1990, 283 (2), 234–240. 

(22)  Lee, M.; Jiang, X.; Brenna, J. T.; Abbaspourrad, A. Oleogel-Structured 

Composite for the Stabilization of Ω3 Fatty Acids in Fish Oil. Food Funct. 2018. 

(23)  Patel, A. R.; Schatteman, D.; De Vos, W. H.; Lesaffer, A.; Dewettinck, K. 

Preparation and Rheological Characterization of Shellac Oleogels and Oleogel-

Based Emulsions. J. Colloid Interface Sci. 2013, 411, 114–121. 

(24)  Osborn, H. T.; Akoh, C. C. Effect of Emulsifier Type, Droplet Size, and Oil 

Concentration on Lipid Oxidation in Structured Lipid-Based Oil-in-Water 

Emulsions. Food Chem. 2004, 84 (3), 451–456. 

(25)  Sun, C.; Gunasekaran, S.; Richards, M. P. Effect of Xanthan Gum on 

Physicochemical Properties of Whey Protein Isolate Stabilized Oil-in-Water 

Emulsions. Food Hydrocoll. 2007, 21 (4), 555–564. 

(26)  Mehnert, W.; Mäder, K. Solid Lipid Nanoparticles: Production, Characterization 

and Applications. Advanced Drug Delivery Reviews. April 25, 2012, pp 83–101. 

(27)  Rosenberg, M.; Young, S. L. Food Structure Whey Proteins as 

Microencapsulating Agents. Microencapsulation of Anhydrous Milkfat - 

Structure Evaluation WHEY PROTEINS AS MICROENCAPSULATING 

AGENTS. MICROENCAPSULATION OF ANHYDROUS MILKFAT-

STRUCTURE EVALUATION. Food Struct. 1993, 12 (12), 31–41. 

(28)  McClements, D. J.; Decker, E. A.; Weiss, J. Emulsion-Based Delivery Systems 

for Lipophilic Bioactive Components. J. Food Sci. 2007, 72 (8), R109–R124. 

(29)  Tan, C.; Xia, S.; Xue, J.; Xie, J.; Feng, B.; Zhang, X. Liposomes as Vehicles for 

Lutein: Preparation, Stability, Liposomal Membrane Dynamics, and Structure. J. 



 

39 

Agric. Food Chem. 2013, 61 (34), 8175–8184. 

(30)  Tan, C.; Zhang, Y.; Abbas, S.; Feng, B.; Zhang, X.; Xia, S.; Chang, D. Insights 

into Chitosan Multiple Functional Properties: The Role of Chitosan 

Conformation in the Behavior of Liposomal Membrane. Food Funct. 2015, 6 

(12), 3702–3711. 

(31)  Fathi, M.; Mozafari, M. R.; Mohebbi, M. Nanoencapsulation of Food Ingredients 

Using Lipid Based Delivery Systems. Trends in Food Science and Technology. 

2012, pp 13–27. 

(32)  Kinsella, J. E.; Whitehead, D. M. Proteins in Whey: Chemical, Physical, and 

Functional Properties. Adv. Food Nutr. Res. 1989, 33 (C), 343–438. 

(33)  Jayme, M. .; Dunstan, D. .; Gee, M. . Zeta Potentials of Gum Arabic Stabilised 

Oil in Water Emulsions. Food Hydrocoll. 1999, 13 (6), 459–465. 

(34)  Shahidi, F.; Zhong, Y. Lipid Oxidation and Improving the Oxidative Stability. 

Chem. Soc. Rev. 2010, 39 (11), 4067. 

(35)  Shantha, N. C.; Decker, E. A. Rapid, Sensitive, Iron-Based Spectrophotometric 

Methods for Determination of Peroxide Values of Food Lipids. J. AOAC Int. 

1994, 77 (2), 421–424. 

(36)  Chen, F.; Liang, L.; Zhang, Z.; Deng, Z.; Decker, E. A.; McClements, D. J. 

Inhibition of Lipid Oxidation in Nanoemulsions and Filled Microgels Fortified 

with Omega-3 Fatty Acids Using Casein as a Natural Antioxidant. Food 

Hydrocoll. 2017, 63, 240–248. 

(37)  Walker, R. M.; Gumus, C. E.; Decker, E. A.; McClements, D. J. Improvements 

in the Formation and Stability of Fish Oil-in-Water Nanoemulsions Using Carrier 

Oils: MCT, Thyme Oil, & Lemon Oil. J. Food Eng. 2017, 211, 60–68. 

(38)  Coupland, J. N.; Zhu, Z.; Wan, H.; McClements, D. J.; Nawar, W. W.; 

Chinachoti, P. Droplet Composition Affects the Rate of Oxidation of 

Emulsified Ethyl Linoleate. J. Am. Oil Chem. Soc. 1996, 73 (6), 795–801. 



40 

CHAPTER 3 

 

OLEOGEL-STRUCTURED COMPOSITE FOR THE STABILIZATION OF ω3 

FATTY ACIDS IN FISH OIL  

 
Abstract 

This study examined the encapsulation and stabilization of ɷ3 in fish oil into a multi-

compartment system consisting of β-cyclodextrins (β-CD) complexation within an 

oleogel structure, which was further coated with a layer of whey protein isolate (WPI). 

The formation of β-CD-fish oil complex was confirmed by thermogravimetric analysis 

and Fourier-transform infrared spectroscopy. Particle size and ζ-potential of the oleogel-

based oil-in-water emulsion did not change significantly over a 28-day storage period 

under different pH conditions (pH 3.5-7) and NaCl concentrations (50-500 mg/L). The 

WPI-coated oleogel and β-CD-fish oil complex were subjected to UVC light exposure 

and quantified by their eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) 

contents. Results indicated that more than 50 wt% of both EPA and DHA were retained 

after a 4-h UV exposure period in the WPI-coated system. In addition, sensory 

evaluation results showed a decreased fish oil odor in the WPI-coated oleogel samples. 

Overall, the results from this study demonstrated that this oleogel-structured composite 

incorporating β-CD-fish oil complexes can be formed successfully to retain lipophilic 

components with decreased undesirable fish oil odor. 
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Graphical Abstract 

 

 
Figure 3.1. The fish oil is encapsulated in a multi-compartment system featuring β-
cyclodextrin complexation within whey protein isolate (WPI) coated oleogel particles. 
 

Introduction 

Marine oils, including fish and algal oils, are consumed because of their high ω3 

long chain polyunsaturated fatty acid (LCPUFA) content. When ω3 LCPUFA intake is 

low and imbalanced, neurodevelopmental deficits and cardiovascular disease risk is 

greater;1–3 epidemiological studies are concordant.4 However, intake of ω3 LCPUFA 

worldwide is well below recommended levels in part due to the current dietary habits5 

and the shortened shelf life of LCPUFA-rich products.6  

The main forms of ω3 LCPUFA found in marine oils are eicosapentaenoic acid 

(EPA) and docosahexaenoic acid (DHA). However, the incorporation of ω3 LCPUFA 

into foods is challenging because these fatty acids are highly unsaturated and subject to 
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rapid attack by activated oxygen species via their bis allylic sites.7 The formation of 

oxidation products results in the loss of functionality in foods and secondary oxidation 

products yield undesirable odors making the product unappealing to consumers.8,9 

Encapsulation of fish oil in an appropriate delivery systems can retard oxidation, as well 

as masking the off-flavor formed through oxidation by physical entrapments.10 Several 

conventional delivery systems have been utilized to improve the stability of fish oil, in 

the form of nanoemulsions,11 nanoparticles,12 liposomes,13 and solid lipid 

nanoparticles.14,15 These delivery systems can also be engineered by changing the 

thickness and composition of the external coating and internal structure to enhance the 

stability of the encapsulated materials. Nevertheless, challenges remain for 

encapsulation techniques to protect highly oxidizable fish oil against destabilizing 

environments. First, current encapsulation methods have a low encapsulation efficiency, 

and residual fish oil on the surface of the particles can accelerate lipid oxidation.16 

Second, encapsulating materials themselves can induce fish oil oxidation; thus, suitable 

encapsulation materials, preferably natural materials with antioxidant capability, are 

highly sought after.11,17 Last, encapsulates containing a single shell layer offer limited 

protection against oil oxidation.18–20  

In this context, a combination of multiple surface coatings and the internal 

structuring of delivery systems could be important factors to retard oil oxidation more 

efficiently than applying either encapsulation techniques alone.21–23 Internal structuring 

of composites can be achieved using oleogels. Oleogels are delivery systems in which 

organogelators, such as waxes or solid structurants, are incorporated into liquid oils. 

This system offers a three-dimensional network that immobilizes the bioactive 
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compounds. Wax-based oleogels have been used as vehicles to create semi-solid fillings 

in soft capsules to stabilize lipophilic drugs that are susceptible to hydrolysis and 

oxidation.24 In addition, similar to nanostructured lipid carriers (NLC), oleogels can 

prevent potential expulsion of bioactive compounds during storage and influx of pro-

oxidative compounds into the microcapsules.25  

In this study, we demonstrate the development of a novel hybrid system for fish 

oil encapsulation that incorporates the β-cyclodextrin (β-CD) solid core into nano-scale 

oleogel. β-CD has been demonstrated to form an inclusion complex with hydrophobic 

materials to improve solubility and stability, which decreases fish oil odor.26 The 

insertion of β-CD complexes into the oleogel can reinforce the internal structure of the 

particles, and improve oil oxidation stability. Furthermore, the surface of the oleogel 

was modified by forming an additional whey protein isolate (WPI) layer. The dense 

layer of WPI can function as a physical barrier against the penetration of destabilizing 

agents such as pro-oxidant and transition metals and enable powder formation during 

spray drying. The physicochemical stability of the formulated system was then 

evaluated by measurements of thermogravimetry behavior, Fourier transform infrared 

spectroscopy, particle size, and ζ-potential. The amount of EPA and DHA remained 

after an accelerated storage study was also investigated. Last, the odor of the 

encapsulated fish oil formulation was evaluated in a sensory panel to assess the system’s 

effectiveness to mask the fish oil odor. 

 

Materials and Methods 

Materials 
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Tween® 60, heptadecanoic acid standard, and Menhaden fish oil (triglyceride oil) 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). According to the product 

information supplied, the fish oil is composed of 6-9% myristic acid (14:0), 15-20% 

palmitic acid (16:0), 9-14% palmitoleic acid (16:1), 3-4% stearic acid (18:0), 5-12% 

oleic acid (18:1), <3% linoleic acid (18:2), <3% linolenic acid (18:3), 2-4% 

octadecatetraenoic acid (18:4), <3% arachidonic acid (20:4), 10-15% eicosapentaenoic 

acid (20:5), and 8-15% docosahexaenoic acid (22:6). The total identified fatty acids 

consisted of 80% of the fish oil, whereas the remaining 20% of fish oil are other 

unidentified fatty acids. β-CD was obtained from Chem Center (La Jolla, CA, USA). 

Corn oil was purchased from a local market (Ithaca, NY, USA). Beeswax was kindly 

donated by Strahl & Pitsch, Inc. (West Babylon, NY, USA). WPI was kindly donated 

by Davisco Food International Inc. (Le Sueur, MN, USA). All other reagents were of 

analytical grade. 

 

Preparation of fish oil and β-CD complexes (β-CD-FO) 

The method for fish oil and β-CD complexation was derived from Choi et al. 

(2010), with some modifications. β-CD was dissolved in distilled water at a ratio of 

1:100 (w/w) at 25 °C, followed by homogenization at 17500 rpm for 3 min (Model 

VWR200, Radnor, PA, USA). After homogenization, fish oil was added into the β-CD 

solution drop by drop at a β-CD:fish oil molar ratio of 1:1. This solution was 

homogenized again at 17500 rpm for 3 min. The homogeneous fish oil β-CD solution 

was then placed on a mechanical shaker and agitated for 4 h. After shaking, the mixture 

was stored at -80 °C freezer for 24 h prior to freeze-drying (Labconco FreeZone 2.5L 
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system, Kansas City, MO, USA). The powdered mixture was stored at room temperature 

of 25 °C until characterization. 

 

Thermogravimetric analysis (TGA) and Fourier-transform infrared spectroscopy 

(FTIR) 

The TGA curves were obtained using a thermogravimetric analyzer (TGA Q500, 

TA Instruments, New Castle, DE, USA). The measurements were conducted under 

nitrogen gas at a flow rate of 60 mL/min. Approximately 8 mg of the sample was loaded 

onto the platinum pan and heated from 20 to 600 °C, at a rate of 10 °C/min. The 

thermogravimetric curve was plotted as the derivative of mass loss percent (%) over 

temperature (°C) vs. heating temperature (°C). The first derivative curve was plotted 

using the Universal Analysis 2000 software (Version 4.5A, TA instruments, New Castle, 

DE, USA). FTIR spectra of the samples were obtained using a FTIR spectrometer IR-

Affinity-1S (Shimadzu, Kyoto, Japan) equipped with a single-reflection attenuated total 

reflectance (ATR) apparatus. Samples were scanned from 4000 to 400 cm-1, using a 

resolution of 4 cm-1 and 64 scans28. 

 

Preparation of oleogel carrier containing fish oil β-CD complexes (OG-β-CD-FO) 

The oleogel mixture, which consisted of 65% (w/w) corn oil, 4% (w/w) beeswax, 

and 31% (w/w) Tween® 60, was heated to 70 °C with constant stirring. The preformed 

β-CD-FO powder was added to the oleogel mixture and stirred for 3 min to achieve a 

homogeneous dispersion. After dispersion, double distilled water at 70 °C was added 

until the mass ratio of OG-β-CD-FO mixture to water reached 1:4. This mixture was 
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further homogenized at 17500 rpm for 3 min at 70 °C. Immediately after 

homogenization, the solution was placed into an ice bath to cool down to reach 4 °C. 

 

Physical Characterization of OG-β-CD-FO 

To investigate the stability of the fish oil in OG-β-CD-FO under different 

conditions, the oleogel-based emulsions were subjected to different pH values (pH 3.5, 

4, 5, 6, 7, by adjustment with NaOH or HCl solutions) or varying concentrations of 

sodium chloride (50, 100, 500 mg/L). The samples were stored in the absence of light 

at room temperature for 28 days and analyzed for particle size and ζ–potential every 7 

days. 

 

Particle size measurement and ζ–potential measurement 

The mean particle diameter of the OG-β-CD-FO emulsion was measured using 

dynamic light scattering zetasizer (Nano-ZS; Malvern Instruments, Worcester-shire, 

UK). This instrument measures the size of the droplets within an emulsion using an 

angular scattering pattern. The emulsions were diluted 20 times to prevent multiple 

scattering effects. Each sample was measured every 7 days.  

The electrical charge (ζ-potential) of the emulsion droplets was measured using 

particle electrophoresis (Zetasizer Nano-ZS; Malvern Instruments, Worcester-shire, 

UK). Similar to particle size analysis, the emulsions were diluted 20 times to prevent 

multiple scattering effects. 

 

Nanoparticle structure analysis 
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Sample morphology were visualized using a field emission scanning electron 

microscope (SEM, LEO 1550 FESEM, Carl Zeiss, New York, USA) and a transmission 

electron microscope (TEM, FEI T12, Hillsboro, OR, USA). SEM images were taken 

with EHT at 18 keV, and an aperture size of 30 μm. For TEM, the samples were stained 

with 1.5 wt% uranium acetate and inspected at 120 kV, a LaB6 filament, SIS Megaview 

III CCD camera, and a STEM dark field and bright field detector. 

 

Spray drying of the WPI-coated oleogel (WPI-β-CD-FO) 

The oleogel-based emulsion prepared as described in section 2.3 was mixed with 

a 2% (w/w) WPI solution at a ratio of 1:1 (v/v). The WPI solution was used to coat the 

oleogel droplets and assist in the spray drying process. The mixtures were then spray 

dried in a FT30MkIII-G Spray Dryer (Armfield Ltd., Hampshire, England), equipped 

with an atomizer nozzle. The product feed temperature was kept at 4 °C, and inlet and 

outlet temperatures were 150 °C and 50-55 °C, respectively. The dried powders were 

collected and stored in a desiccator at 25 °C until characterization. 

 

Chemical Characterization of WPI-β-CD-FO 

Powdered WPI-β-CD-FO complexes were subjected to ultraviolet (UV) C light 

exposure to assess the chemical stability of EPA and DHA in comparison to β-CD-FO 

as the control. UVC radiation is not biologically relevant due to ozone filtration; 

however, its effects in in vitro assays is analogous to UVB, in a considerably faster rate 

29. A UVC lamp (254 nm) UVP UVLS-28 EL Series (Upland, CA, USA) with a 

measured fluence rate of 6.9 mW/cm2 was used, with an exposure distance of 2 cm. The 
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stability of the encapsulated oil in the control and WPI-β-CD-FO samples were 

evaluated in triplicate after 0, 2, and 4 h of UVC light exposure by comparing the EPA 

and DHA concentrations. 

 

Quantitative determination of EPA and DHA by gas chromatography 

To measure the fatty acid components, gas chromatography with a flame 

ionization detector (GC-FID) was used. Fatty acids were derivatized into the 

corresponding methyl esters (FAME) by a modified, acid-catalyzed methanolysis 

method by Garcés & Mancha (1993). Briefly, approximately 10 mg of the sample was 

measured into a glass tube to which 2 ml of heptane and internal standard 

(heptadecanoic acid, 17:0) were added. Next, reagent A (methanol:2,2-

dimethoxypropane:H2SO4, 85:11:4, v/v/v) and reagent O (heptane: toluene= 63:37, v/v) 

were added into the sample sequentially at a ratio of 14:16 (v/v), to a total volume of 5 

mL. Both reagents were prepared fresh at the day of sample processing. The inside and 

outside of each sample tube cap were sealed with Teflon tape and vortexed for 1 min, 

followed by incubation in a shaking dry bath at 80 °C for 2 h. After cooling to room 

temperature, 2 mL of saturated NaCl solution was added, followed by shaking using 

vortex. Next, the FAME mixtures were centrifuged at 959 × g for 10 min, and the top 

layers were transferred to new clean tubes. The extraction process was repeated by 

adding another 2 mL of heptane into the FAME mixture, vortexed, centrifuged, and 

decanted. The final top layers were combined, resulting in approximately 4 mL of the 

extracts. The extracts were dried under nitrogen and reconstituted with 2 mL of heptane. 

Finally, the samples were diluted 10 times with heptane into a GC vial. Separation and 
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quantification of EPA and DHA were performed on a GC-FID 5890 Series II (Hewlett 

Packard, Bothell, WA, USA). One μL was injected into a BPX-70 column (0.2 mm × 

25 m, SGE, Pflugerville, TX, USA). An equal percentage by weight standard mixture 

was used to calculate response factors (FAME mixture 462A, Nu-Check Prep Inc., 

Waterville, MN, USA). All GC analyses were performed in triplicate. 

 

Sensory evaluation 

Volunteers of 14 adult males (n=7) and females (n=7) aged ≥ 18 years were 

recruited (Ithaca, NY, USA). The sensory evaluation studies were performed under the 

guidelines of human participants policy and standard operating procedures, and the 

experiments were approved by the ethics committee at the Cornell University (Protocol 

ID# 1804007947). Informed consents were obtained from panelists of this study. 

Panelists were presented with one different (WPI-β-CD-FO) and two alike samples (fish 

oil) throughout the sensory test, with same concentrations of fish oil contents, and 

avoided with visual assessments. The samples were prepared a day before the evaluation 

and were stored in a desiccator at 25°C until samples were evaluated. Just about right 

(JAR) tests will be used to describe the WPI-β-CD-FO and fish oil by rating the fish oil 

odor in 6 scales, as being undetected, much too mild, slightly too mild, just about right, 

slightly too strong or much too strong. In addition, odor comparison tests were 

conducted with panelists being asked to identify the odd sample and group the three 

samples into two groups based on the odor alikeness. The odor comparison results were 

scaled into 10 scales based on the fish oil odor intensity of each group. 
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Statistical analysis 

All experiments were carried out in triplicate and the results were reported as 

mean ± standard deviation. IBM SPSS® version 24.0 (Chicago, IL, USA) was used to 

determine statistical significance results. One-way ANOVA was employed for all tests, 

with Tukey’s post-hoc test, and all results were considered significant at P < 0.05. For 

sensory evaluation, mean was used to express the results from both JAR test and odor 

comparison test. JAR and Odor comparison results were analyzed using independent t-

test to obtain critical value. 

 

Results and Discussion 

Characterization of β-CD-FO complex formation 

The β-CD-FO complexes was characterized by TGA and FTIR. For TGA analysis, 

samples of fish oil, β-CD, physical mixture of both components, and β-CD-FO were 

subjected to a heat ramp from 20 to 600 °C (Figure 3.2). For single components (Figure 

3.2A-B), signals appeared at 419.22 °C for fish oil and 331.95 °C for β-CD. When the 

components were mixed, the curve exhibited two mass loss peaks at 337.01 °C and 

413.83 °C, representing the un-complexed β-CD and fish oil, respectively (Figure 3.2C). 

These minor peak shift to lower temperatures indicated that the fish oil would be more 

susceptible to degradation when physically mixed with β-CD than alone31. This is 

because the increased surface area created by β-CD in the mixture could have increased 

the exposure of fish oil to the environment, resulting in a faster degradation of the fish 

oil. For the β-CD-FO complex (Figure 3.2D), the curve presented a single intermediate 

peak closer to the β-CD peak, at a temperature of 363.52 °C, while fish oil and β-CD 
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cannot be detected separately. Additionally, this result indicated that fish oil was 

covered, and thus less likely to be degraded in the β-CD-FO complex.31 

 

 

Figure 3.2. First derivative TGA curves of (A) fish oil, (B) β-CD, (C) physical mixture 
of β-CD and fish oil, and (D) β-CD-FO.  
 

Figure 3.3 shows similar spectra between the samples of fish oil alone and 

physical mixture. Interestingly, β-CD-FO spectra showed a similar peak profile to β-CD, 

with lower signals of fish oil. Detailed assignments of the FTIR peaks in fish oil have 

been reported previously in the literature.32,33 Peaks at wavenumbers of 3010, 2954, and 

2922- 2852 cm-1 represented C-H stretching of cis-alkene, asymmetrical stretching of 
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methyl group, and asymmetrical or symmetrical stretching of methylene group, 

respectively. The peak at 3010 cm-1 was reported to be indicative of the concentration 

of ω3 LCPUFA, including EPA and DHA, in the system. The band at 1743 cm-1 

represents the stretching vibration of aldehyde or ester carbonyl groups (C=O), and can 

reflect the degree of unsaturation together with the band at 2922 cm-1.  

For β-CD samples, a broad peak from 3600 to 3200 cm-1 is associated with the 

stretching vibrations of hydroxyl groups from hydrogen bond. A broad range of peaks 

from 1500 to 1300 cm-1 indicates the presence of C-H deformation vibration from the 

primary or secondary alcohol group (Figure 3.3B). A peak at 1020 cm-1 represents the 

stretching vibration of C-OH bonding in alcohol group, and peaks from 950-600 cm-1 

are associated with the vibration of glucopyranose cycles.34 

In addition, the β-CD peak at 3284 cm-1 shifted to 3313 cm-1 in β-CD-FO and 

had a slightly lower intensity. This decrease in peak intensity could be due to the 

complex formation with fish oil, which decreases the vibration of the hydroxyl group 

and creates a more hydrophobic environment. Overall, the β-CD peaks were more 

pronounced than the fish oil peaks in β-CD-FO samples, but with the absence of new 

peaks. These results demonstrated that β-CD-FO were physical complexes without any 

chemical bonding involved. This suggests that β-CD partially covered the fish oil 

droplets, results are concordant with TGA curves.  
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Figure 3.3. FTIR spectra of (A) fish oil, (B) β-CD, (C) physical mixture of β-CD and 
fish oil, and (D) β-CD-FO. 
 

Physical stability of OG-β-CD-FO 

To further stabilize the fish oil, we incorporated the β-CD-FO complexes into a 

beeswax-based oleogel (OG-β-CD-FO). The particle size and ζ-potential of these OG-

β-CD-FO emulsions were measured immediately after preparation and during storage 

(Figure 3.4). The OG-β-CD-FO formed an opaque emulsion upon production and was 

stable to gravitational separation over the 28-day tested storage period at 25 °C. The 

particle size and ζ-potential of the OG-β-CD-FO did not change significantly (P > 0.05) 
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during 28 days of storage nor under several acidic pHs and salt contents. These results 

suggest that the loading of β-CD-FO aggregates into the oleogel did not destabilize the 

emulsion. The OG-β-CD-FO had intermediate particle size and its high negative surface 

charges could stabilize the emulsion system by electrostatic repulsion (Figure 3.4C-D). 

In addition, the stability of the emulsion may suggest that an adequate structure was 

provided by the addition of the beeswax to prevent droplet disassociation over time. 

When adding OG-β-CD-FO with a higher concentration of NaCl (500 mg/L), ζ-potential 

decreased (Figure 3.4D), due to the electrostatic screening provided by the sodium ions 

in the OG-β-CD-FO emulsion. This screening of the surface potential was reported 

previously and can increase the tendency of the droplet aggregation to occur.20,35 Despite 

that, the system showed strong resistance towards high concentration of salt with only 

negligible ζ-potential changes during storage. It is believed that the oleogel structure in 

this system prevented the droplets from Ostwald ripening, which is a phenomenon 

where larger droplets grow at the expense of smaller droplets. 
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Figure 3.4. Particle size of OG-β-CD-FO emulsion under different pH (A) and NaCl 
concentrations (B); ζ-potential under different pH (C) and NaCl concentration (D) 
during 28 days of storage, with measurements made every 7 days. No significant 
differences (P > 0.05) were observed between the treatments. 
 

Morphology of the OG-β-CD-FO and WPI-β-CD-FO 

We further coated the OG-β-CD-FO with WPI prior to spray-drying. WPI is widely 

used as a coating material for encapsulation because of its high solubility in water and 

effective emulsifier ability for oil-in-water emulsions.36 WPI can assist to form WPI-β-

CD-FO powder during spray drying process, and the powder form of the encapsulates 

are typically desirable for shelf-life extension. Prior to TEM visualization, WPI-β-CD-

FO was prepared by suspension of the spray-dried powder in water. For comparison, we 
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also inspected the structure of OG-β-CD-FO without WPI coating. 

TEM images (Figure 3.5A-C) showed that multiple β-CD-FO aggregates located 

within the oleogel droplets in OG-β-CD-FO samples (Fig. 3.5A and B). The sizes of the 

oleogel droplets were between 500-800 nm, in accordance with the dynamic light 

scattering particle size measurements. 

For WPI-β-CD-FO, multi-core structures of β-CD-FO aggregates were again 

observed (Figure 3.5C). Spray-dried WPI-β-CD-FO samples had a small particle size of 

around 500 nm and were spherical when dispersed in water. Spherical shape is desired 

due to decreased surface area compared with “platelets” or irregular-shaped particles, 

which reduces the surface contact during collision and increase the stability in water.37 

In addition, homogenous distribution of multi-β-CD-FO core in OG-β-CD-FO and WPI-

β-CD-FO showed the possibility of fabrication of droplets with sizes smaller than 1 μm. 

SEM provided complementary information on the structure of WPI-β-CD-FO 

(Figure 3.5D). The surface of the spray-dried particle was wrinkled, although 

maintained a spherical shape, suggesting that a rigid internal structure was achieved and 

a dense layer of WPI provided enough coverage on the surface. The SEM image shows 

the presence of smaller particles adhering onto the surface of WPI-β-CD-FO. This could 

be explained by the presence of some smaller spherical droplets in the emulsion prior to 

the spray-drying process, which would merge smaller particles onto a bigger particle. 

According to Rosenberg & Young (1993), the roughness and irregularity of the particles 

are attributed to the mechanical stress during water evaporation at the atomizing process 

during spray-drying.38 When comparing the TEM and SEM images, the powdered form 

of oleogels were mostly spherical, and was easily re-dispersable with the ability to 
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reconstruct spherical structures. Thus, both the OG-β-CD-FO and the WPI-β-CD-FO 

proved to be appropriate delivery systems for fish oil. 

 

 

Figure 3.5. TEM images of (A, B) OG-β-CD-FO and (C) WPI-β-CD-FO with both 
images observed with high operating voltages (120 kV). (D) SEM images of WPI-β-
CD-FO. 
 

Chemical Stability of WPI-β-CD-FO 

One of the major challenges of incorporating fish oil into food products is the 

high susceptibility of EPA and DHA to oxidation induced by heat, light, UV radiation, 

and influx of transition metals.39 Here, we studied the oxidative stability of WPI-β-CD-

FO for the potential to produce powdered formulations for food applications. β-CD-FO 

complexes were used as a control instead of liquid fish oil. This is because the liquid oil 
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would have overall less surface exposure to the UV light, conversely creating a partial 

protection to the oil against oxidation. 

Table 3.1 shows that in the absence of WPI layer, β-CD-FO was very susceptible 

to oxidation. After 2 hr of UVC light exposure, roughly 53% of the EPA and 56.4% of 

DHA were lost. When the exposure time extended to 4h, EPA and DHA were not 

detectable. These results suggest that β-CD cannot effectively protect EPA and DHA in 

fish oil against oxidative degradation.  

WPI-β-CD-FO were more stable to oxidation compared with β-CD-FO (Table 

3.1). After 4h of exposure, EPA and DHA were reduced by 33.7% and 33.9%, 

respectively, demonstrating that the delivery system could protect fish oil from 

oxidation. Such stabilizing effect could be attributed to several mechanisms. First, the 

combination of fish oil and corn oil in oleogel matrix can enhance the overall oxidative 

stability. This was supported by previous research that mixture of oils from different 

source can retard oxidation 40. In addition, the creation of oleogel structures can provide 

a rigid oil layer around β-CD-FO, which can prevent oil diffusion and coalescence. 

Oleogel structures are also shown to assist in creating a multi-core structure in the WPI-

β-CD-FO. The three-dimensional structure is expected to act as a physical barrier for 

the transition metals, free radicals, and pro-oxidants. 
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Table 3.1. Amount of EPA and DHA detected in β-CD-FO and WPI-β-CD-FO in a 
UVC light exposure study. 

 EPA content (mg/g fish oil)  DHA content (mg/g fish oil) 

 0 hr 2 hr 4 hr  0 hr 2 hr 4 hr 
β-CD-FO 96.79 ± 0.75 44.96 ± 0.42 -  76.12 ± 1.29 33.17 ± 0.24 - 

WPI-β-CD-FO 109.58 ± 0.85 96.44 ± 1.14 59.47 ± 2.23  96.22 ± 1.05 79.03 ± 1.10 46.39 ± 2.06 

Results were expressed as mean ± standard deviations. All values were significantly 
different (P< 0.05). 

 

Sensory evaluation of fish oil and WPI-β-CD-FO 

Extensive fish oil oxidation could cause undesirable fish oil odor.41 During the 

oxidation of PUFA, volatiles are formed, resulting in the fish oil odor described as 

fishy.42 Thus, these odor characteristics can be an indicator of lipid oxidation. Previous 

study demonstrated that fish oil odor can be reduced and become highly achievable after 

incorporated into β-CD.43 In this case, we compared the odor evaluation of WPI-β-CD-

FO with the bulk fish oil at the presence of same fish oil content. In the JAR sensory 

evaluation test, majority of panelists agreed that the WPI-β-CD-FO has overall lower 

fish oil odor than solely fish oil (Figure 3.6A). As result, the fish oil odor in WPI-β-CD-

FO was described as “much too mild”, as opposed to the fish oil, which was being 

described as stronger than just about right value and closer to descriptive value of 

“slightly too strong”. In figure 3.6, we’ve also incorporated the scoring breakdown 

according to genders. Looking at the gender breakdown of Figure 3.6A, the ratings 

between male and female showed similar scores, with no significant difference between 

ratings from either group. Figure 3.6B shows the results from odor comparison sensory 

tests, all panelists were able to differentiate the encapsulated WPI-β-CD-FO from bulk 

fish oil according to its fish oil odor intensity (P<0.05). Furthermore, WPI-β-CD-FO 
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again showed overall lower fish oil intensity detection as compared to bulk fish oil. 

However, in odor comparison tests, intra-population variation of scores between male 

and female exists for WPI-β-CD-FO sensory ratings. Male in general suggested that the 

fish oil odor was more intense and provided with higher scoring values and contributed 

to 64.3% of the entire scores; while females contributed to 35.7 % of the scores and has 

consistent results where fish oil odor was less intense (P<0.05). When looking at the 

fish oil ratings, male and female agreed upon the intensity of fish oil odor, and that the 

intra-population variation does not exist between male and female groups (P>0.05). 

Despite the scoring variation within groups, overall scoring indicated that WPI-β-CD-

FO can reduce the fish oil odor up to 55%, and this result is concordant with the 

chemical stability assessment on WPI-β-CD-FO described previously, as it can delay 

fish oil oxidation thus resulted in less fishy odor. This implication of lower fish oil odor 

can allow WPI-β-CD-FO to be used for functional food fortification purpose.  

 

 

Figure 3.6. (A) Fish oil odor ratings of the WPI-β-CD-FO and fish oil samples in a just 
about right sensory test. (B) The ratings of fish oil odor intensity from the grouping test. 
The results are shown as mean values, symbol represents significant values between 
samples (P< 0.05). 
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Conclusion 

WPI-β-CD-FO systems were fabricated by creating multi β-CD-FO cores in the 

oleogel system using beeswax, and further coating with WPI to create a spray-dried 

powder. TGA and FTIR results confirmed successful β-CD-FO complex formation, and 

TEM and SEM characterization of the OG-β-CD-FO and WPI-β-CD-FO suggest 

successful fabrication of multi-core β-CD-FO into oleogel. The WPI-β-CD-FO system 

showed great physical stability in storage studies with varying environmental factors 

(e.g. pHs and salt concentrations). In addition, the fish oil in WPI-β-CD-FO had higher 

chemical stability than those in β-CD-FO when exposed to UVC light. Overall, this 

study showed that multi-core fabrication of β-CD-FO into an oleogel system and coating 

with a WPI layer is highly effective in protecting fish oil from oxidation, and that the 

nutritional value of EPA and DHA is retained in the system. Other methods to protect 

fish oil oxidation and to prolong WPI-β-CD-FO powder shelf-life, such as the 

incorporation of antioxidants and the selection of different encapsulation wall materials, 

are worthy of investigation in the future. With the capability of production at large scale, 

this study on such for nanocomposite systems in the field of fish oil encapsulation 

demonstrated a potential application in the food industry. 
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CHAPTER 4 

 

ULTRA-STABLE WATER-IN-OIL HIGH INTERNAL PHASE EMULSIONS 

FEATURING INTERFACIAL AND BIPHASIC NETWORK STABILIZATION  

 
Abstract 

In this work, we present gel-in-gel water-in-oil (W/O) high internal phase emulsions 

(HIPEs) that feature high stability by structuring both phases of the emulsion. Compared 

to significant advances made in oil-in-water (O/W) HIPEs, W/O HIPEs are extremely 

unstable and difficult to generate without introducing high concentrations of surfactant. 

Another main challenge is the low viscosity of both water and oil phases which 

promotes the instability of W/O HIPEs. Here, we demonstrate ultra-stable W/O HIPEs 

that feature biphasic structuring, in which hydrogels are dispersed in oleogels, and self-

forming, low-concentration interfacial Pickering crystals provide added stability. These 

W/O HIPEs exhibit high tolerance toward pH shock and destabilizing environments. In 

addition, this novel ultra-stable gel-in-gel W/O HIPE is sustainable and made solely 

with natural ingredients without the addition of any synthetic stabilizers. By applying 

phase structuring within the HIPEs through the addition of various carrageenans and 

beeswax as structurants, we can increase the emulsion’s stability and viscoelastic 

rheological properties. The performance of these gel-in-gel W/O HIPEs holds promise 

for a wide range of applications. As a proof-of-concept, we demonstrated herein the 

application as a gelled delivery system that enables the co-delivery of hydrophilic and 

hydrophobic materials at maximized loads, demonstrating high resistance to 

gastrointestinal pHs and a controlled-release profile.  
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Graphical Abstract 

 

Figure 4.1. Graphical abstract of chapter 4. 

 

Introduction 

High internal phase emulsions (HIPEs) are highly concentrated gelled emulsions 

with an internal phase volume fraction (Φ) exceeding 0.74.1 When the internal phase 

volume fraction exceeds this value, the dispersed droplets reach their maximum packing 

density and give rise to highly viscoelastic flow behavior. Due to these viscous flow 

characteristics, HIPEs have gained popularity for numerous applications, including as 
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templates for porous materials,2 foams,3 and cosmetic products,4 as solid supports for 

surface modification5 and functional food,6 and as scaffolds for tissue engineering.7  

Despite the highly viscoelastic behavior, HIPEs are not kinetically or 

thermodynamically stable. Typically, the formation of stable HIPEs requires the 

addition of low molecular weight surfactants8 or alternatively the addition of solid 

colloidal particles in the continuous phase to form Pickering HIPEs.9 The selection of 

surfactant is also critical to form stable HIPEs and often requires large quantities.10 

Although Pickering HIPEs have shown increased stability compared with surfactant-

stabilized HIPEs, their formation requires chemically-tailored particles with appropriate 

hydrophobicity, and the resulting emulsion still remains susceptible to phase inversion 

at high Φ.11,12 

Water-in-oil (W/O) HIPEs are more difficult to fabricate due to the lack of 

hydrophobic natural stabilizers, resulting in the limited exploration of these materials.13–

15 In addition, the high surface tension of water can also lead to immediate phase 

inversion during HIPE fabrication when the internal phase volume fraction is high.16 

Moreover, conventional W/O HIPEs are often stabilized with synthetic surfactants, 

which can negatively affect the environment and human health.17 Despite the fact that 

some more environmentally friendly W/O HIPEs have been developed, they require 

complicated and time-consuming modification of the stabilizers (e.g., starch or 

polysaccharide).14,15 Therefore, facile methods to form stable and sustainable W/O 

HIPEs is still in high demand.  

In this study, we propose a simple strategy of generating W/O HIPEs upon 

temperature stimulation to induce the spontaneous formation of Pickering crystals and 
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biphasic networks. We utilize biodegradable surfactant glycerol monooleate (GMO), a 

glycerol fatty ester that can solidify and form fat crystals, to provide spontaneous 

interfacial Pickering stabilization of the W/O emulsion.18,19 Additionally, we have 

added structurants in both phases, generating carrageenan hydrogel in the internal 

aqueous phase and beeswax-containing oleogel in the external oil phase. When the 

network is increased in both phases, or biphasically, we enable the formation of ultra-

stable gel-in-gel HIPEs with volume fractions as high as 0.80. By tuning the network of 

each phase, the resultant gel-in-gel HIPEs demonstrate improved stability, avoid phase 

inversion during fabrication, and can be used as a potential drug co-delivery system. We 

systematically investigate the role of this interfacial and biphasic structuring on HIPE 

stability, with the demonstration of protection and release of bioactive compounds for 

potential application in nutraceutical and biomedical-related fields. 

 

Materials and methods 

Materials 

Fluorescein isothiocyanate isomers (FITC, ≥ 90.0%), Nile red, β-carotene (type I, 

synthetic, > 93% purity), and sodium hydroxide (≥ 98.0%) were purchased from Sigma-

Aldrich (St. Louis, MO, USA). Hydrochloric acid (36.5–38%) was obtained from VWR 

International (Radnor, PA, USA). Canola oil was purchased from a local supermarket 

(Ithaca, NY, USA). Kappa (κ), iota (ι), and lambda (λ)-carrageenan was provided by 

TIC Gums Incorporated (White Marsh, MD, USA). GMO (Capmul GMO-50 EP/NF) 

was kindly donated by Abitec Corporation (Columbus, OH, USA). Beeswax was kindly 

donated by Strahl & Pitsch, Inc. (West Babylon, NY, USA). The anthocyanin used was 



 

72 

obtained from blueberry extract from Bulk Supplements (Henderson, NV, USA). All 

other chemicals used were of analytical grade. 

 

Preparation of HIPEs 

In brief, the oil phase consisted of 1 wt% GMO in canola oil and was heated to 

70 °C. Distilled water at 70 °C was added slowly to the heated oil mixture with constant 

high-shear homogenization at 10,000 rpm (T25 digital Ultra Turrax, IKA Works, 

Wilmington, NC, USA). With continuous homogenization, the HIPEs were submerged 

in an ice bath to cool down to 25 °C. The internal phase volume fraction was calculated 

as the volume of the water phase included in the emulsion divided by the total volume 

of the emulsion. For O-HIPE, beeswax (0.5, 1, 3, 5, and 10 wt%) was additionally 

melted into the oil phase to increase the structure of the external phase. For gel-in-gel 

HIPEs, additional 1 wt% carrageenans (κ-/ ι-/ λ-) were incorporated in the water phase 

of the O-HIPE to increase the structure of the internal phase. 

 

Rheological Measurements of HIPEs  

The O-HIPEs and gel-in-gel HIPEs were stored and measured at 25 °C. Dynamic 

rheological measurements were conducted on an AR 1000 Rheometer (TA instruments, 

New Castle, DE, USA) using a 40-mm plate geometry and a gap of 500 μm. The linear 

viscoelastic region was determined by a strain sweep at a frequency of 1 Hz from 0.0001 

to 10. The G’ and G” modulus was obtained through frequency sweeps from 0.1–10 

rad/s using a fixed strain value of 0.0003. 
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Microscopy 

The microstructures of the HIPEs were inspected with a confocal laser scanning 

microscope (CLSM; LSM 710, Carl Zeiss, Göttingen, Germany) and a cryo-scanning 

electron microscope (cryo-SEM; FEI Strata 400S DualBeam focused ion 

beam/scanning electron microscope system FIB/SEM). For CLSM, the internal and 

external phases were stained with fluorescein isothiocyanate isomers (FITC) and Nile 

red at 1 mg/mL and 2 mg/mL, respectively. The HIPE structural morphology was 

studied using excitation/emission wavelengths of 488/515 nm and 492/518 nm for 

fluorescein isothiocyanate isomers and Nile red, respectively. For cryo-SEM imaging, 

the HIPEs were prepared by plunge freezing into slush nitrogen and transferred under 

vacuum into the system (Quorum PP3010T Cryo-FIB/SEM Preparation System, 

Quorum Technologies, Newhaven, UK). The sample was then maintained at -165 °C, 

cross-sectioned with a fracturing knife, and coated with gold-palladium. Images were 

collected at 3 kV, with a working distance of 5 mm. Energy-dispersive X-ray 

spectroscopy (EDS) was performed during cryo-SEM imaging for spot element analysis. 

EDS was carried out using an accelerating voltage of 10 kV, and the data was collected 

and analyzed through INCA software (Oxford Instruments, Concord, MA, USA). 

 

Measurement of Contact Angle 

Contact angles of the internal phase on glass surfaces coated with 1% GMO and 

different concentrations of beeswax (0.5–10%) used in the external phase mixtures were 

measured using a tensiometer (ramé-hart model 500, Succasunna, NJ, USA). 

Approximately 5 µL of the internal phase was dispensed on the surface and contact 
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angles were analyzed through DROPimage Advanced software (ramé-hart co., 

Succasunna, NJ, USA). 

 

Particle Size Measurement 

To measure the mean particle diameters of the droplets within the HIPE samples, 

we utilized ImageJ software (v1.51, National Institute of Health, USA) for image 

analysis. This software calculates the droplet diameter through image pixel analysis. At 

least 100 particles were analyzed for each sample. 

 

Physical Stability of HIPEs 

HIPEs were formed into a round disk-shape 1.5 cm in diameter and with a 

thickness of 0.5 cm. Images of these HIPE disks were taken after being dried for 2, 30, 

and 60 days under open-air at 25 °C. 

 

Anthocyanin and β-carotene in vitro release 

To demonstrate the use of the resulting HIPEs as a potential nutraceutical/drug 

delivery system, we prepared anthocyanin-loaded HIPEs and anthocyanin-β-carotene 

co-loaded HIPEs to monitor the release of the anthocyanin and β-carotene under pH 

values of 1 and 5. Briefly, 1.25 mg/mL of the anthocyanin was incorporated into the 

internal phase at pH 5, and 1 mg/mL of the β-carotene was incorporated into the external 

phase. The anthocyanin-loaded HIPEs and anthocyanin-β-carotene co-loaded HIPEs 

were prepared using the same methods for HIPE fabrication described previously. The 

in vitro release of the anthocyanin and β-carotene were based on the membrane-free 
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model with slight modifications.20 Approximately 100 mg of the HIPEs were weighed 

into glass vials and followed by the careful addition of water adjusted to pH 1 or 5. 

Simultaneously, canola oil was added into the vials, at which point the HIPEs reside 

between the water and oil interface. The glass vials were then shaken within a water 

bath at 37 °C. At specific time intervals, aliquots of fluid from the water and oil phases 

were withdrawn and replaced by the same volumes of fresh water and oil medium. The 

amount of the released anthocyanin and β-carotene were measured using ultraviolet-

visible (UV-Vis) spectrophotometry (UV-2600, Shimadzu Scientific Instrument, 

Marlborough, MA, USA) at 520 nm and 452 nm, respectively.21,22 The released amounts 

were calculated as the anthocyanin/β-carotene in the collected medium at a given time 

divided by the initial anthocyanin/β-carotene in the HIPEs and multiplied by 100. Each 

experiment was performed in triplicate, and the results were reported as mean ± standard 

deviation. 

 

Results and Discussion 

Oleogel-HIPEs (O-HIPEs) 

Figure 4.2. shows the HIPE preparation process. Successful HIPE formation is 

dependent on the ability to incorporate more than 74 vol% of internal phase into the 

external phase. However, phase inversion occurs easily for W/O HIPEs due to the high 

interfacial surface tension and the low viscosity of the internal phase.1 To overcome 

these limitations and form stable HIPEs, surfactants that are insoluble in the internal 

phase are typically required to lower the interfacial surface tension. We therefore used 

1 wt% GMO, a natural biodegradable amphiphilic lipid as a surfactant to stabilize the 
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W/O emulsions to form HIPEs by interfacial stabilization. However, lowering the 

interfacial surface tension alone does not promote W/O HIPE formation at Φ = 0.75 

(Figure 4.3A, D, S4.1A). Instead, phase inversion occurred, thus becoming an O/W 

emulsion, possibly due to low GMO surface activity, which is insufficient to stabilize 

high internal fractions. Previous research has reported similar outcomes when GMO is 

applied at higher concentrations of 5 wt%.23 Alternatively, we explored the use of a 

network stabilization method, which involves increasing the structure and viscosity of 

the external phase to stabilize the internal phase. Therefore, we added 3 wt% beeswax 

to the external phase as a structurant to form an oleogel thin film between the internal 

phase droplets (Figure 4.3B and E). However, HIPEs made solely with beeswax have 

low stability, in which the dispersed phase showed a large average droplet diameter 

(28.86 ± 11.33 μm) and phase separated over a day (Figure S4.1B, Table S4.1). As a 

comparison, the HIPE formed by adding both surfactant (GMO) and structurant 

(beeswax) to the external phase increased the HIPE stability, as demonstrated by the 

smaller (17.59 ± 6.18 μm) and more uniform size of the resulting droplets (Figure 4.3C 

and F, S4.1C, Table S4.1). Therefore, a combination of GMO at low concentration and 

beeswax in the external phase endows the HIPE with both interfacial and network 

stabilization, a material we refer to as an oleogel-HIPE (O-HIPE), which features a 

single oleogel structured external phase. 
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Figure 4.2. Schematic illustration of the fabrication of W/O HIPEs with different phase 
structuring. 
 

 

Figure 4.3. (A-C) Optical and (D-F) CLSM images of the HIPE microstructures 
stabilized by (A, D) 1 wt% GMO, (B, E) 3 wt% beeswax, and (C, F) both 1 wt% GMO 
and 3 wt% beeswax in the external phase at Φ = 0.75. FITC is incorporated as the only 
water-soluble indicator. 
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Next, we investigated the effect of different internal volume fractions (Φ) of water 

using fixed 1 wt% GMO and 3 wt% beeswax as stabilizers. As demonstrated in Figure 

4.4A, the highly concentrated emulsion can form gels with internal volume fractions of 

up to 0.80. Additionally, rheological measurements show that O-HIPEs with internal 

fractions of 0.75 and 0.80 demonstrate the highest storage modulus (G’) value, 

indicating stronger viscoelasticity behavior (Figure 4.4B). However, at Φ = 0.80 the 

droplet sizes are not the smallest (40.42 ± 14.77) among all the samples prepared, but 

are the most tightly packed (Figure 4.4C, Table S4.2). Interestingly, a viscoelastic O-

HIPE was formed at Φ = 0.70 even though the volume did not reach the packing density 

of Φ = 0.741. This was possibly due to the oleogel structure that increased the external 

phase viscosity, which lowered the packing density but still enabled a gel-like 

structure.1,24 Considering the microstructure of O-HIPEs with different internal 

fractions, the average particle sizes of the internal phase are smaller and more uniform 

at Φ = 0.70 (27.16 µm) and Φ = 0.75 (25.78 µm), with larger particle sizes and wider 

particle size distribution at Φ = 0.80 (40.42 µm) and Φ =0.85 (45.77 µm) (Figure S4.2, 

Table S4.2). Typically, a larger particle size would indicate the instability of the HIPEs 

overtime, as smaller particle sizes feature increased surface area and thus higher packing 

density and stability.22 The instability that arises from larger droplet particle sizes was 

further shown in a storage study, in which we observed that macroscopic separation 

occurred in O-HIPEs of Φ = 0.80 and Φ = 0.85 over 2 days of storage (Figure S4.3). 

Therefore, we selected a volume ratio of Φ = 0.75 for all subsequent emulsions studied.  
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Figure 4.4. O-HIPEs featuring different internal phase volume fractions. (A) Images 
and (B) rheological measurements of O-HIPEs prepared at different internal phase 
volume fractions. (C) The microstructure of different internal phase volume fraction O-
HIPEs as shown by (top) optical and (bottom) CLSM microscopy. 

 

Mechanically, a more viscous and rigid external phase can increase the O-HIPE 

stability but will result in a lower maximum internal phase volume.1,24,25 Therefore, we 

studied the effect of beeswax concentration on the rheological behavior and overall 

ability to form O-HIPEs. Figure 4.5A shows that at Φ = 0.75, a beeswax concentration 

of greater than 3 wt% is necessary for the formation of the O-HIPE. The microstructure 

of the O-HIPE also varied with beeswax concentration (Figure 4.5B). Strikingly, the 
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high magnification image of a single aqueous droplet under CLSM showed a distinct 

interfacial layer formed with surface-active particles, suggesting that our O-HIPEs are 

potentially Pickering HIPEs (Figure 4.5B, inset). This observation is similar to a 

previous study, demonstrating that at high temperature GMO dissolves in the oil 

external phase and then forms GMO crystals around the aqueous droplets when 

cooled.26 Interestingly, these GMO crystals can originate from the external phase as pre-

formed crystals and/or act as surfactant, which solidifies at the droplet interface.18,27 

Additionally, previous research had demonstrated molten wax’s role in W/O emulsions, 

in which rapidly cooling waxes contribute to the increased structure of the external 

phase, thus endowing network stabilization.28 This was evident in interfacial tension 

measurements, where GMO addition lowers the internal phase surface tension but 

beeswax addition does not (Figure S4.4 and S4.5). Therefore, with a fixed GMO 

concentration of 1 wt%, Figure 4.5 demonstrates beeswax’s main role in external 

network building. The effect of beeswax concentration on the network stabilization can 

be demonstrated by measurement of contact angle (Figure 4.5C) and bulk oleogel 

properties (Figure S4.6). We measured the contact angle by dispensing water on 

different oleogel films made with 1 wt% GMO and beeswax concentrations of 0.5–10 

wt% (Figure 4.5C). We observed the lowest contact angle at 0.5–1 wt% beeswax (55.0°), 

which slightly increased at 3 wt% (58.7°), followed by a steady increase at 5 wt% (63.2°) 

and 10 wt% (70.6°). Water wetted the oleogel film to a more noticeable degree at 0.5–

1% beeswax, demonstrating the flowability of both phases and the low external network. 

For bulk oleogel, we incorporated beeswax in the oil to increase the network (Figure 

S4.6). We determined a cutoff point of 3 wt% beeswax was necessary to form a self-
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standing bulk oleogel (Figure S4.6A) and observed increased storage moduli (G’) at 

higher beeswax concentration (Figure S4.6B), which is consistent with the rheological 

trend of the O-HIPEs (Figure 4.5D). Together, it is evident that the O-HIPEs are 

dependent on the strength of the external network. With low external network, such as 

0.5–1 wt% beeswax, O-HIPEs cannot be formed. However, for high external networks, 

such as 10 wt% beeswax, the O-HIPEs are not sufficiently stable.  

We also found that the beeswax concentration affected the particle size and size 

distribution (Figure S4.7, Table S4.3). 0.5 and 1 wt% beeswax in the external phase 

showed multimodal particle distributions and large particle sizes, suggesting the 

inability to form O-HIPEs. When studying the rheological behavior of the O-HIPEs, we 

observed that G’ increases with increasing beeswax concentration (Figure 4.5D). Due 

to the lack of external structure, 0.5 wt% beeswax resulted in the lowest G’, and in 

which G” > G’, indicating more liquid-like behavior.29 Although the O-HIPE with 10 

wt% beeswax showed the highest G’, suggesting the best stability, it was not stable as 

phase separation occurred when stored over 2 days (Figure S4.8). This is due to the 

extensive external network provided by the 10 wt% beeswax upon cooling, the high 

viscosity of which prevents efficient homogenization during fabrication, thus lowering 

the amount of internal phase that can be incorporated.1,24 Therefore, we believe that the 

highest viscoelastic behavior for O-HIPEs with 10 wt% beeswax is a result of the excess 

bulk beeswax network in the external phase. In addition, O-HIPEs formed with 5 wt% 

beeswax did not show a higher rheological performance as compared with samples 

made with 3 wt% beeswax. This cutoff threshold indicates an optimal beeswax 

concentration of 3 wt% (Figure 4.5D). Overall, we have demonstrated formation of O-
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HIPEs by combining Pickering GMO and a beeswax network for high internal aqueous 

phase stabilization. 

 

 

Figure 4.5. Fabrication of O-HIPEs at Φ = 0.75 using different beeswax concentrations 
in the external phase. (A) Image of the O-HIPEs formed at different wax concentrations 
in the external phase. (B) Microstructure of the O-HIPEs shown via CLSM imaging. 
FITC is incorporated as the only water-soluble indicator. (C) Contact angle 
measurements of water on oleogel films of 1 wt% GMO and different beeswax 
concentrations (0.5–10 wt%). (D) Rheological measurements of the O-HIPEs structured 
with different wax concentrations.  
 

Gel-in-gel HIPEs 

In addition to structuring the external phase, we further increased the network of 

the internal phase using carrageenans, which are polysaccharides typically used as 

thickening and gelling agents.30 We refer to such HIPEs, with both phases structured, 
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as gel-in-gel HIPEs. Building upon the most stable O-HIPE containing 3 wt% beeswax, 

the internally-structured HIPEs can be successfully formed with various types of 

carrageenan, including κ-, ι-, and λ-carrageenan (Figure 4.6A) at 1 wt% (Figure S4.9). 

Microscopy imaging reveals that the gel-in-gel HIPEs formed with ι-carrageenan 

feature the smallest droplet sizes (27.18 ± 12.95 µm) and the highest packing 

morphologies, while those formed with κ-carrageenan and λ-carrageenan showed 

similar packing microstructures, but with larger particle sizes (Figure 4.6B, Table S4.4).  

In terms of the rheological performance (Figure 4.6C), ι-carrageenan endowed 

the gel-in-gel HIPE with the strongest viscoelasticity, followed by κ-carrageenan. By 

increasing the network in the internal phase, gel-in-gel HIPEs can increase the 

viscoelastic behavior by more than 5-fold compared to the corresponding O-HIPE, 

except for λ-carrageenan, which features a G’ value even lower than the O-HIPE. This 

may be explained by the fact that λ-carrageenan is the most sulfated carrageenan and 

has a flat structure, which makes it a non-gelling thickening agent.30 In addition, the 

shear-thinning characteristics of λ-carrageenan enable it to be incorporated into the gel-

in-gel HIPE’s internal phase, but it is incapable of maintaining the rigid structure over 

time and wider ranges of the particle size distribution are observed (Figure S4.10). 

Interestingly, the contact angles of pure κ- and ι-carrageenan are higher while λ-

carrageenan is lower than water on a 3 wt% beeswax oleogel film (Figure 4.5C and 

4.6D). The lower contact angle measurement suggests that λ-carrageenan has more 

affinity toward the external phase, leading to the instability of the dispersed aqueous 

phase.  
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Figure 4.6. Fabrication of HIPEs at Φ = 0.75 with 3 wt% beeswax and 1 wt% GMO 
and different types of carrageenans in the internal phase at 1 wt%. (A) Images of the 
gel-in-gel HIPEs. (B) The microstructure of these HIPEs made with (a) κ-carrageenan, 
(b) ι-carrageenan, and (c) λ-carrageenan in the internal phase, as shown by CLSM (in 
the left three columns, the aqueous and oil stains are represented by the green and red 
colors, respectively) and optical microscopy (right column). (C) Rheological 
measurements of the HIPEs that were internally-structured with different types of 
carrageenans. (D) Contact angle measurements of the different types of carrageenan on 
the oleogel film consisting of 3 wt% beeswax and 1 wt% GMO. 
 

 We attribute the formation of these gel-in-gel HIPEs to the increased structuring 

in both phases. To better understand the HIPE structure and the materials at each phase, 

we performed cryo-SEM imaging and EDS elemental analysis, respectively. Figure 4.7 

shows the packing of the O-HIPE and gel-in-gel HIPE droplets with defined borders 

between the internal and external phases and a clear visualization of the droplet structure. 

The gel-in-gel HIPEs formed with λ-carrageenans showed less distinct droplet 

morphologies, which would result in less packing and thus lower stability, which is 

consistent with the sample’s rheological behavior (Figure 4.6C). We also performed 
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EDS analysis on the apparent internal and external phase regions. Theoretically, in W/O 

HIPEs the internal phase should be composed of a higher oxygen content due to the 

greater presence of water compared to the external phase, which should be composed 

mostly of carbon from canola oil and beeswax. Table S4.5 displays approximate atomic 

percentages of each detected element from the EDS analysis. We found that the internal 

phase was mostly composed of oxygen, whereas the external phase consisted of mostly 

carbon. Although both the internal and external phases of the λ-carrageenan sample 

showed higher carbon content compared to oxygen, a significant sulfur peak appeared 

in the analysis of the internal phase (Figure 4.7D, inset). This sulfur peak is from λ-

carrageenan, which contains 3 sulfur groups per 2 sugar molecules in its chemical 

structure. Here, we confirmed that carrageenans are trapped within the internal phase, 

which greatly assist in internal network stabilization.  

 

 

Figure 4.7. Cryo-SEM (top row) images and EDS (bottom row) measurements of the 
(A) O-HIPE and (B-D) gel-in-gel HIPEs made with (B) κ-carrageenan, (C) ι-
carrageenan, and (D) λ-carrageenan. 
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Physical Stability 

 

Figure 4.8. Images of the (A) O-HIPE and gel-in-gel HIPEs made from (B) κ-
carrageenan, (C) λ-carrageenan, and (D) ι-carrageenan stored over time at 25 °C in open 
atmosphere. 
 

 It is essential to investigate the stability of emulsions during a given storage 

period, as emulsions are thermodynamically unstable with a tendency to coalesce. 

Figure 4.8 demonstrates the stability of the O-HIPE and gel-in-gel HIPEs over 2 months 

at 25 ºC in open atmosphere. We observed that the O-HIPE remained stable up to day 2 

but collapsed after 30 days with a transparent appearance. In contrast, the gel-in-gel 

HIPEs maintained their structure, remaining opaque over 2 months, indicating the 

presence of an emulsion structure.31 We attribute the differences in stability to the 

interfacial and network stabilization of the gel-in-gel HIPEs, in which the internal 

aqueous droplets with high viscosity are less prone to coalescence and are protected by 
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an external layer of solid oil, which prevents evaporation. Results from accelerated 

storage studies under vacuum (Figure S4.11) and 37 ºC (Figure S4.12) are concordant. 

This excellent stability of the gel-in-gel HIPEs is due to the tightly packed internal phase 

that is internally stabilized by carrageenans, interfacially stabilized by the GMO, and 

externally stabilized by the beeswax network. 

 

In vitro Release of Anthocyanin and β-carotene 

Our strategy for forming ultra-stable HIPEs involves a structured biphasic system 

of both oil and aqueous phases, and unlike conventional W/O emulsions consisting of a 

liquid-in-liquid model with more flowability, this unique gel-in-gel HIPE enables 

loading of both hydrophilic and hydrophobic nutraceuticals immobilized in the internal 

and external phases, respectively. To understand the responsiveness of the gel-in-gel 

HIPEs under pH shock, we utilized anthocyanin as a model hydrophilic bioactive due 

to its health benefits, but also its high sensitivity to pH. At acidic pH, anthocyanins are 

red, and gradually shift to a purple to blue color as pH value increases.32,33 We 

hypothesized that with the help of biphasic structuring in our gel-in-gel HIPE, the 

entrapped anthocyanin would be greatly protected against environmental changes. 

Figure 4.9Aa shows the anthocyanin-incorporated O-HIPE and gel-in-gel HIPEs. At 25 

°C, the anthocyanin-containing HIPEs showed no color change over 7 days of storage 

in solutions of different pHs (1–8) (Figure S4.13A). This outstanding color stability is 

comparable to other color stabilization methods, such as layer-by-layer encapsulation34 

and copigmentations,35 as anthocyanin is highly unstable at pH 8. At a higher 

temperature (37 °C) simulating the human body, anthocyanin releases slowly, as such 
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temperature approaches the melting temperature of internal carrageenans (40 °C). 

Despite partial disintegration of carrageenans, up to 45–70% of the original anthocyanin 

remained after 8 h at pH 1 (Figure 4.9B). We also observed that gel-in-gel HIPEs made 

with κ-carrageenan and ι-carrageenan retained anthocyanin the best, while λ-

carrageenan retained anthocyanin similarly to the O-HIPE. At pH 5, the release of 

anthocyanin was faster (Figure 4.9C), which is likely because at pH 5 anthocyanin will 

be deprotonated in the internal phase. This deprotonation induces GMO’s crystal 

structural change at the HIPE droplet interfaces and stabilizes as a bicontinuous cubic 

phase due to the electrostatic repulsion between negatively charged anthocyanin and the 

negatively charged headgroups of GMO.36 Such changes of the GMO crystal structure 

allows higher water absorptivity and thus a higher release rate.36,37  

In addition to hydrophilic compounds, hydrophobic ones, such as β-carotene, can 

also be incorporated into the oleogel-structured external phase (Figure 4.9Ab, S4.13B). 

As shown in Figure 4.9D-E, β-carotene released from the O-HIPE at a significantly 

higher rate (P < 0.05) than the gel-in-gel HIPEs. The higher release might be due to the 

looser packing of the O-HIPE’s internal phase, thus the β-carotene in the external phase 

is more prone to diffuse out. However, β-carotene incorporated in the external phase of 

gel-in-gel HIPEs releases in a similarly slow fashion to those that are encapsulated in 

the O/W Pickering HIPE.38 These observations suggest the potential for such gel-in-gel 

HIPEs to be used as a long-term delivery system for both hydrophilic and hydrophobic 

compounds. 
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Figure 4.9. Incorporation of anthocyanin and β-carotene into O-HIPE and gel-in-gel 
HIPEs. (A) Images showing (a) anthocyanin-incorporated and (b) anthocyanin-β-
carotene incorporated O-HIPE and gel-in-gel HIPEs. The release of anthocyanin at 37 
°C from O-HIPE and gel-in-gel HIPEs at (B) pH 1 and (C) pH 5, and the release of β-
carotene at (D) pH 1 and (E) pH 5. 
 

Conclusion 

The combination of GMO interfacial droplet stabilization and the structured 

network provided by beeswax externally and carrageenan internally enables the 

fabrication of W/O HIPEs with excellent stability. The fabrication process utilizes 

renewable materials and provides a robust technique for overcoming the difficulties in 

forming ultra-stable W/O HIPEs. These gel-in-gel HIPEs can provide insight into 

promising applications, such as pH-responsive release for hydrophilic and hydrophobic 

nutraceuticals, with high environmental stability. By creating an emulsion with biphasic 

structures, we enhanced the rheological behavior of current conventional W/O HIPEs. 

In addition, this method requires very low amounts of surfactants (0.25 wt%) and 
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structurants (0.75 wt%) in the total system, as well as providing high drug loading 

capacity. Compared to conventional polyHIPEs and Pickering HIPEs, our method 

exhibits great potential in terms of efficiency, rheological performance, encapsulation 

capacity, and stability. These novel gel-in-gel HIPEs, fabricated with solely natural 

materials, may prove valuable for the biological, chemical, food, and pharmaceutical 

industries. 
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Figure S4.1. Stability of HIPEs made from (A) only 1 wt% GMO, (B) only 3 wt% 
beeswax, and (C) 1 wt% GMO and 3 wt% beeswax in the oil phase stored at 25°C for 
one day. 
 

 

Figure S4.2. Particle size distribution of O-HIPEs made with 1 wt% GMO and 3 wt% 
beeswax in the external phase and internal volume fractions of 0.70, 0.75, 0.80, and 0.85.  
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Figure S4.3. Stability of O-HIPEs made with 1 wt% GMO and 3 wt% beeswax in the 
external phase at internal volume fractions of 0.80 and 0.85. The samples were stored 
for 2 days at 25 °C. 
 

 

Figure S4.4. Interfacial tension of water or 1 wt% carrageenans (internal phase) 
dispensed in different external phases. The interfacial tension measurements were 
conducted in a temperature-controlled chamber at 50 °C. All measurements are 
expressed in the unit of mN/m. 
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Figure S4.5. Interfacial tension of water (internal phase) dispensed in oil external 
phases composed of 1 wt% GMO and different beeswax concentration (0.5-10 wt%). 
The interfacial tension measurements were conducted in a temperature-controlled 
chamber at 50 °C. All measurements are expressed in the unit of mN/m. 
 
 

 

Figure S4.6. (A)Visual images and (B) rheological measurement of bulk oleogel made 
with beeswax at different weight concentrations.  
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     Figure S4.7. Particle size distribution of O-HIPEs made with 1 wt% GMO and beeswax 
concentrations of 0.5, 1, 3, 5, and 10 wt% in the external phase. 
 

 

Figure S4.8. Stability of the O-HIPE made with 1 wt% GMO and 10 wt% beeswax in 
the oil phase at an internal volume fraction of 0.75. The sample was stored for 2 days at 
25 °C. 

10% beeswax
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Figure S4.9. Gel-in-gel HIPEs featuring different ι-carrageenan concentrations. (A) 
Images and (B) rheological measurements of gel-in-gel HIPEs prepared with different 
ι-carrageenan concentrations in the internal phase. (C) The optical microscopy showing 
microstructure of gel-in-gel HIPEs with different ι-carrageenan concentrations. 
 

 

Figure S4.10. Particle size distribution of gel-in-gel HIPEs made with various types of 
carrageenans (κ, ι, λ) in the internal phase at 1 wt% and 1 wt% GMO and 3 wt% beeswax 
in the external phase. 
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Figure S4.11. Images of the O-HIPE and gel-in-gel HIPEs made from κ-carrageenan 
(κ-car), ι-carrageenan (ι-car), and λ-carrageenan (λ-car) stored over time under 
vacuumed conditions. 
 

 

Figure S4.12. Images of the O-HIPE and gel-in-gel HIPEs made from κ-carrageenan 
(κ-car), ι-carrageenan (ι-car), and λ-carrageenan (λ-car) stored over time under 37 °C. 
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Figure S4.13. (A) Demonstration of the stability of an anthocyanin-incorporated ι-
carrageenan gel-in-gel HIPE at different pH and 25 °C. (B) Demonstration of β-
carotene and anthocyanin co-encapsulated in the gel-in-gel HIPE after extraction using 
n-Hexanes. 
 

 

Figure S4.14. O-HIPEs featuring different GMO concentrations in the external phase. 
(A) Images and (B) rheological measurements of O-HIPEs prepared with different 
GMO concentrations. (C) The optical microscopy showing microstructure of O-HIPEs 
with different GMO concentrations. 
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Figure S4.15. Particle size distribution of O-HIPEs made with 3 wt% beeswax and 
different GMO concentrations (0.5- 3%) in the external phase at internal volume 
fractions of 0.75. 
 

 

Figure S4.16. Gel-in-gel (ι-carrageenan) HIPEs featuring different GMO 
concentrations. (A) Images and (B) rheological measurements of gel-in-gel (ι-
carrageenan) HIPEs prepared with different GMO concentrations. (C) The optical 
microscopy showing microstructure of gel-in-gel (ι-carrageenan) HIPEs with different 
GMO concentrations. 
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Figure S4.17. Three phase contact angle of water on 3% beeswax oleogel film 
immersed in either canola oil or canola oil- GMO mixture.  
 

 

Table S4.1. Particle size of HIPEs stabilized by solely 1 wt% GMO, solely 3 wt% 
beeswax, and a combination of 1 wt% GMO + 3 wt% beeswax made at internal volume 
fractions of 0.75. 

HIPE type Emulsion type Particle Size (µm) 
GMO O/W N/A 

Beeswax W/O 28.86 ± 11.33a 

GMO + Beeswax W/O 17.59 ± 6.18a 

 

Table S4.2. Particle size of O-HIPEs made from different internal phase volume ratios. 
 Internal phase volume ratio (Φ) 
 0.70 0.75 0.80 0.85 

Particle Size (µm) 27.16 ± 13.41a 25.78 ± 11.22a 40.42 ± 14.77b 45.77 ± 21.01b 

 

Table S4.3. Particle size of O-HIPEs made from different beeswax concentrations. 
 Beeswax concentration (wt%) 
 0.5 1 3 5 10 

Particle Size (µm) 105.25 ± 38.34a 59.74 ± 23.68b 16.50 ± 6.42c 21.90 ± 7.72d 5.75 ± 1.62e 

 

Table S4.4. Particle size of gel-in-gel HIPEs made from different carrageenans in the 
internal phase. 

 Internal Phase (Carrageenan) 
 κ- ι- λ- 

Particle Size (µm) 34.90 ± 11.40a 27.18 ± 12.95b 45.61 ± 25.72c 
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Table S4.5. EDS elemental analysis of carbon, oxygen, and sulfur from the cryo-SEM. 
Element Internal Phase (Atomic %)  External Phase (Atomic %) 

 Water κ-car ι-car λ-car  Water κ-car ι-car λ-car 
C 2.77 2.27 5.62 80.37  89.19 79.99 83.28 89.32 
O 97.23 97.30 94.21 18.12  10.81 19.70 15.94 10.68 
S - - - 0.58  - - - - 
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CHAPTER 5 

 

MITIGATING THE ASTRINGENCY OF ACIDIFIED WHEY PROTEIN IN 

PROTEINACEOUS HIGH INTERNAL PHASE EMULSIONS  

 
Abstract 

The demand for high-protein food products has rapidly increased in recent years 

due to the growing health awareness of consumers. Whey protein is an abundant by-

product from the dairy industry with high nutritional value. However, it is a substantial 

challenge to mitigate the astringent taste in acidified whey protein food products. Water-

in-oil (W/O) emulsion gel with high internal aqueous phase represents a unique 

opportunity to simultaneously deliver high concentration of whey protein and mitigate 

the astringent taste in spreadable foods. Whey proteins are prepared and complexed with 

different polysaccharides at pH 3.5. Formulations based on 75% water phase 

(containing whey protein and different whey-polysaccharide complexes) and 25% oil 

phase were manufactured into emulsion gels using a high shear homogenizer. In 

addition to enhancing the nutritional content, the protein-rich spreadable product can 

incorporate up to 20 wt% whey in the final product and maintain high viscoelasticity 

(103-104 Pa) and excellent stability for up to 1 months at 25 ºC. Incorporation of whey 

protein at acidic pH in W/O emulsion gel imparts advantages, such as decreased protein 

degradation as well as increased emulsion spreadability and stability. Furthermore, the 

resultant products are creamy and less astringent in sensory studies, indicating this 

product’s potential to incorporate acidified whey protein at high concentration and 

mitigate astringency. 
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Graphical Abstract 

 

Figure 5.1. Graphical abstract of chapter 5. 
 

Introductions 

The demand for high-protein food products has rapidly increased in recent years 

due to the growing health awareness of consumers. Whey protein is an abundant by-

product from the dairy industry providing high nutritional value. The high protein and 

amino acid content of whey protein can become an asset if incorporated in foods. 

However, astringent taste can be inevitably generated if whey protein is added to food 

product at low pH and high concentration (> 3%).1  

Such astringency is believed to be associated with the interactions between whey 

protein and salivary component. Upon ingestion of acidified whey protein, complexes 

are formed through electrostatic interaction between the positively charged whey 
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protein and negatively charged saliva glycoprotein which can then precipitate on the 

tongue. Such precipitation causes astringency that are collectively described as 

“puckering” and “drying” sensation.2 Since astringent taste is undesirable to consumers, 

it is a substantial challenge to mitigate the astringent taste in acidified whey protein food 

products.3 Current advances in improvement of astringency have mainly focused on 

modifying protein surface charges,4 increasing overall food viscosity,5 and changing 

food pHs.6 Although some encapsulation methods are developed for targeted delivery 

of protein,7 very few researches explore the effect of encapsulation on mitigating whey 

protein astringency. 

High internal phase emulsions (HIPEs) are emulsion containing minimal internal 

phase volume fraction (Φ) of 0.74.8–11 With high fractions of the dispersed droplets, the 

resultant emulsions become a viscous gel. More recently, we have explored a novel 

water-in-oil (W/O) HIPE that can be used to encapsulate hydrophilic nutraceuticals at 

high loading.12 Therefore, we hypothesized that this W/O HIPE represents a unique 

opportunity to simultaneously deliver high whey protein concentration and mitigate the 

astringent taste in emulsion gel format. In addition, a better health solution can be 

provided due to high protein loading capacity, low-fat, low-calorie, tunable viscoelastic 

behavior and high stability in this system. Currently, the aforementioned proteinaceous 

W/O HIPE systems have not yet been explored in the food industry.  

Although multiple advantages are associated with the proteinaceous W/O HIPE, 

its fabrication remained a great challenge. The difficulty mainly arises from the high 

surface-activity of whey protein, which could destabilize W/O HIPE with the 

occurrence of phase inversion, forming oil-in-water (O/W) emulsion eventually. 
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Previous study demonstrated that complexation with polysaccharides can effectively 

reduce destabilizing effect of whey and increase the emulsion stability.13 Thus, we 

attempt to integrate this strategy with W/O HIPE technique toward mitigating protein 

astringency. 

In this study, we first demonstrated the functionality of protein-polysaccharide 

complexes to minimize emulsion destabilizing effects. Such stabilization greatly 

improved protein loading capacity in the carrier as well as providing great stability for 

subsequent HIPE. After loading these whey protein-polysaccharide complexes into 

W/O HIPE, high viscoelasticity and reduced acidified whey protein astringency can be 

obtained. Finally, we discussed the role of encapsulation on sensory improvements, with 

in-depth physicochemical characterizations for an effort to provide better health 

alternatives to human population.  

 

Materials and Methods 

Materials 

Fluorescein isothiocyanate isomers (≥ 90.0%), Nile red, sodium hydroxide (≥ 

98.0%), and mucin from bovine submaxillary glands (BSM) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Hydrochloric acid (36.5–38%) was obtained 

from VWR International (Radnor, PA, USA). Canola oil was purchased from a local 

supermarket (Ithaca, NY, USA). Kappa (κ), iota (ι), and lambda (λ)-carrageenan were 

provided by TIC Gums Incorporated (White Marsh, MD, USA). Glycerol monooleate 

(GMO; Capmul GMO-50 EP/NF) was kindly donated by Abitec Corporation 

(Columbus, OH, USA). Beeswax was kindly donated by Strahl & Pitsch, Inc. (West 
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Babylon, NY, USA). WPI was kindly donated by Davisco Food International Inc. (Le 

Sueur, MN, USA). All ingredients used for sensory studies are of food-grade. 

 

Preparation of HIPEs 

W/O HIPEs were fabricated based on a previously reported method,12 with some 

modifications. In brief, the oil phase (1 wt% GMO, 3 wt% beeswax in canola oil) was 

heated to 70 °C. whey protein solutions of different concentration (25 °C) was added 

slowly to the heated oil mixture until the internal aqueous volume fractions reach 0.65, 

0.70, 0.75, and 0.80, under constant high-shear homogenization at 10,000 rpm. The 

internal aqueous volume fraction was calculated as the volume of water phase included 

in the emulsion divided by the total volume of the emulsion. Half-way through the 

fabrication, the HIPEs were submerged in an ice bath to slowly cool down to 4 °C.  

 

Preparation of whey protein-polysaccharide complex (PPC) 

PPCs were fabricated based on method reported by Wagoner & Foegeding (2017), 

with some modifications. 1 wt% whey protein solutions and 2 wt% polysaccharide 

solutions of carrageenans (κ-, ι-, λ-) are combined at ratio of 1:1 (v/v) at pH 6. The 

combined mixtures were then adjusted to pH 3.5 by slowly adding 0.1 v% phosphoric 

acid. Subsequently, the mixture was heated to 80 °C for 10 minutes. Further, PPCs 

solutions are concentrated to 20 wt% through heat evaporation. 

 

Rheological Measurements of HIPEs  

The HIPEs were stored and measured at 25 °C. The rheological measurements of 
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the HIPEs were carried out through dynamic measurements on an AR 1000 Rheometer 

(TA instruments, New Castle, DE, USA), using a 40-mm plate geometry and a gap of 

500 μm. The linear viscoelastic region was determined by a strain sweep at a frequency 

of 1 Hz from 0.0001 to 10. The G’ and G” modulus were obtained through frequency 

sweeps from 0.1–10 rad/s using a fixed strain value of 0.0003. 

 

Confocal Laser Scanning Microscopy 

The microstructures of HIPEs were inspected with a confocal laser scanning 

microscope (CLSM; LSM 710, Carl Zeiss, Göttingen, Germany). For CLSM, the 

internal and external phases were stained with fluorescein isothiocyanate isomers and 

Nile red at 1 mg/mL and 2 mg/mL, respectively, prior to HIPE fabrication. The HIPE 

structural morphology was studied using excitation/emission wavelengths of 488/515 

nm and 492/518 nm, for fluorescein isothiocyanate isomers and Nile red, respectively.12  

 

Particle Size Measurement 

To measure the mean particle diameters of the droplets within the HIPEs samples, 

we utilized ImageJ software (v1.51) for image analysis. This instrument measures the 

mean particle size through calculation of the droplet diameter through image pixel 

analysis. At least 100 particles were analyzed for each sample. 

 

Quartz crystal microbalance with dissipation (QCM-D) monitoring for mucin-

protein interactions 

The experiments were conducted using a Q-Sense Explorer single-module system 
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(Biolin Scientific, Gothenburg, Sweden). First, a solution of 0.1 wt% of bovine 

submaxillary mucin in phosphate buffer at pH 7 (oral mucin model) was injected 

continuously to the QCM-D cell over the gold-coated SiO2 sensor (QSX 301) at flow 

rate of 0.3 mL/min at 25 °C. After the mucin adsorbed on the sensor reached equilibrium, 

the coated sensor was washed with pH 7 phosphate buffer. This step generates the oral 

cavity conditions on the sensor (pH 7). Since the focus of this work is an acidified WPI 

at oral conditions, the pH of the injection cell is adjusted to pH 3.5 by injecting water 

(adjusted to pH 3.5 by 1 M HCl) into the QCM-D cell until the attached mucin reaches 

another equilibrium. 2nd layer of solution (0.2 wt% PPC (κ-, ι-, λ-)) was injected and is 

post-washed with buffer at pH 3.5. The 0.1 wt% WPI followed by 0.2 wt% carrageenan 

(κ-, ι-, λ-) were sequentially injected as the 2nd layer on the mucin as a control. 

All of the solutions were degassed. The frequencies and corresponding 

dissipations were measured simultaneously. The raw data was analyzed using the 

Composite Sauerbrey model on QCM-D DFind software (QScense) to quantify the mass 

of adsorbed molecules.14 Each experiment was carried out in triplicate. To clean the 

sensors, sensors were heated in a cleaning solution (71 v% milli-Q water, 14.5 v% 

ammonia, and 14.5 v% hydrogen peroxide) at 75°C for 5 min, rinsed with Milli-Q water, 

dried with nitrogen gas, and then UV-Ozone treated for 10 min. 

 

Sensory evaluation of HIPEs 

Volunteers of 15 adult males and females aged ≥ 18 years were recruited (Ithaca, 

NY, USA). The sensory evaluation studies were performed under the guidelines of 

human participants policy and standard operating procedures, and the experiments were 
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approved by the ethics committee at the Cornell University (Protocol ID# 1903008666). 

Informed consents were obtained from panelists of this study. The astringency of the 

protein-containing samples was evaluated in an untrained panel. Panelists were 

presented with two sets of samples, the protein-polysaccharide complex and 

proteinaceous HIPE samples. Each set compose of three different samples plus a control 

throughout the sensory test, with same concentrations of protein contents. Hedonic scale 

of 1-9 is used to describe the protein-polysaccharide complexes and HIPE samples by 

rating astringency, with 1 being least astringent, and 9 being extremely astringent. The 

whey protein solution (20 wt%, pH 3.5) sample was used as a control with a pre-set 

astringency score of 5. The samples were evaluated and compared to the control by the 

panelists. All of the samples were prepared a day before the evaluation and were stored 

in a refrigerated condition at 4°C until samples were evaluated.  

 

Results and Discussions 

Proteinaceous HIPE 

To mitigate protein astringency, we propose to encapsulate whey protein into the 

aqueous fraction of W/O HIPE. To provide a robust platform for protein mitigation, the 

loading capability of whey protein is very critical. Here, we opt to define the maximum 

protein loading concentration using our previously reported W/O HIPE formulation.12 

Shown in Figure 5.2A, the cutoff point of the highest protein loading concentration is 

1% under internal volume fraction (Φ) of 0.75. When we looked into the microstructure 

of these HIPEs under confocal laser scanning microscopy (CLSM), phase separation 

occurs with 5% and 10% protein loading (Figure 5.2B). This is due to the high surface 
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activity of WPI, which limits our loading capacity. In addition, at higher WPI 

concentration (20%) and pH of 3.5, WPI forms gel prior to HIPE fabrication.15 

Consequently, HIPEs with 20% WPI cannot be formed, with unsuccessful packing of 

internal phase droplets, demonstrating the presence of gel-in-oil (G/O) emulsion. The 

rheological measurement indicated that the storage modulus (G’), decrease with 

increasing WPI loading (Figure 5.2C). G’ is low when the phase separation occurs and 

again obtains its viscoelasticity for G/O emulsion. Besides rheological assessments, 

particle size of the internal droplets can also reflect the HIPE stability (Figure 5.2D). 

Smaller droplet and narrower particle size distribution typically provide a higher 

emulsion stability. We find that the droplet size and particle size distribution increase 

with increasing protein concentration up to 1%, which explains the decrease of G’ in 

rheological measurements (Figure 5.2C-D, and S5.1, Table S5.1). These results suggest 

that 1% WPI is the maximum loading concentration, which is thus used in the 

subsequent measurements. 
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Figure 5.2. Fabrication of HIPEs loaded with different WPI concentrations at pH 3.5 in 
the internal phase, Φ=0.75. (A) Image of HIPEs loaded with different WPI 
concentrations in the internal phase. (B) CLSM imaging of HIPEs’ microstructure. (C) 
Rheological measurements of the HIPEs loaded with different WPI concentrations, and 
(D) particle sizes of the internal droplets in HIPEs. 
 

The optimal packing volume fraction 

Next, we investigated the highest internal volume fractions (Φ) HIPE can reach 

with 1% WPI. As demonstrated in Figure 5.3, the highly concentrated emulsion can 

form viscoelastic HIPE with internal volume fractions of up to 0.75. When Φ=0.80, 

phase inversion occurs, forming an O/W emulsion. Considering the microstructure of 

HIPEs with different internal fractions, the particle sizes of the internal phase decreases 

with increasing Φ, with a wider particle size distribution at Φ = 0.65 and 0.70 (Figure 

5.3B, Table S5.2, Figure S5.2). Additionally, rheological measurements show that 

HIPEs with Φ= 0.65, 0.70 and 0.75 demonstrate the highest G’ value, indicating 

stronger viscoelasticity behavior (Figure 5.3C). Therefore, we selected Φ= 0.75 for all 
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subsequent emulsions studied. 

 

 

Figure 5.3. HIPEs featuring 1% WPI in the internal phase with different internal phase 
volume fractions. (A) Image of HIPEs prepared at different internal phase volume 
fractions. (B) The corresponding microstructure of HIPEs observed from optical 
microscopy. (C) Rheological measurements of HIPEs at different internal phase volume 
fractions. 

 

Stabilizing WPI protein in the internal phase 

The WPI is surface active. Such surface activity can be further enhanced through 

heating above 70 ºC, due to the denaturation of WPI. Upon heat treatment that are 

required for this HIPE fabrication, WPI exposes its hydrophobic site and becomes an 

efficient stabilizer for O/W emulsion. This property leads to technical difficulties in 

incorporating high concentrations of WPI into W/O HIPE, which catastrophic phase 

inversion can occur readily. To overcome the high surface activity of WPI, while 
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protein-polysaccharide complexes (PPCs). Previous researchers have successfully 

structured PPC featuring a polysaccharides shell enclosing a protein core, this could 

greatly lower the protein surface activities.16 Besides overcoming the protein surface 

activities while achieving high WPI loading in the W/O HIPE system, PPC can 

potentially play a role in mitigating protein astringency. Previously, Zeeb et al. (2018) 

have reported that PPC can mitigate protein bitterness at acidic conditions by decreasing 

protein interaction with saliva proteins. Thus, we believe that introducing protein-

polysaccharide complexation strategy can simultaneously reduce the surface activity of 

WPI for high protein loading and WPI-saliva protein interaction for astringency 

mitigation. As we aim to investigate WPI astringency at pH 3.5, which is below WPI’s 

PI of 5.2, a negatively charged polysaccharide was used to interact with the positively 

charged WPI to form PPC. In this case, we have selected three negatively charged 

polysaccharides of carrageenans (κ-, ι-, λ-) to form PPCs. However, upon introducing 

WPI and carrageenans, precipitation occurred. This precipitation results in the 

undesirable alternation of the HIPE texture, and inhomogeneity of WPI dispersion. 

Previously reported by Wagoner & Foegeding (2017), a water-dispersible PPC can be 

formed when protein and polysaccharide are mixed at charges of the same kind prior to 

the adjustments of pH, followed by a heating process to induce rearrangement of PPC. 

When the PPC is being heated, it self-rearranges into microgel featuring a WPI core and 

polysaccharide shell. Interestingly, in the presence of polysaccharide as outer layer of 

PPC, such PPC became soluble and did not precipitate out. Thus, we applied this 

technique to form soluble PPC in our system. Figure 5.4 shows that at a WPI to 

polysaccharide ratio of 1:2, soluble PPC can be formed with carrageenans (κ-, ι-, λ-) 
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(Figure 5.4A). Under scanning electron microscope (SEM) observation, the WPI-κ-

carrageenan PPC (κ-PPC), WPI-ι-carrageenan PPC, and WPI-λ-carrageenan (λ-PPC) 

show distinct microstructures. Interestingly, κ-PPC aggregates into larger clumps, while 

ι-PPC and λ-PPC showed complexes that are well-dispersed (Figure 5.4B). This is 

consistent with the particle size measurement, where the particle size of κ-PPC is the 

largest, followed by ι-PPC and λ-PPC in the nanosized range (Figure 5.4C). As the PPC 

are successfully formed, we further introduce PPCs to mucin at pH 3.5, simulating oral 

conditions where PPCs interacts with saliva protein (mucin). The interaction of WPI 

and PPCs with mucin can be briefly demonstrated with particle size and ζ-potential 

measurements. Expectedly, WPI-mucin formed large complexes at micron range (2.04 

± 0.18μm), which also reflected in the increased solution turbidity (Figure 5.4C, S5.3). 

This large complex formation can be attributed to the strong electrostatic interaction 

between the positively charged WPI and negatively charged mucin (Figure 5.4D). 

Interestingly, all PPCs (κ-, ι-, λ-) formed relatively small complex with mucin, and are 

strongly negatively charged (Figure 5.4C-D). Such results indicate that PPCs and mucin 

are electrostatically repelling, suggesting less PPCs and mucin interaction at pH 3.5. 

 

To further understand the proposed mechanism, we conducted experiments of 

quartz crystal microbalance with dissipation monitoring (QCM-D) simulating the 

interaction of acidified WPI and PPCs (κ-,ι-,λ-) with saliva mucin at oral conditions (pH 

7). Briefly, QCM-D monitors the variation of frequency (Δf ) and dissipation (ΔD) of 

the sensor when external mass (molecular interaction) is added, this can be useful in 

identifying interaction strength between two compounds.18–20 The experiment was 
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usually done by sequentially depositing layers of components onto the sensors, 

alternating with a series of buffer wash to reach equilibrium, and quantify the 

components remained on the sensors. To understand the reduced interaction of oral 

mucin with WPI by forming PPC, we firstly coated a layer of negatively charged mucin 

onto the QCM-D gold sensor at pH 7, and introduced either acidified (pH 3.5) WPI or 

PPCs to monitor the gold sensor’s frequency and dissipation change, the process is 

shown in Figure 5.5A. As a control, the WPI was firstly attached onto negatively 

charged mucin, followed by attachment of carrageenans (κ-,ι-,λ-) while the PPC 

samples were directly introduced onto the mucin-coated sensors (Figure 5.5B). The 

quantitative attachment of the WPI-carrageenan mixture and PPCs onto mucin layer can 

be calculated through a Composite Sauerbrey model (Figure 5.5C).14 As shown in 

Figure 5.5C, κ-PPC and WPI-κ-carrageenan (control) attached similarly to mucin 

(P>0.05), and this might be due to the aggregation and larger particle sizes of κ-PPC 

(Figure 5.4C). Besides κ-PPC, ι-PPC and λ-PPC both showed significantly reduced 

mucin interaction (P<0.05) compared with the controls and are concordant with the 

particle size results from Figure 5.4C. The particle size and QCM-D results suggest that 

ι-PPC and λ-PPC can be an effective delivery system to minimize WPI-mucin 

interactions thus lowering protein astringency.  
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Figure 5.4. Characterization of WPI-carrageenan PPC. (A) Visual appearance of the κ-, 
ι-, λ- PPC (B) SEM of the κ-, ι-, λ- PPC (C) Particle size measurements of WPI and 
PPCs (κ-, ι-, λ-) before and after mixing with 0.1 w% mucin. (D) ζ- potential of WPI 
and PPCs (κ-, ι-, λ-) before and after mixing with 0.1 w% mucin. 
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Figure 5.5. Real-time QCM-D characterizations of interactions between WPI and 
mucin. (A) Demonstration of the coating mechanisms of the WPI and κ-, ι-, λ- PPC on 
the QCM-D sensors. (B) QCM-D frequency output demonstrating WPI-mucin 
interactions (control). (C) Amount of WPI- carrageenans (κ-, ι-, λ-, control) and PPCs 
(κ-, ι-, λ-) attached onto mucin-coated QCM-D gold sensors.  
 

Incorporation of PPC into HIPEs 

Due to the promising solubility characteristic of PPC, as well as providing less 

WPI-mucin interaction, we decided to incorporate PPC as the internal phase for HIPE 

formation. As mentioned previously, WPI can only be successfully loaded into W/O 

HIPE up to 1% concentration (Figure 5.2A). Surprisingly, when loading WPI as PPCs 

into the HIPE, we can achieve protein loading as high as 20% WPI (Figure 5.6A). The 
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rheological measurement shows that with 20% WPI loading, ι-PPC and λ-PPC lead to 

higher G’ of HIPE than κ-PPC (Figure 5.6B). Compared to HIPEs formed with only 1% 

WPI (Figure 5.2C), the PPC incorporation confers HIPEs with higher viscoelastic 

properties (Figure 5.6B). However, the particle size of HIPEs made with λ-PPC is larger 

than those with κ-PPC and ι- PPC, simultaneously showing a wider particle size 

dispersion (Figure 5.6C, S5.4, Table S5.3). As we have highlighted above, larger 

particle size would cause instability of HIPEs. 

 

 

Figure 5.6. (A) Visual appearance of HIPEs incorporated with κ-, ι-, λ- PPCs. (B) 
Rheological measurement of HIPEs loaded with 20% protein (C) CLSM of HIPEs 
loaded with κ-, ι-, λ- PPC. Here, HIPEs were formulated with PPC containing 20% WPI. 
The red indicates the oil phase and green indicates aqueous phase. 
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Sensory evaluation of the astringency of PPC 

We have demonstrated the potential astringency mitigating effect by 

understanding WPI-mucin interactions. To directly evaluate the astringency mitigation 

by PPC, we carried out sensory study on PPC (κ-, ι-, λ-) containing 10% WPI. 

Meanwhile, 10% WPI solution was used as a control (shown as a red line, Figure 5.7). 

Interestingly, ι-PPC and λ-PPC showed significant decreases in astringency intensity 

while κ-PPC did not as compared to the control (Figure 5.7). This was supported by the 

QCM-D measurement where κ-PPC interact with mucin more and results in astringent 

tastes (Figure 5.5C). When the PPCs are further incorporated into HIPEs, the WPI 

astringency perceptions are largely reduced (Figure 5.7). Among all HIPE-PPC 

evaluation, ΗΙPΕ-ι-PPC showed the lowest astringent taste, while HIPE-κ-PPC and 

HIPE-λ-PPC showed to be similarly astringent. The results demonstrate the potential of 

using HIPE as an effective encapsulation method to reduce protein astringency.  
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Figure 5.7. Astringency sensory score of PPC (κ-, ι-, λ-) and the corresponding HIPEs 
formulated containing 10% WPI (n=15). The dash line indicates the score of control 
(10% WPI solution). 
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here suggested that the electrostatic interactions between mucin and WPI play an 

important role in astringency development. Through reducing WPI interactions with 

κ- PPC ι - PPC λ-PPC

As
tri

ng
en

cy
 S

co
re

1

2

3

4

5

6

7

8

9

PPC
HIPE-PPC

κ-PPC ι-PPC λ-PPC



 

124 

mucin by modifying surface charge or physically creating an oil barrier around it, WPI 

astringency can be greatly mitigated. In addition, our method provides insight into 

protein encapsulation techniques, which can be used for numerous promising 

applications. This novel high protein spreadable product, generated with simple 

fabrication techniques, showed its promising value for biological, food, and 

pharmaceutical industries. 
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Supporting Information 

 

Table S5.1. Particle size of HIPEs made with different WPI concentrations in the 
aqueous phase. 

 WPI concentrations (%) 
 0 0.05 0.10 0.50 1 5 10 20 

Particle  
Size (µm) 14.53 ± 4.89 20.84 ± 10.79 17.26 ± 9.85 24.17 ± 11.18 29.85 ± 12.6 19.22 ± 8.21 16.78 ± 5.92 17.12 ± 8.05 
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Figure S5.1. Particle size distribution of HIPEs made with different WPI 
concentrations in the aqueous phase. 
 

 

Figure S5.2. Particle size distribution of HIPEs internal volume fractions of 0.65, 
0.70, 0.75, and 0.80. 
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Table S5.2. Particle size of 1% WPI-HIPE made with different internal phase volume 
ratios. 

 Internal phase volume ratio (Φ) 
 0.65 0.70 0.75 0.80 

Particle Size (µm) 23.01 ± 7.19 29.34 ± 13.52 20.67 ± 8.06 1.91 ± 1.2 
 

 

Figure S5.3. Turbidity of the control (0.1% WPI), PPC solutions (0.1%, κ-, ι-, λ-) and 
the corresponding mixture with 0.1% mucin. 
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Figure S5.4. Particle size distribution of HIPEs (Φ=0.75) incorporating 20% κ-, ι-, λ- 
PPC. 
 

 

Table S5.3. Particle size of HIPEs incorporating 20% of κ-, ι-, λ-PPC. 
 PPC type 
 κ-PPC ι-PPC λ-PPC 

Particle Size (µm) 9.65 ± 5.06 7.97 ± 2.55 12.13 ± 5.65 
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CHAPTER 6 

 

ULTRASONIC ENCAPSULATION OF CINNAMON FLAVOR TO IMPART 

HEAT STABILITY FOR BAKING APPLICATIONS 
  

Abstract 

The objective of this study was to enhance the heat stability of cinnamon flavor by 

ultrasonication-assisted microencapsulation and reduce the interaction of encapsulated 

cinnamaldehyde with yeast for baking applications. Microcapsules were formed by 

ultrasonication-induced cross-linking of chitosan and pectin. Cinnamaldehyde, the 

principal component of cinnamon essential oil, was incorporated with carrier oil into 

the cross-linked capsules. Capsule formation was verified using infrared spectroscopy 

and scanning electron microscopy. The formulation was spray dried and heated to 

determine the stability of the flavor at baking temperatures (150–250°C). Gas 

chromatography was utilized to quantify the remaining cinnamaldehyde in the heated 

samples. Compared to pure cinnamaldehyde and the unsonicated formulation, the 

ultrasonicated microcapsules exhibited significantly higher cinnamaldehyde retention 

at high temperatures (> 200°C). Yeast growth studies were also performed in which 

Saccharomyces cerevisiae displayed less growth inhibition when subjected to 

encapsulated cinnamaldehyde versus pure cinnamaldehyde of the same concentration. 

 

Gong, C.*, Lee, M. C.*, Godec, M., Zhang, Z., & Abbaspourrad, A. (2020). Ultrasonic 

encapsulation of cinnamon flavor to impart heat stability for baking applications. Food 

Hydrocolloids, 99, 105316. https://doi.org/10.1016/j.foodhyd.2019.105316 
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Introduction 

Cinnamon, a spice utilized in baking, is usually derived from the bark of 

Cinnamomum trees. Cinnamaldehyde, the main component in cinnamon essential oil, 

plays the most important role in the definition of cinnamon flavor.1–3 When cinnamon 

is used for baking applications, two significant challenges exist. First, cinnamaldehyde 

is volatile and may undergo degradation at high temperatures. This can cause flavor 

evaporation and introduce unwanted degradation products into foods.4 If stored over 

time, baked goods can consequently lose the cinnamon flavor or develop unwanted off-

flavors.4 Second, cinnamaldehyde has exhibited antibacterial and antifungal properties. 

This has been exploited in applications such as pharmaceuticals, food processing and 

food packaging.5–7 However, while beneficial in medicinal and some food processing 

settings, these properties can be inhibitory when cinnamaldehyde is incorporated in the 

bread proofing process.  

 

Yeast is used as a leavening agent in various baked products for its ability to 

produce carbon dioxide, which assists in dough rising and texture development. In 

yeast-raised bakery products, the cinnamon inhibit the yeast’s ability to produce gas, 

leading to unrisen, denser breads.8 This phenomenon resulted in current cinnamon-

bread making practice to add cinnamon flavor after proofing processing. To solve these 

issues, encapsulation has been used to increase the heat stability of cinnamaldehyde and 

prevent the loss of cinnamon flavor at high baking temperatures.4,9,10 The encapsulation 

also weakens the antagonistic reactions that cinnamaldehyde has with yeast, and enables 

the incorporation of cinnamon flavor in dough before bread proofing.11  
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Typically, emulsion can be used as a template which mediates flavor 

encapsulation.12,13 Most of the emulsion-templated systems require the use of synthetic 

surfactants and cannot withstand high heat treatments.14 Therefore, a challenge exists to 

efficiently encapsulate flavors under high heat environments. Ultrasonication is the 

application of high intensity sonic waves of frequencies at 20 kHz or more in order to 

produce agitation and is particularly useful for the formation of microcapsules.15,16 The 

agitation produces cavities of gas or liquid within the system that are capable of 

implosion. The release of energy from cavitation induced water to generate free radicals, 

which can assist in the chemical bonding of capsule materials. This can then lend ability 

for microcapsule formation.17,18 

 

Here, we present the construction of emulsified microcapsules using 

ultrasonication-assisted polymeric crosslinking of two natural polysaccharides: chitosan 

and pectin. In the presence of cavitation and free radicals, aqueous chitosan and pectin 

are well-suited to form linkages and encapsulate the hydrophobic cinnamaldehyde. The 

accessibility of amine groups in chitosan and carboxyl groups in pectin can provide the 

basis for amide bond formation. The strength of these linkages supplies stability to the 

polysaccharides and to the microcapsule as a whole.17 Amide bonds are particularly 

stable because of resonance structure capabilities imparted by the linked carbonyl and 

amine groups.19,20 Robust amide bond strength as created by ultrasonication-assisted 

cross-linking can therefore provide better microcapsule stability under high 

temperatures.  
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This study presents a novel formulation to encapsulate cinnamaldehyde via 

ultrasonication. The formulation was investigated for its ability to impart heat stability 

to cinnamon flavor in addition to restricting the flavor’s undesirable interactions with 

yeast for baking applications. By encapsulating cinnamaldehyde, baked goods can 

subsequently retain flavor longer and better maintain a desired structure and texture. 

 

Materials and Methods 

Materials 

Trans-cinnamaldehyde (99%) was purchased from Acros Organics (Geel, 

Belgium). Medium molecular weight chitosan (190- 310 kDa) and pectin from citrus 

peel (Galacturonic Acid > 74.0%, methoxy group > 6.7%) were purchased from Sigma-

Aldrich (St. Louis, MO, USA). Maltodextrin (DE=15- 20) was obtained from Bulk 

Supplements (Henderson, NV, USA) and vegetable oil was purchased from a local 

supermarket (Ithaca, NY, USA). Acetic acid, hydrochloric acid, and sodium hydroxide 

were purchased from VWR (Radnor, PA, USA). All other solvents and reagents utilized 

were of analytical grade and were obtained from VWR (Radnor, PA, USA). 

 

Preparation of cinnamaldehyde filled ultrasonically crosslinked microcapsules 

The preparation of cinnamaldehyde filled ultrasonically crosslinked 

microcapsules (CA-UCM) is described as follows. Individual aqueous solutions of 

chitosan (0.5 %, w/v) and pectin (0.5 %, w/v) were dissolved in deionized water with 

magnetic stirring for 30 minutes. The solutions were then adjusted to pH 2 with 0.1 M 

HCl or 0.1M NaOH and stirred for an additional 15 minutes. Cinnamaldehyde and 
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vegetable oil (the carrier oil) were mixed at a 7:3 (w/w) ratio to comprise the total oil 

phase. Equal volumes of chitosan and pectin solution were added to the oil mixture at a 

ratio of 5:1 (v/v), respectively. The mixture was maintained at 4 °C and ultrasonicated 

by an ultrasonic probe (VibraCell 750 Ultrasonic Processor, Sonics and Materials Inc.) 

at 20 kHz, with 750 Watts of energy input for 15 minutes. Unfilled ultrasonically 

crosslinked microcapsules (UCM) were similarly prepared, without the inclusion of 

cinnamaldehyde and vegetable oil. Non-crosslinked microcapsules (NCM) of the 

cinnamaldehyde microcapsule formulation were also prepared by mixing the samples 

using vortex for 30 seconds instead of using ultrasonication. 

 

Spray-Drying of cinnamaldehyde filled ultrasonically crosslinked microcapsules 

CA-UCM emulsions prepared as described in section 2.2 were mixed with 2 wt% 

maltodextrin and spray-dried to form spray-dried cinnamaldehyde filled ultrasonically 

crosslinked microcapsules (SD-CA-UCM) powder. The addition of maltodextrin was 

used to coat the CA-UCM with an additional layer and to assist in the spray-drying 

powder formation. The emulsions were spray-dried using an FT30MkIII-G Spray Dryer 

(Armfield Ltd., Hampshire, England). The product feed temperature was kept at 25°C 

and an inlet air temperature of 150°C was utilized in conjunction with an exhaust 

temperature of 55°C. We operate with the drying air flow rate of 70m3/h, feed liquid 

flow rate of 375mL/h, and an atomizer nozzle size of 0.5mm. Powders were collected 

and stored at ambient conditions until characterization. 

 

Microcapsule Particle Size and Zeta-Potential 
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Emulsion samples were diluted with deionized water upon formation and the 

average particle sizes and zeta potentials were measured via a Zeta-Sizer (Zetasizer 

Nano-ZS90, Malvern Instruments, Worcester-shire, UK). For particle size 

measurements, a scattering angle of 90° was utilized with a Helium/Neon laser (λ = 633 

nm). For electrical surface charge (zeta-potential) measurements, the emulsion droplets 

were measured using particle electrophoresis. Measurements were conducted on 

samples of both CA-UCM and UCM in triplicate. 

 

Fourier-Transform Infrared (FTIR) Spectroscopy  

Emulsion samples were frozen (-20°C) and freeze-dried overnight (FreeZone 

Bench-top Freeze Dryer, Labconco). FTIR spectra of the freeze-dried samples were 

obtained using an FTIR spectrometer IR-Affinity-1S (Shimadzu, Kyoto, Japan) 

equipped with a single-reflection attenuated total reflectance (ATR) apparatus. Samples 

were scanned from 4000 to 400 cm-1, using a resolution of 4 cm-1 and 64 scans.21  

 

Scanning Electron Microscopy  

     CA-UCM and UCM emulsion samples were air-dried and, in addition to SD-CA-

UCM, were individually mounted on a scanning electron microscopy (SEM) sample 

holder and sputter coated (Denton Desk V Sputter) with gold. The samples were 

examined through a field emission scanning electron microscope (LEO 1550 FESEM, 

Carl Zeiss, New York, USA). SEM images were taken with accelerating voltage at 2 

kV, at a 5 mm working distance, and an aperture size of 30 μm. 
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Heat Treatment 

     Pure cinnamaldehyde, NCM and SD-CA-UCM, at an equal cinnamaldehyde 

concentration, were heated in a furnace (Thermolyne Benchtop Furnace, Thermo 

Scientific) at 150, 200, and 250 °C for 10 minutes. The samples were left uncovered 

during heating in order for the cinnamaldehyde to evaporate. Subsequently, the heat-

treated samples were allowed to cool to room temperature. Samples were analyzed 

according to a previously reported method, with slight modifications.22 One mL each of 

ethyl acetate and deionized water were added to all samples for extraction. Samples 

were vortexed for 1 minute, sonicated in a sonication bath for 10 minutes, and vortexed 

for an additional 1 minute. Using vortex and low-intensity sonication were necessary to 

rupture the microcapsules and release the flavor into the organic ethyl acetate layer. 

Next, the mixtures were centrifuged at 959 × g for 10 min, and 100 µL of the organic 

layer of each sample was used for gas chromatography (GC) analysis. Non-heated 

samples at 25°C were extracted using the same method and analyzed using GC for 

calculations of encapsulation efficiency. 

 

Quantification of Cinnamaldehyde by Gas Chromatography  

     Gas chromatography with flame ionization detection (GC-FID, Hewlett Packard 

5890 Series II, GenTech Scientific) was utilized to analyze the samples. Standards of 

cinnamaldehyde (99%) at known concentrations were used to construct a calibration 

curve. 0.8 µL of each sample was injected into a HP-5ms column (30m x 0.25mm, I.D. 

0.25µm film, Agilent Technologies, CA, USA) with an initial column temperature of 

60°C, and ramped to 250°C at a rate of 10°C/min. The injector temperature was 250°C, 
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with an inlet pressure of 17 kPa. Hydrogen (99.49%) was utilized as the carrier gas.22 

Two injections were performed for each sample and each sample was analyzed in 

triplicate. Data was collected and analyzed via PeakSimple Chromatography Data 

Systems (SRI Instruments). Cinnamaldehyde retention before (at 25°C) and after 

heating was calculated according to equation 1: 

 

Cinnamaldehyde Retention (%) = 78	93#32#34	8+))$'$%43-543
:)+#+$%	8+))$'$%43-543

∗ 100              (1) 

 

Thermogravimetric Analysis  

The thermogravimetric analysis (TGA) curves were obtained using a 

thermogravimetric analyzer (TGA Q500, TA Instruments, New Castle, DE, USA). The 

measurements were conducted under nitrogen gas at a flow rate of 60 mL/min. 

Approximately 8 mg of pure cinnamaldehyde, Freeze-dried UCM, and SD-CA-UCM 

were loaded individually onto the platinum pan and heated from 20 to 600 °C, at a rate 

of 10 °C/min. The thermogravimetric curve was plotted as the derivative of mass loss 

percent (%) over temperature (°C) vs. heating temperature (°C) 23. The first derivative 

curve was plotted using the Universal Analysis 2000 software (Version 4.5A, TA 

instruments, New Castle, DE, USA). 

 

Yeast Growth Studies 

A culture of Saccharomyces cerevisiae (6210/wild-type) was inoculated from a 

single colony of a streak plate in 5 mL of yeast peptone dextrose (YPD). The culture 

was incubated aerobically at 25 °C for 36 hours until reaching an approximate optical 
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density value of 2 at 600 nm. Stocks of NCM (non-crosslinked), SD-CA-UCM 

(crosslinked), and pure cinnamaldehyde samples were individually prepared with sterile 

deionized water to a concentration of 6.3 mg/mL. 1% NCM, SD-CA-UCM or pure 

cinnamaldehyde was added to YPD solution to obtain 100x dilution treatments of 1mL 

total volume. An inoculum of yeast culture (50 µL) was aseptically inoculated into 1mL 

of each treatment in 15.6 mm assay wells, with untreated yeast in YPD as a control. 

Three replicates were conducted for each treatment. The samples were analyzed by a 

plate reader (SpectraMax iD3 Microplate Reader, Molecular Devices, CA, USA) at 30 

°C at an absorbance of 600 nm for 15 h. 

 

Statistical Analysis 

All experiments were carried out in triplicate and the results were expressed as 

mean ± standard deviation. IBM SPSS® version 24.0 (Chicago, IL, USA) was used to 

determine statistical significance results. One-way ANOVA was employed for all tests, 

with Tukey’s post-hoc test, and all results were considered significant at P < 0.05. 

 

Results and Discussion 

Formation of ultrasonically crosslinked cinnamaldehyde microcapsules  

     Chitosan and pectin were chosen as polymers for the fabrication of microcapsules 

because of the availability of their amine and carboxyl functional groups, respectively, 

which can participate in ultrasonication-induced polymer cross-linking. The amine 

groups of chitosan have a pKa of ~ 6.2–7.0, resulting in full protonation below pH 6.2.24 

Meanwhile, the carboxyl groups of pectin have a pKa of ~3.5 and will deprotonate and 
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approach negative charge above this pH level.25 At aqueous pH values of ~5–6, chitosan 

and pectin can form complexes through electrostatic interactions due to the opposite 

charges of their respective functional groups. To prevent this from occurring before 

ultrasonication and the inclusion of the oil phase, the pH of the aqueous chitosan and 

pectin solutions were adjusted to a value of 2,17,26 to maintain all polymers in the 

protonated state.  

 

 
Figure 6.1. (A) Cinnamaldehyde encapsulation schematic detailing capsule formation 
via ultrasonication-induced polymeric cross-linking of pectin and chitosan 
polysaccharides. (B) FTIR measurements of chitosan, pectin, chitosan-pectin physical 
mixture and UCM, detailing spectral changes corroborating the formation of amide 
bonds during ultrasonication. 
 

     Upon ultrasonication of the aqueous and oil layers, high energy promotes the 

cross-linking reactions between the polymers.17,18 Amide bond and hydrogen bond 

formation between amines of free chitosan and carboxyl functional groups of pectin can 

construct a stable microcapsule structure while simultaneously incorporating the 

hydrophobic oil phase inside (Figure 6.1A). In addition, cavitation produced from the 

high frequency sonic waves can generate free radicals that accelerate these chemical 
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reactions and facilitate the encapsulation process. In comparison to conventional 

encapsulation methods, ultrasonication induced amide cross-linking yields more stable 

polymer bonding. The inherent strength of amide bonds due to resonance coupled with 

the reactive environment produced by ultrasonically generated free radicals allows for 

the facile formation of stable microcapsules. Conditions of high intensity and energy 

cavitation are more favorable for plentiful, robust bond formation than typical 

electrostatic conditions.27 Ultrasonication, however, generates concentrated amounts of 

heat, therefore emulsions were ultrasonicated while submerged in ice and covered to 

reduce any evaporation of the flavor compound. This constructed microcapsule 

structure has the potential to impart a high degree of stability to the encapsulated 

cinnamaldehyde. Chitosan and pectin also have good emulsifying properties, which 

further helps to retain flavor in a stable cinnamaldehyde emulsion.28,29 

FTIR measurements were taken of the UCM sample, physical mixture of its 

polysaccharide constituents, and individual polysaccharides in order to confirm the 

cross-linking formation of amide bonds (Figure 6.1B). The presence of amide bond 

formation is evidenced by several peaks. A new peak at 1700 cm-1 of the UCM spectrum 

is attributed to the carbonyl stretch (Amide I) of the newly formed amide bonds (Figure 

6.1B).30,31 The peak at 1650 cm-1 of the pectin and physical mixture’s spectrum 

correlates to the pectin’s characteristic carboxyl functional groups.32 This peak is 

diminished in the UCM spectrum, suggesting the participation and subsequent depletion 

of the carboxyl groups in amide binding. Additionally, a shift is seen in the wavenumber 

of the N-H bend of the amine from the chitosan spectrum to the UCM spectrum. This 

decrease from 1560 cm-1 to 1520 cm-1 signifies the conversion of a primary amine, in 
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this case the amine functional groups of chitosan, to a secondary amine, characteristic 

of amide bonds.33 Higher wavenumbers elucidate another difference between the 

chitosan and UCM spectra. Typically, peaks around 3300 cm-1 can be correlated to the 

N-H stretch of amines. In primary amines, this is evidenced by the appearance of two 

bands, as opposed to only one band in secondary amines.33 This primary amine 

phenomenon was observed between chitosan, physical mixture and UCM spectra, at 

higher wavenumbers of 3000-3500 cm-1, again indicating the participation of primary 

amine functional groups in amide bonding to form secondary amines. 

 

Characterization of cinnamaldehyde microcapsules 

     Two important metrics for evaluating microcapsules are their particle sizes and 

zeta potentials. These results for UCM and CA-UCM emulsions are shown in Table 

S6.1. As expected, the inclusion of cinnamaldehyde and vegetable carrier oil in the 

complex increased the particle size significantly. This serves as evidence that the 

encapsulation of cinnamaldehyde has occurred. The amount of oil included will affect 

the particle size, which in turn, can impact emulsion stability.34 The carrier oil amount 

was determined by screening various polysaccharide to oil ratios and observing which 

amount yielded the best cinnamaldehyde retention. A ratio of polymer to 

cinnamaldehyde oil at 1:20 (w/w) was selected for the cinnamaldehyde formulation. 

The amount of cinnamaldehyde oil incorporated was large and thus resulted in particle 

sizes in micron range. Positive zeta potential values were observed for both UCM and 

CA-UCM. This is likely due to the protonation of some free functional groups of both 

chitosan and pectin at an acidic pH of 2. Not every polymer functional group will 
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participate in cross-linking, hence free groups will have the ability to protonate.  

     With the confirmation of the formation of amide bonds and particle size 

characterizations, SEM images were further taken to understand the morphologies of 

our systems (Figure 6.2). The morphology of CA-UCM sample is shown in Figure 6.2A. 

CA-UCM showed smooth, spherical droplets, suggesting successful microcapsule 

formation (Figure 6.2A).  Figure 6.2B shows the morphologies of the SD-CA-UCM, 

where it exhibits clearly defined spherical morphologies. The average particle sizes 

varied between the UCM and CA-UCM, with the latter exhibiting larger sizes in 

correspondence with particle size measurements (Table S6.1). The SD-CA-UCM 

exhibit the largest particle size, due to the additional layer of maltodextrin used to assist 

powder formation. The spray-dried particles were also very smooth and close to an ideal 

spherical morphology, which suggests successful and practical encapsulation.12  

 

 
Figure 6.2. SEM images of microcapsules corroborating capsule formation and 
morphology: (A) CA-UCM and (B) SD-CA-UCM.   
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Thermogravimetric Analysis 

      TGA was conducted on the SD-CA-UCM powder and its constituents to further 

characterize the stability of the cinnamaldehyde microcapsules (Figure 6.3). When 

heating, pure cinnamaldehyde showed bulk degradation around 146 °C (Figure 6.3A). 

The UCM degraded at around 228 °C and higher (Figure 6.3B).   If there are no 

differences in heat stability between the pure cinnamaldehyde and SD-CA-UCM, one 

might expect to see a large peak around that temperature of 146 °C (Figure 6.3C). 

Conversely, cinnamaldehyde peak did not appear at 146 °C in SD-CA-UCM sample, 

explaining that cinnamaldehyde is not entirely lost at a single temperature, rather it is 

gradually lost at higher temperatures, possibly with other microcapsule polymers. GC-

analysis results, as discussed in the following section, show that considerable amount 

of cinnamaldehyde was presented in SD-CA-UCM. With these indications, TGA data 

shown in Figure 6.3C serves to further substantiate the increased heat stability of the 

SD-CA-UCM. The first peak corresponding to sample weight loss of the encapsulated 

cinnamaldehyde is not detected until 210 °C (Figure 6.3C). Additional peaks are seen 

in this spectrum at 311°C and 364°C. The cinnamaldehyde may be degrading at 210°C 

or even in conjunction with other microcapsule components at higher temperatures. 

However, GC results indicate lasting encapsulated cinnamaldehyde retention up to 

around 250 °C (Figure 6.4). In addition, the peaks of the SD-CA-UCM past 146°C 

demonstrate that the encapsulation of cinnamaldehyde does indeed impart heat stability 

to the flavor. Heat must first penetrate or degrade the capsule wall materials before 

reaching the internal core to initiate cinnamaldehyde loss. This requires higher 

temperatures or longer times to evaporate the encapsulated cinnamaldehyde versus the 
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free, pure cinnamaldehyde. 

 

 
Figure 6.3. First derivative TGA curves of (A) pure Cinnamaldehyde, (B) UCM, and 
(C) SD-CA-UCM. 
 
 

Gas Chromatography Analysis 

After confirmation of microcapsule formation, GC analysis was used to determine 

cinnamaldehyde retention in the form of powder before and after heating. This 

experiment also served to confirm successful encapsulation of the cinnamaldehyde and 

determine the encapsulation efficiency. Spray-drying was conducted in order to produce 

a dry powder suitable for baking applications. For comparison, pure cinnamaldehyde 
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and an NCM, were also analyzed. 

     Samples (SD-CA-UCM, NCM, pure cinnamaldehyde,) were left at room 

temperature (25°C) or heated at either 150, 200, or 250 °C. The subsequent objective 

was to determine the cinnamaldehyde remaining in the microcapsules that was not lost 

during heating (Figure 6.4). 

 

 
Figure 6.4. GC derived cinnamaldehyde retention of SD-CA-UCM powder. 
Cinnamaldehyde and the NCM retentions are shown for comparison. Data points 
represented by different letters are significantly different (P < 0.05). 
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heat treatment (25°C) (Table 6.1). The cinnamaldehyde microcapsule emulsion 

exhibited high cinnamaldehyde retention, which suggests low loss occurred during 

sample preparation and processing, as cinnamaldehyde’s vapor pressure and volatility 

are low. Concerning the spray-dried powder samples, the process of spray-drying 

induces unavoidable heating of the encapsulated cinnamaldehyde.35 GC analysis of 

samples after spray-drying showed a loss of 50.2% of the original formulated 

cinnamaldehyde. This represents a loss of about half of the flavor during the spray-

drying process. As cinnamaldehyde has a relatively low vapor pressure, the vast 

majority of the flavor loss is attributed to the spray-drying process and not spontaneous 

evaporation at room temperature. This spray-drying retention information was factored 

into the final cinnamaldehyde heating analysis. Sample cinnamaldehyde retentions for 

the furnace heating process were accordingly adjusted to represent the amount of 

cinnamaldehyde retained after spray-drying. A retention of 100% is thus equivalent to 

the total amount of cinnamaldehyde observed after spray-drying. This allowed for a 

direct comparison to be made between all samples.  

 

Table 6.1. Cinnamaldehyde retention (encapsulation efficiency) at 25 °C for 
cinnamaldehyde, NCM, CA-UCM, and SD-CA-UCM samples.  

Formulation Encapsulation efficiency (%)  
Cinnamaldehyde 94.1 ± 3.0a 
NCM 91.6 ± 0.8a 
CA-UCM 92.7 ± 4.8a 
SD-CA-UCM 49.8 ± 5.5b 

Results were expressed as mean ± standard deviations. Data represented by different 
letters are significantly different (P < 0.05) by t-test. 
       

Cinnamaldehyde evaporation, as observed by GC analysis and TGA, seems to 
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occur between 100–150°C (Figure 6.3 and 6.4). Therefore, the retention differences 

between samples are not particularly of any concern at the lower heated temperatures 

below 100°C where cinnamaldehyde is being lost at low rates. In addition, for baking 

applications, the range of 150–250°C is of more interest. At 150°C and 200°C, the SD-

CA-UCM emulsion had higher cinnamaldehyde retention than both the pure 

cinnamaldehyde and NCM (Figure 6.4). This indicates that SD-CA-UCM powder 

exhibit increased heat stability to a greater extent. Concerning these samples at 200°C, 

SD-CA-UCM powder exhibited 15% more retention than NCM and cinnamaldehyde 

alone, which exhibited complete flavor loss (0% retention). At 250 °C, the SD-CA-

UCM powder retained a small but significantly different proportion of the 

cinnamaldehyde (1.5%) whereas the pure cinnamaldehyde and NCM retained no 

cinnamaldehyde (0%). The capsule wall materials evidently provide a source of heat 

resistance to the encapsulated cinnamon flavor, allowing for greater retention rates than 

the pure, unencapsulated cinnamaldehyde. Chitosan and pectin specifically have been 

shown to improve thermal properties of nanoparticles and films.36,37 This may be 

attributed to reduced polymer hydration due to crosslinking between the carbohydrates. 

The crosslinking can subsequently improve capsule permeability and heat transfer 

properties. 

 

Yeast Growth Studies 

In addition to demonstrating increased cinnamaldehyde heat stability from 

encapsulation, yeast growth studies were conducted to examine the effect encapsulation 

had on cinnamaldehyde’s antifungal properties. S. cerevisiae was allowed to grow in 
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wells after treatment with either pure cinnamaldehyde, NCM, or SD-CA-UCM (Figure 

6.5). A yeast control group with no treatment exhibited the greatest amount of growth. 

Cinnamaldehyde did inhibit S. cerevisiae growth, which has been seen in the literature.7 

Between the cinnamaldehyde treatments, the yeast growth was greater when subjected 

to SD-CA-UCM than NCM and pure cinnamaldehyde (P < 0.05). This indicates that 

cross-linking of the microcapsule does protect the cinnamaldehyde better than the non-

crosslinked microcapsules. Together, encapsulation does in fact inhibit the antifungal 

capacity of the molecule. We believe the physical barriers provided by the microcapsule 

walls prevent the cinnamaldehyde flavor from reaching the yeast, which limits 

interactions and allows the yeast to grow at a more optimal rate than when subjected to 

pure cinnamaldehyde. This has implications for baking, as proper growth of yeast in 

dough allows for increased rates of fermentation and subsequent gas production, 

yielding better volume and texture.8 Therefore, utilizing ultrasonically-encapsulated 

cinnamon flavor should produce better products at various sensory levels. 
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Figure 6.5. Yeast growth curves of untreated control yeast, SD-CA-UCM treated yeast, 
NCM treated yeast, and pure cinnamaldehyde treated.  
 

 

Conclusion 

This study proposes a formulation for encapsulating cinnamaldehyde utilizing 

ultrasonication. Chitosan and pectin are polymers that were found to be suitable for 

forming microcapsules capable of incorporating the hydrophobic cinnamon flavor in an 

aqueous continuous phase. Microcapsule synthesis was verified via FTIR analysis, 

which indicated the formation of amide bonds. Capsule morphology was also observed 

under SEM, in which spherical particles were visually discerned. GC was utilized to 

determine the encapsulation efficiency and cinnamaldehyde retention in samples heated 
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at temperatures of 50–250°C. Compared to pure cinnamaldehyde and the unsonicated 

mixture of the formulation, the cinnamaldehyde microcapsules displayed significantly 

higher flavor retention at baking temperatures (150–250°C). This indicated that 

encapsulation imparted greater heat stability to the encapsulated flavor. 

Thermogravimetric analysis also corroborated this fact. When comparing heating 

curves, the cinnamaldehyde microcapsule formulation depicted lower cinnamaldehyde 

loss at a higher temperature than that of pure cinnamaldehyde, representing improved 

heat stability. Additionally, yeast growth tests were conducted, and S. cerevisiae showed 

superior growth when subjected to cinnamaldehyde microcapsule powder versus pure 

cinnamaldehyde of the same concentration. This signifies the reduction of the antifungal 

properties of cinnamaldehyde due to encapsulation. In conjunction, the improved heat 

stability and reduced yeast interaction demonstrates that this particular formulation and 

method of encapsulating cinnamon flavor can potentially yield baked products of higher 

flavor and texture quality than unencapsulated cinnamon flavor. In addition, less amount 

of encapsulated flavor would be required to achieve the same organoleptic qualities of 

normal cinnamon, potentially reducing costs for food manufacturers 
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Supporting Information 

 

Table S6.1. Particle size and zeta potential measurements of NCM, UCM and CA-
UCM in emulsion at pH2.  

 Mean Particle Size (µm) Zeta Potential (mV) 
NCM 7.20 ± 2.60a 21.13 ± 3.0a 
UCM 0.48 ± 0.03b 18.7 ± 0.2a 

CA-UCM 0.69 ± 0.03c 19.0 ± 2.4a 
Note: Results are expressed as mean ± standard deviations. Data represented by 
different letters are significantly different (p < 0.05) by t-test. 
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CHAPTER 7 

 

CONCLUSION 
 

     With consumer’s growing health awareness and constant advances in technology, 

encapsulation has been recognized to improve food quality and functionality. Past 

encapsulation techniques, although serve to protect both hydrophobic and hydrophilic 

ingredients, are limited to certain efficacies and food applicability. In addition, 

encapsulation technologies applied are often specially tailored as they are ingredient 

and application dependent. For instance, the techniques required to encapsulate 

hydrophobic material will be different from those for hydrophilic. Our research provides 

creative and robust approaches for universal active ingredient encapsulation. Herein, we 

focus on the physicochemical modulations of encapsulation designs internally (core) 

and externally (shell). The protective effects of these techniques have been 

demonstrated in different delivery system designs, using different cargo models, 

including both hydrophobic and hydrophilic active ingredients.  

Using fish oil as a hydrophobic cargo model, we applied internal core structuring 

technique by creating an oleogel structure, with the goal to retard oil oxidation and to 

mask the undesirable fish oil odor. Such oleogel microparticle structure can be further 

reinforced by additional deposition of oppositely charged polymers, which forms thick 

shell layers protecting pro-oxidant from accelerated oxidation. Our findings suggest 

potential approaches to utilize both internal structuring and external shell enhancement 

methods for hydrophobic active ingredient encapsulation. These technologies can be 
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more robust when applied in combinations than using either approaches alone. While 

demonstrated in a model to slow oil oxidation process, the encapsulation approach can 

be universal for multiple other applications such as to ensure higher loading capacity, 

masking undesirable odors, prevent compound degradation, improve organoleptic 

properties or to increase bioaccessibility. 

     In an effort to apply physicochemical modulation methods to encapsulate 

hydrophilic component, we developed a novel and exciting W/O high internal phase 

emulsion (HIPEs) platform. Such W/O HIPE platform is created through structuring 

both the external (oil) and internal (water) phase, by creating a hydrogel-in-oleogel 

dispersion. While suspending aqueous droplets within an oleogel, the interfaces of the 

aqueous droplets are covered by pickering surfactant crystals which generates a rigid 

shell layers protecting the encapsulated cargo. Interestingly, this gel-in-gel dispersion 

can reach a high internal gel packing density of 75% of the total volume, endowing a 

viscous and spreadable texture that is rarely explored in the food industry. This gel-in-

gel HIPEs platform provides insight into multiple promising applications, as 

demonstrated by pH-responsive release, co-delivery of both hydrophilic and 

hydrophobic nutraceuticals, and effective mitigation of protein astringency. More 

importantly, this HIPEs system represents a robust encapsulation system for hydrophilic 

components, which features high stability, natural biodegradable materials, and high 

cargo loading efficiencies. These properties outcompete current conventional 

hydrophilic delivery systems and are strongly suited for the biological, food, and 

pharmaceutical industries. 

     Besides expanding our strength in phase structuring techniques, we have also 
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identified a robust and efficient way to strengthen the microcapsule shell, by utilizing 

high intensity ultrasonication. Conventional microcapsule shells are often created by 

electrostatic deposition, which can be susceptible to pH change and are loosely attached 

onto the microcapsule shell. Through high intensity ultrasonication fabrication process, 

covalent bonds can be formed between an amine and carboxyl group, and this process 

are proven to provide improved shell integrity. We have demonstrated the protective 

effect by encapsulating a hydrophobic flavor compound, cinnamaldehyde, toward high 

baking temperatures. The ultrasonication-assisted shell provided the small and volatile 

molecules not only with high resistance toward high temperature, but also limits its 

release for antagonistic effects. This part of the research presents an attractive approach 

to strengthen microcapsule shell integrity, which could be applied along with other 

encapsulation approaches for targeted application.  

     Taken together, our studies provided insights into advance approaches toward 

active ingredient encapsulation. With our phase structuring and shell modification 

techniques, one will be able to tailor the encapsulation systems for both hydrophobic 

and hydrophilic components as well as for targeted applications.
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CHAPTER 8 

 

FUTURE DIRECTIONS 
 

     Although we have provided some guidance toward encapsulation techniques for 

both hydrophobic and hydrophilic materials, multiple factors still need to be considered 

for real-world applications. These factors can be divided into two categories regarding 

the encapsulation process and application.  

 

1. Encapsulation Process: 

Our proposed encapsulation methods emphasize structuring techniques, 

which is often achieved by melting structurants into cargo-containing matrix, 

followed by cold-setting steps. These methods, however, utilizes heating processing 

conditions that are not suitable for the encapsulation of heat-sensitive active 

compounds. Although one can increase the structures of cargo-containing matrix 

through ionotropic methods, these methods often create loosely structured matrix 

that results in low cargo loading content in the final products. Similarly, these 

challenges apply to the ultrasonication-assisted encapsulation methods. High 

intensity ultrasonication process generates heat and free-radicals due to large energy 

inputs. Although ultrasonication are often employed in short time cycles, heat-

sensitive and radical-sensitive components could be affected. Therefore, careful 

processing designs should be carried out to reach maximum nutrition preservations. 
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2. Applications: 

Our encapsulation designs are often fabricated to meet multiple application 

goals. The encapsulation final product, which is often treated as an ingredient or 

additive, however, presents gaps to achieve similar compatibility and sensory 

attributes in a final commercialized product. In addition, our current methods are 

limited to bench-scale and mid-scale process, which require further tuning in a pilot 

scale. One of the examples is that the characterizations in literatures are often limited 

to encapsulation end product but have not been evaluated in a real-world food matrix 

and can only represent efficacy if manufactured in bench-scale. An alternative 

approach will be to incorporate encapsulation technique directly into conventional 

processing parameters instead of adding encapsulated product as additives. However, 

this approach requires long research period and continuous scaling up efforts. 

Luckily, these encapsulation methods are developed based on the prior knowledge 

and defined application of the commercialized product. 

In our case of transforming a W/O HIPEs into low-fat spreadable products, 

we believe it will be very helpful if the application goals and product knowledge are 

pre-identified and taken into our current formulation considerations. However, what 

we present herein provides a good proof-of-concept for a new approach to create 

healthy spreadable product. There are, however, a lot of challenges toward 

commercializing this W/O HIPEs platform into food. We’ve identified some 

limitation in our current W/O HIPEs formulations, where these parameters could 

provide some suggestions for future endeavors. The major challenge is associated 

with HIPEs’ heat stability, as most spreadable food needs to go through 
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pasteurization process and are applied to heated food, such as toasted breads or 

baking goods. The heat-instability of the current W/O HIPE could potentially be 

addressed by selecting suitable formulation materials and tuning HIPEs structures. 

In addition, as most of the spreadable products are refrigerated, HIPEs’ freeze-thaw 

stability should be improved.  

These suggestions are intended to provide key check points for future research 

directions on HIPEs for food. We believe our inputs can contribute to the 

developments of innovative healthy food.


