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Abstract 

The aim of the project is to develop simple, industrially scalable encapsulation 

methods to fabricate biodegradable microcapsules with desirable properties, using 

either natural waxes by melt dispersion or gelatine/gum arabic by complex 

coacervation. 

L-carvone (LC) and hexyl salicylate (HS) were used as model core oils. Core oils are 

encapsulated based on the formation of wax microspheres, while addressing the 

influence of different types of waxes as well as different oil to wax ratios. HS 

encapsulation efficiency (EE) ranging from 75.7 ± 2.7 to 83.7 ± 1.2 % has been 

achieved for different types of waxes, which were comparable to those of 

commercially available melamine formaldehyde (MF) based microcapsules (EE, 

75%), and higher than the recently developed microcapsules (EE, 47 ± 11%) using 

plant-based biopolymers (Chitosan and gum arabic). The Young’s modulus of each 

wax microspheres determined by the Hertz model had a wide range of values from 

28.3 ± 1.4 to 390.7 ± 16.0 MPa, suggesting the availability of wax microspheres for 

various industrial applications. Moreover, the desirable properties of wax 

microspheres could be controlled by selecting a certain oil to wax ratio. 

Also, gelatine/gum arabic coacervate based microcapsules have been fabricated to 

encapsulate L-carvone, limonene and hexyl salicylate via complex coacervation. The 

highest EE (89.0 ± 1.2%) was achieved for HS loaded microcapsules. Their mean 

apparent Young’s modulus of microcapsules was determined by the Hertz model (668 

± 165 MPa) and the intrinsic Young’s modulus of microcapsules shell was determined 

by finite elements analysis (6.2 ± 1.0 GPa). Both the EE and mechanical properties 

were significantly higher than those of chitosan/gum arabic or commercially 

formaldehyde-based microcapsules, suggesting the feasibility of gelatine/gum arabic 
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to be utilised in applications for household care, laundry and textile industries. 

However, LC was not encapsulated well by gelatine/gum arabic microcapsules (EE, 

5.0 ± 0.4 %) compared to HS (EE, 89.0 ± 1.2%), evidencing the significant influence 

of core oil on microcapsule characteristics. 

Finally, the physical properties of core oil (linalool, L-carvone, limonene, hexyl 

salicylate, carvacrol and cinnamaldehyde) were examined in order to evaluate their 

effects on the capsule morphology and encapsulation efficiency by combining the 

spreading coefficient and two component surface energy theories. It was found that 

the spreading coefficient configurations (based solely on thermodynamic 

considerations) for each oil did not give an accurate prediction of capsule morphology 

when high molecular weight biopolymers (gelatine/gum arabic) were involved in the 

system. However, the predicted structural morphology for different oil microcapsules 

were still holistically consistent with their encapsulation efficiency, which also was 

found to increase with the decreasing surface polarity of the core oil.  

Overall, although wax microspheres and gelatine/gum arabic coacervated 

microcapsules did not give satisfactory EEs for the encapsulation of LC, the 

performances (high EE and strong mechanical strength) of these microspheres and 

microcapsules containing HS looked promising. The impact of both thermodynamic 

spreading coefficients and surface polarity of each core oil on the formed 

microcapsule structural morphology and encapsulation efficiency is crucial, providing 

a useful insight about the engulfing mechanism for oil encapsulation both for 

academic research and industrial applications.  
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CHAPTER 1. Introduction  

1.1. Background  

There are different types of flavour/fragrance ingredients in industrial products, including 

naturally occurring compounds (e.g., essential oils) and synthetic aromatic oils. Essential oils 

are usually extracted from plants while synthetic aromas are synthesised via chemical 

reactions and are not present in nature. Naturally derived flavours and aromas are reported to 

exhibit many bioactive properties, including anti-inflammatory, anti-bacterial, antioxidant and 

immunomodulatory activities (Burt, 2004; Falleh et al., 2020; Mediratta et al., 2002; Mimica-

Dukić et al., 2003; Silva et al., 2015) and are commonly used in the products from food and 

beverage, perfume and cosmetics to nutraceuticals and pharmaceuticals to enhance consumers’ 

experience as well as the health-promoting effects of the products (Franz, 2010; Madene et al., 

2006). Synthesised aroma molecules, on the other hand, are seldom used as food preservatives 

or additives due to the consumers’ growing health awareness and preference of naturally 

occurring flavours and aromas (Reshna et al., 2022). Instead, they are used in personal care, 

perfume and cosmetics, laundry care, hand wash and detergent products to aid the consumer 

perception of cleanliness and freshness. 

However, flavours and fragrances are highly volatile compounds, which are thermally 

sensitive and/or chemically reactive (Tekin et al., 2013). Thus, it is challenging to incorporate 

these ingredients directly into products as they are either prone to evaporating during the 

manufacturing and storage process or reacting with other formulated ingredients. Moreover, 

these oils may undergo degradation or autoxidation under harsh conditions, such as the 

exposure to light, heat and oxygen as well as the variations in pH and humidity (Sousa et al., 
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2022). Therefore, strategies to inhibit these oils evaporation and chemical degradation in 

formulated products are highly desirable since this would reduce the loss of the costly 

ingredients and enhance the quality of products.  

Microencapsulation can be an effective solution to inhibit the evaporation and/or degradation 

of these oils. It is a process in which a core ingredient is coated by a protective shell (wall or 

membrane) or entrapped within heterogeneous or homogeneous matrices, to form carrier 

capsules (Calvo Magro et al., 2012; Gharsallaoui et al., 2007). This process is able to maintain 

the functional characteristics of these oils and deliver a controlled release, by hindering their 

volatility and separating them from other formulated ingredients in the product. For examples, 

encapsulated flavours in food products have prolonged shelf life as the microcapsules provide 

a protective shell to hinder the evaporation of the flavours. Microcapsules rupture upon 

chewing, leading to the release of a core flavour oil and enhance the consumers’ taste 

experience (Madene et al., 2006). The microcapsules can also preserve and deliver pH 

sensitive compounds to a target place, e.g., encapsulated essential oil can be delivered to the 

lower gastrointestinal tract without deterioration and exert their health-beneficial effects (Lim 

et al., 2023; Pedro Henrique Rodrigues do et al., 2019). Also, microcapsules for laundry 

applications are designed not to release the fragrance until the external mechanical forces (e.g., 

wearing, touching and/or friction between clothes fabrics) are applied to rupture these capsules, 

leading to the long-lasting freshness for consumers (Mercadé-Prieto et al., 2011). According to 

FMI (2024), the global encapsulated flavours and fragrances market was valued at US$ 3.99 

billion in 2022. The growing demand for natural and authentic flavours/fragrances in a variety 

of products such as laundry detergents, the food and beverage can be credited for the market 
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expansion. It is thus estimated to reach an approximate valuation of US$ 7.1 billion by 2033, 

alongside a compound annual growth rate (CAGR) of 5.5% from 2023 to 2033. 

Based on the end-used applications, the performance of microencapsulation product is strictly 

related to microcapsules’ physical, structural and mechanical properties, which are 

significantly influenced by the shell materials used to encapsulate flavours and fragrances (He 

et al., 2018). Currently, the shell materials used for the fabrication of flavour and fragrance 

capsules can be broadly categorised as polymeric and inorganic materials. Although inorganic 

microcapsules with flavour and fragrance encapsulated were reported to have significant 

chemical and physical stability (Berry et al., 2017; Bollhorst et al., 2017), the relevant research 

focused only on particular compounds, such as SiO2 and CaCO3. Comparatively, polymeric 

capsules employ a natural or synthetic polymer as wall material to encapsulate flavours or 

fragrances. Reported synthetic shell materials have included urea formaldehyde, melamine 

formaldehyde, polyurea, polyamide, poly (methyl methacrylate) and polyurethane 

(Ghorbanzadeh Ahangari et al., 2014; Hu et al., 2018; Pan et al., 2013; Sun & Zhang, 2001; 

Tekin et al., 2013; Walter et al., 2000), which are relatively inexpensive and have been 

extensively investigated due to their efficient encapsulation. However, the aforementioned 

synthetic polymers are aminoplast based, and the use of these non-biodegradable polymers as 

microcapsule shell may lead to the accumulation of microplastics in the environment. Natural 

polymers including polysaccharides and proteins are hazard-free materials and can be used as 

the potential shell materials for the encapsulation of flavours and fragrances due to their 

biocompatibility, nontoxicity and wide availability (Hu et al., 2018). The commonly used 

natural polymers include chitosan, gum arabic, gelatine, alginate and starch and its derivations 
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(Eraso & Aníbal, 2014; Liu et al., 2016; Prata & Grosso, 2015; Ren et al., 2010; 

Soottitantawat et al., 2005).  

As the most widely used encapsulation method in industry (Sousa et al., 2022), spray drying 

allows simple, reproducible, continuous and low-cost production of flavour/fragrance 

microcapsules with natural polymeric walls. However, flavours and fragrances are volatile and 

heat sensitive and can be readily deteriorated by evaporation or oxidation due to the high 

temperature involved in this process (Hogan et al., 2003; Serfert et al., 2009). In addition, the 

spray dried microparticles fabricated using polysaccharides and proteins as wall materials 

have highly porous structures, making the core oils prone to oxidation (Fang et al., 2006). In 

situ polymerisation can fabricate microcapsules with compact surface morphology. 

Microcapsules are reported to exhibit high core oil payload and encapsulation efficiency using 

formaldehyde-based shell materials (He et al., 2019; Long et al., 2009; Luo et al., 2022; 

Mercadé-Prieto et al., 2012a). Although this technique is simple and reproducible, the 

synthetic polymeric shells used in this method are undesirable. Freeze drying is also widely 

used technique for the encapsulation of flavour/fragrance. This simple process is quite useful 

for thermosensitive compounds since it is completed under low temperature and low pressure 

conditions (Zhu et al., 2012), and is reported to fabricate dry powders with high payloads and 

encapsulation efficiency of volatiles using natural polymers (De Araújo et al., 2020; Shahidi & 

Han, 1993; Yaman et al., 2023). However, the industrial applicability of freeze drying is 

severely restricted by its long processing time, high energy consumption and process costs 

(Desai & Jin Park, 2005; Fang & Bhandari, 2012). Besides, duo to the highly porous structures, 

the microparticles do not have very good barrier properties (Nedovic et al., 2011). Molecular 
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inclusion is another very common microencapsulation approach for aromas. The formed host–

guest complexes are reported to effectively improve the stability and prolong the release of 

encapsulated fragrances and flavours (Rodríguez-López et al., 2020). Several works 

incorporate volatiles/inclusion complexes into natural biodegradable polymer matrix (e.g. zein 

or pullulan) for biomedical applications (Aytac et al., 2017; Celebioglu & Uyar, 2021; Wang et 

al., 2021). However, this method is not very suitable for industrial scale (Uhlemann et al., 

2002; Zuidam & Shimoni, 2010), due to the high cost of cyclodextrins and their low loading 

capacity (Gouin, 2004). Comparatively, complex coacervation is one of the most used 

methodologies for the microencapsulation of flavour and fragrance oils (Bruyninckx & 

Dusselier, 2019). It can produce thermally stable microcapsules with high oil payload and 

encapsulation efficiency using natural biodegradable polymers (Napiórkowska & Kurek, 

2022a). In addition, industrially scalable complex coacervation has been developed to 

overcome the complexity of this process (Tang et al., 2020; Timilsena et al., 2019). 

Considering the good performance of microcapsules obtained by complex coacervation using 

biopolymers as well as the potential industrial applicability of this process, complex 

coacervation is therefore employed in this project.  

L-carvone is known for its fresh, minty aroma. It is a natural flavour and utilised in the 

manufacturing of food, and personal care products. Baiocco et al. (2021b) fabricated L-

carvone laden microcapsules via complex coacervation by using fungal chitosan and gum 

arabic as wall materials, followed by spray drying. Several properties, including microcapsule 

morphology, size distribution, encapsulation efficiency and mechanical properties were 

characterised, providing a promising solution for the encapsulation of the flavour oil. However, 
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the payload of microcapsules was only 19 ± 3 %, with a relatively low encapsulation 

efficiency for the core flavour (L-carvone) at 29 ± 4 %, indicating the poor retention of this 

costly flavour within chitosan/gum arabic coacervates and the significant loss of L-carvone 

during the fabrication process. Comparatively, Pakzad et al. (2013) fabricated peppermint oil 

microcapsule with encapsulation efficiency up to 82% by using gelatine and gum arabic 

coacervates as shell material. With the same wall materials, Dong et al. (2007) also obtained 

high payload (90%) peppermint microcapsules by increasing the core/wall ratio to 6:1 by 

weight. Gelatine (GE) is an abundant protein (Napiórkowska & Kurek, 2022b), and widely 

used due to its good emulsifying and gelling properties (Elzoghby, 2013; Muhoza et al., 2022).  

The combination of gelatine and gum arabic is the most commonly used in complex 

coacervation (Ogilvie-Battersby et al., 2022; Shaddel et al., 2018; Yang et al., 2015). Studies 

based on the complex coacervation between gelatine and gum arabic to encapsulate flavours 

and fragrances were also extensively reported (Dong et al., 2011; Girardi et al., 2018; Lv et al., 

2014; Pakzad et al., 2013; Xiao et al., 2015; Xiao et al., 2014a), focusing on the effects of 

various factors including core/wall ratio, wall material concentration, pH value or crosslinkers 

on the particle size distribution, morphology, encapsulation efficiency as well as thermal 

stability. However, there has been no systematic study on the effect of different types of 

flavour/fragrance oils on the particle size distribution, morphology, payload and encapsulation 

efficiency based on the complex coacervation between gum arabic and gelatine. The 

effectiveness of flavour/fragrance microcapsules is strictly related to their mechanical 

properties for the end-use applications, while little is known about the mechanical properties 

of gelatine/gum arabic coacervated microcapsules containing differ flavours/fragrances. 
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Therefore, new research is still required to investigate encapsulation of different 

flavour/fragrance oils using gelatine and gum arabic and to characterise various properties of 

the formed microcapsules.  

Also, melt dispersion technique can be a feasible method for the microencapsulation of 

flavours/fragrances. Compared to spray drying, melt dispersion prepares microparticles at 

lower temperatures to reduce the loss of thermosensitive volatiles within the same 

experimental time scale. Besides, it is the simplest encapsulation technique and readily 

industrial scalable. Melt dispersion usually employ natural waxes as wall materials, and these 

waxes are biodegradable polymers. Ethyl vanillin is a synthetic aroma molecule with creamy 

sweetness odour and utilised as a substitute for vanilla in candy, cookie, chocolate and 

perfume products. Milanovic et al. (2010) encapsulated ethyl vanillin using carnauba wax as 

wall material by a melt dispersion technique. The fabricated wax microspheres were 

determined to have an encapsulation efficiency up to 87 % by HPLC measurement and exhibit 

good thermal stability. However, there has been no comprehensive study about the 

encapsulation and characterisation of different flavours and fragrances using waxes as wall 

material by melt dispersion. Investigation about the effects of different wax types and wax to 

oil ratios on both the physical and mechanical properties of wax microspheres still remain to 

be fully explored.  

In addition, it is notable that different properties of microcapsules can also be significantly 

influenced by the encapsulated core oils. L-carvone, limonene and hexyl salicylate were 

reported to be encapsulated via complex coacervation using gum arabic and fungally 

fermented chitosan as wall materials (Baiocco et al., 2021a;2021b; Baiocco & Zhang, 2022).  
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The fabricated microcapsules containing each molecule exhibited significant different 

properties including size and size distribution, encapsulation efficiency and payload, rupture 

behaviour and mechanical strength. Xiao et al. (2014b) investigated the encapsulation of 

lavender oil by complex coacervation using gum arabic and gelatine. The oil loaded 

microcapsules were measured to have an encapsulation efficiency up to 66 %. However, 

significant variations on encapsulation efficiency were reported by Ogilvie-Battersby et al. 

(2022) and Manaf et al. (2018) encapsulating geraniol and citronella oil respectively by the 

same wall material formulations and experimental procedures. For geraniol loaded 

microcapsules, a range of efficiency from 68 % to 90 % were measured depending on the 

mixing rates, while 94% encapsulation efficiency was reported for citronella oil microcapsules. 

Luo et al. (2023) evaluated the effects of the chemical structure, logP, the solubility, the 

interfacial tension between oil and water, and the viscosity of twelve different single 

componential oils on the size, morphology, encapsulation efficiency as well as mechanical 

properties of melamine formaldehyde microcapsules, and reported that the logP influenced the 

encapsulation of core oil as well as the capsule size and mechanical strength. The high 

interfacial tension between core oil and water improved the encapsulation efficiency. However, 

the authors did not go further by investigating the mechanism underlying the influence of core 

oil on microcapsule properties from the perspective of thermodynamics. 

1.2. Aim and objectives 

The aim of this research is to develop biodegradable flavour/fragrance microcapsules with 

improved properties, including encapsulation efficiency and mechanical strength. It mainly 

has three objectives:  
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⚫ to encapsulate L-carvone and hexyl salicylate using carnauba wax, candelilla wax and 

beeswax by melt dispersion and investigate the effect of formulations (including wax type, 

weight ratio of core oil to wax and core oil type) on the fundamental and mechanical 

properties of wax microspheres (Chapter 3);  

⚫ to encapsulate L-carvone, limonene and hexyl salicylate using gelatine (GE) /gum arabic 

(GA) coacervation followed by spray drying and investigate the influence of further 

treatments including spray coating by maltodextrin and wall hardening process by 

glutaraldehyde crosslinking on the physicochemical and mechanical properties of 

microcapsules (Chapter 4); and 

⚫ to study the impact of core oils on the morphology and encapsulation efficiency of GE-GA 

coacervated microcapsules based on the spreading coefficient and two component surface 

energy theory (Chapter 5). 

1.3. Thesis layout 

This thesis is outlined as follows:  

Chapter 1 illustrates the background of this research as well as the aim and objectives of this 

project, followed by the thesis layout.  

Chapter 2 provides a general introduction to microencapsulation and a fundamental literature 

review of the main encapsulation methods and the commonly used characterisation techniques 

for the resulting microcapsules. Particular focus is placed on the microencapsulation of 

flavours and fragrances, taking into consideration the significant influence of physical 

characteristics of core oils on the properties of microcapsules prepared using the same shell 

materials.    
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Chapter 3 describes the fabrication of wax microspheres for the encapsulation of L-carvone 

and hexyl salicylate via a novel melt dispersion method. Different wax types and oil/wax 

ratios were employed to fabricate these wax microspheres. The fundamental physical and 

mechanical properties of wax microspheres are characterised and extensively discussed. The 

possible relations between payload and Young’s modulus of microspheres for each 

corresponding wax are also studied.  

Chapter 4 focuses on investigating the encapsulation of L-carvone, limonene and hexyl 

salicylate based on the complex coacervation between gelatine and gum arabic, followed by 

spray drying/coating, with particular emphasis on the effects of different type of core oils and 

further treatments on gelatine/gum arabic coacervated microcapsules in terms of size, 

morphology, payload and encapsulation efficiency, mechanical strength and rupture behaviour.  

Chapter 5 goes further by exploring the morphology and encapsulation efficiency of 

gelatine/gum arabic coacervated microcapsules with L-carvone, limonene, linalool, carvacrol, 

cinnamaldehyde or hexyl salicylate encapsulated as a core oil. The mechanism underlying the 

influence of core oils on both the morphology and encapsulation efficiency of the 

microcapsules was investigated for each coacervating system from the perspective of 

thermodynamics by combing spreading coefficient and two component surface energy theory. 

Chapter 6 gives the overall conclusions of this project, followed by recommendations for the 

potential future works.  
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CHAPTER 2. Literature Review 

2.1. Introduction  

In this chapter, the literature on microencapsulation, general experimental methodologies and 

analytical techniques used to characterise microcapsules are presented herein. Particular 

emphasis is placed on the microencapsulation of different flavours and fragrances. The overall 

literature consists of two main parts. The first part provides an introduction of 

microencapsulation, with an overview on the resultant microcapsules and their typical 

structural configurations. The main encapsulation methods and associated analytical 

techniques to characterise various properties of microcapsules are also outlined. In the second 

part, the current development and associated challenges using various polymers as wall 

materials for the microencapsulation of different flavours and fragrances are presented. The 

basic chemical properties of different flavour and fragrance oils relevant to this project are 

described, and their encapsulation results using different formulations of shell material and 

encapsulation methods are also given. In addition, the influence of core oils on the properties 

of resultant microcapsules fabricated with the same shell material is reviewed. 

2.2. Microencapsulation  

2.2.1. Introduction  

Microencapsulation is a technique to encapsulate solid, liquid or gaseous active ingredients 

into polymeric or nonpolymeric materials, resulting in a physical separation of active 

ingredients from surroundings (Dubey et al., 2009). The active ingredients to be encapsulated 

are referred as core materials whilst the surrounding coating is called wall (or shell) 
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(Sanguansri & Ann Augustin, 2010). The formed solid capsules can be spherical or irregularly 

shaped depending on variable factors, including physical nature of the core material, 

employed encapsulation method, processing parameters and material formulations (Dong et al., 

2007; Nelson, 2013), which also influence the morphological structure of microcapsule, i.e., 

matrix, core shell, multicore shell, core multishell and irregular core shell, as shown in Figure 

2-1. The sizes of capsules normally range from nanometres to millimetres and can be 

classified as nanocapsules (<1 μm), microcapsules (1-1000 μm) and macrocapsules (>1 mm) 

(Alexander & Shlomo, 2015). The pioneer work of microencapsulation was introduced in the 

1950s by Green and Schleicher (1957) for the fabrication of carbonless copying paper, which 

was then developed rapidly for decades and nowadays the microencapsulation has been 

widely applied in e.g. food processing, pharmaceutical, agrochemical and cosmetic industries 

(Benita, 2005; Choudhury et al., 2021; Knowles, 2008; Meyer, 2005; Vilstrup, 2001).  

 

Figure 2-1 Different types of microcapsule structures: (a) microsphere (matrix), (b) core 

shell, (c) multicore shell, (d) core multishell and (e) irregular core shell (Choudhury et al., 

2021). 

 

(d) 

(c) (b) (a) 

(e) 
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2.2.2. Encapsulation techniques 

The microencapsulation has been accomplished using various methods, which can be broadly 

divided into two different categories depending on the formation mechanism of microcapsules 

(see Figure 2-2) (Sousa et al., 2022). Mechanical approaches are based exclusively on physical 

phenomena, including spray drying, fluidized bed coating, extrusion, freeze drying etc, while 

physico-chemical approaches utilise chemical reactions or molecular interactions to form shell 

material surrounding core active ingredient, e.g., in situ polymerisation, polycondensation, 

coacervation, ionic gelation and molecular inclusion (Shekhar et al., 2010; Sousa et al., 2022). 

The selection for a specific encapsulation method can be determined by variable factors, 

including physical properties of core and wall materials, the compatibility between the core 

and wall materials, desired microcapsule properties and product end applications. The 

advantages and disadvantages of some widely used encapsulation methods as well as the 

corresponding microcapsule properties are summarised in Table 2-1. Overall, the chosen 

microencapsulation method has to be relatively cheap, reproducible and scalable for 

industrials. The following sections introduce some typical encapsulation methods in detail.  

 

Figure 2-2. Schematic illustration of various encapsulation methods (Sousa et al., 2022). 
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Table 2-1. Advantages and disadvantages of each encapsulation technique and corresponding microcapsule properties (Azarpazhooh et 

al., 2022; Choudhury et al., 2021; Govender et al., 2015; Milanovic et al., 2010; Mittal, 2013; Sousa et al., 2022; Sri et al., 2012; Yan et al., 

2022; Zuidam & Shimoni, 2010).  

Type of method Advantage Disadvantage Microcapsule properties 

Size (μm) Morphology Porosity 

In situ polymersiation High payload,  

narrow size range 

Non-biodegradable shell, 

formaldehyde toxicity 

1-1000 Core-shell, 

spherical  

Compact shell 

Solvent evaporation  Low cost,  

water insoluble shell 

Low yield, toxic solvents 0.5-1000 Matrix, 

spherical  

Porous 

Spray drying Economical, fast, easily scaled up Low payload, high temperature 5-5000 Matrix, 

irregular-

spherical  

Porous  

Fluidized bed coating Broad selection of coating 

materials, controllable shell 

thickness 

Time consuming, large amount of 

shell materials needed 

20-2000 Matrix, 

irregular-

spherical 

Porous 

Freeze drying  Thermal sensitive core 

encapsulation, high yield 

High cost, time consuming, 

limited in cell encapsulation 

20-5000 Crystals, 

spherical 

Porous 
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Molecular inclusion Thermal stability, high retention 

efficiency  

Low payload, high cost, 

unsuitable for industrial scale 

0.01-100 Crystals Complexation 

Coacervation High payload, reproducible, 

controllable particle size  

Limited materials, pH sensitive 2-1200 Core-shell, 

Spherical  

Compact shell 

Melt dispersion  Simple, solvent free, low 

temperature  

Limited shell materials 0.1-1000 Matrix, 

spherical 

Porous  
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2.2.2.1. In situ polymerisation 

In situ polymerisation has become one of the most commonly used methods for the 

preparation of microcapsules and functional fibres (Bakry et al., 2016). In an emulsion, e.g., 

oil-water emulsion, all the reactants including monomers or oligomers are in the continuous 

phase, where the polymerisations take place. The resultant polymer molecules deposit onto the 

surface of core material from the side of the continuous phase and form microcapsules with 

solid shell. The monomers used in this method include urea formaldehyde, melamine 

formaldehyde, urea melamine formaldehyde and melamine glutaraldehyde formaldehyde 

(Hwang et al., 2006; Long et al., 2010; Long et al., 2009; Luo et al., 2022; Yuan et al., 2006). 

Figure 2-3 demonstrates a typical in situ polymerisation process for the synthesis of melamine 

formaldehyde microcapsules. Herein, the monomer precondensate and copolymer were 

initially dissolved and precross-linked in the continuous phase (Step 1). The core oil was 

added into the shell solution (Step 2) and an emulsion was formed by agitation (Step 3). 

Melamine formaldehyde shell solidified at the dispersed oil surface by the polymerisation 

(Step 4) (Long et al., 2009).  

In general, the microcapsules prepared via in situ polymerisation have smooth surface 

morphology and a compact shell thanks to the highly cross-linked copolymers, and 

microcapsules also display good thermal and controlled release properties (Hwang et al., 

2006). This technique exhibits many advantages including being simple and reproducible. 

However, it brings several inevitable health and environment issues since the polymerisation 

reaction product is aminoplast based, making the materials non-biodegradable and/or non-

biocompatible. In addition, the excess formaldehyde needs to be removed to avoid 
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formaldehyde toxicity.  

 

Figure 2-3. Schematic illustration of melamine formaldehyde microcapsules synthesised 

via in situ polymerisation (Long et al., 2009).  

 

2.2.2.2. Solvent evaporation  

Solvent evaporation is a common physical technique for the encapsulation of bio-actives in 

pharmaceuticals. This method consists of a few steps as shown in Figure 2-4. The coating 

polymer material is initially dissolved in a water immiscible volatile organic solvent, into 

which the active ingredient is also dissolved or dispersed. The resulting mixture solution or 

dispersion is then emulsified in an aqueous phase and kept with agitation until the solvent is 

evaporated, which results in the deposition of the coating polymer material around the core 

and formation of the microparticles (Dubey et al., 2009; Sri et al., 2012). The main advantages 

of solvent evaporation over other techniques are fast product fabrication, viable process 

reproducibility as well as less skills required for the operation. It also enables the use of water 

insoluble materials as shell materials for the microparticles. However, solvent evaporation 

often involves the use of toxic solvents, which limits its application for the food industry. In 
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addition, the encapsulation efficiency for volatile active cores by this method is inevitably low 

(Das et al., 2011; Tiwari & Verma, 2011). 

 

Figure 2-4. Schematic representation of microencapsulation by solvent evaporation 

technique (Alexander & Shlomo, 2015). 

 

2.2.2.3. Spray drying 

Spray drying is the most used microencapsulation process in the food industry, and has 
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2013). As shown in Figure 2-5, this technique consists of a few steps: the core ingredient is 

firstly emulsified or suspended in an aqueous solution containing the dissolved wall materials, 

then the dispersion is uniformly sprayed through a high-pressure atomising nozzle into a 

drying chamber, where the small liquid droplets are formed. The droplets enter the chamber 

with a flow of hot inlet air, which is assigned for the dehydration and solidification of wall 

materials onto the core ingredients via the evaporation of the water, resulting in the formation 

of matrix type or polynuclear microparticles. The dried particles will go through a cyclone 

separator with air flow and are collected in a container due to their higher density (Mohammed 
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et al., 2020; Tonon et al., 2011; Zuidam & Shimoni, 2010).  

Thanks to the readily available equipment and high output, spray drying is a well-established 

microencapsulation technique commonly used on a large industrial scale, which exhibits 

several attractive advantages of cost-effectively producing microparticles in a relatively simple, 

fast, reproducible and continuous operation. Moreover, a wide variety of wall materials can be 

used (Liu et al., 2007; Soottitantawat et al., 2003). However, there are also a few drawbacks of 

this technique. Spray drying produces dried microparticles with highly porous structures, 

making the products more prone to oxidation (Fang et al., 2006). Heat sensitive actives or 

volatiles can be readily evaporated or deteriorated by oxidation due to the high temperature 

involved in the process (Hogan et al., 2003; Serfert et al., 2009).  

 
Figure 2-5. Schematic representation of spray drying process  

 

2.2.2.4. Coacervation  

Coacervation is one of the oldest and most widely used microencapsulation techniques. This 

technique is based on the phase separation of one or more polymeric hydrocolloids from the 

Hot inlet air 



20 

 

initial solution followed by the subsequent agglomerated deposition of the newly formed 

coacervate phase around the active ingredients (Napiórkowska & Kurek, 2022b). The 

formation of coacervates is induced by altering temperature, pH or ionic strength depending 

on the physicochemical properties of the wall material (Choudhury et al., 2021). Briefly, the 

core material is primarily dispersed and emulsified in polymer solution to form an emulsion. 

The polymer then precipitates from the solution after the change of ionic strength, pH, or 

temperature and gradually forms coacervates, which are tiny gel solids. These coacervates will 

migrate and adsorb at the surface of the core droplets due to the interfacial energy balance 

between each phase, forming a continuous coating by coalescence, and eventually resulting in 

a compact shell around the core active ingredient. Finally, The shell material is hardened by 

chemical crosslinking with the core encapsulated (See Figure 2-6) (Sri et al., 2012). The 

coacervation process can be classified as simple or complex based on the number of polymers 

involved. In simple coacervation, only one polymer is involved and precipitated by the action 

of electrolytes (e.g., sodium sulfate), or desolvated by the addition of a water-miscible solvent 

(e.g., ethanol), or by increasing/decreasing the temperature (Gu et al., 2010; Pakzad et al., 

2013). Complex coacervation is based on the phase separation caused by the molecular 

interactions between two or more oppositely charged water soluble polymers, which are 

usually proteins and polysaccharides.  

The coacervation presents many advantages including high payload and encapsulation 

efficiency. Microcapsules prepared by coacervation have extremely low surface oil, good 

barrier property and shelf-life stability. The coacervation process produces microcapsules with 

a consistent shell, making microcapsules exhibit excellent controlled release characteristics 
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and heat-resistant properties (Kralovec et al., 2012; Wang et al., 2014; Xiao et al., 2011). In 

addition, this method is scalable, solvent-free and reproducible. However, limitations are also 

associated with this technique. Coacervation is a relatively complicated and long process 

which involves several steps, making it quite expensive. The complex coacervation occurs 

only within a quite narrow pH range and with certain electrolyte and colloidal solutions. 

Furthermore, the commonly used crosslinkers to harden wall materials (e.g., glutaraldehyde, 

formaldehyde) can cause toxicity.  

 

Figure 2-6. Schematic representation of the coacervation process (Sri et al., 2012).  

2.2.2.4.1. Complex coacervation  

As aforementioned, gelatine/gum arabic is the most common system used for complex 

coacervation (Ogilvie-Battersby et al., 2022; Shaddel et al., 2018; Yang et al., 2015). The 

mechanism of complex coacervation based on gelatine/gum arabic system is presented in 

Figure 2-7, that the free negatively charged carboxylic groups of gum Arabic electrostatically 

interact with the positively charged amino groups of gelatine to form coacervates (Rousi et al., 

2019). 
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Figure 2-7. Formation mechanism of GA and GE coacervate microcapsules. 

 

Several parameters influence the formation of coacervates (De Kruif et al., 2004). For 

gelatine/gum arabic system, the functional reactive branches of polymers get ionised 

depending on their dissociation constants (pKa), proteins’ isoelectric point (PI), and the 

solution pH. Before complex coacervation, gelatine and gum arabic need to be dissolved at a 

pH where they are soluble, and enabling them to carry the same charge so that the 

coacervation does not initiate upon mixing (Lemetter et al., 2009; Turgeon & Laneuville, 
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exhibits an electrostatic switchover from a negative to positive charge by adjusting the 

solution from neutral to acidic. In contrast, the pKa of gum Arabic is at pH 2.0, and gum 

High molecular weight crosslinked polymeric shell Aqueous phase Oil droplets 

Gum Arabic 

Gelatine  

pH 
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arabic is negatively charged within solution if pH≥2 (Gulão Eda et al., 2016). Thus, 

coacervation occurs within this narrow pH region (pH 2-4.8) where gelatine and gum arabic 

are oppositely charged. According to De Kruif et al. (2004), a maximum viscosity in the 

coacervate phase was found at pH 4.0, indicating the strongest electrostatic interaction 

between polysaccharides and proteins. Several studies also adjusted the pH to 4.0 to induce 

the complexation between gelatine and gum arabic molecules (Aziz et al., 2014; Najafi et al., 

2004; Pakzad et al., 2013; Rousi et al., 2019; Shaddel et al., 2018). 

The charge density of biopolymers can be reflected by the number of charged reactive groups 

ionised in solution, which can be influenced by the solution pH. The net charges carried by the 

two biopolymers can be also influenced by the polysaccharide to protein ratio (Liu et al., 2015; 

Niu et al., 2015). It is demonstrated that there is an optimum polymer weight ratio to balance 

the net opposite charges, allowing a fully charge compensation between polysaccharide and 

protein molecules, and leads to the formation of electroneutral complexes (De Kruif et al., 

2004; Schmitt et al., 2009). For gelatine and gum arabic system, an optimal polymer ratio of 

1:1 is suggested by serveral works (Devi et al., 2023; Lv et al., 2013; Sarika et al., 2015; Yang 

et al., 2024). 

Weinbreck et al. (2003) have also reported that coacervation can be suppressed over a critical 

concentration, beyond which the coacervates increase their solubility and phase separation no 

longer occurs. Thus, a total biopolymer concentration of 2 to 6 wt % is generally used for 

complex coacervation based on gelatine and gum arabic system (De Kruif et al., 2004; 

Lemetter et al., 2009; Schmitt, 2009; Turgeon and Laneuville, 2009). 

In addition, the freshly formed gelatine/gum arabic coacervate shells are mechanically weak 
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(Prata et al., 2008), and the process of crosslinking enables microcapsules with better 

structural and mechanical properties by forming the reticulation of the shell (Burgess & 

Ponsart, 1998). Crosslinking can be performed via chemical or enzymatic hardening (De Kruif 

et al., 2004). Transglutaminase (TG) have been successfully used as crosslinkers based on the 

enzymatic mechanism (Motoki & Seguro, 1998; Rojas-Moreno et al., 2018). Specifically, TG 

is a naturally occurring enzyme that has been intensively used in food processing. it promotes 

proteins to bind covalently and contribute to formation of intra- and intermolecular ε-(γ-

glutamyl) lysine bonds (Motoki & Seguro, 1998). However, Lv et al. (2014) have reported that 

the glutaraldehyde crosslinked microcapsules exhibit better barrier properties compared to 

TG-crosslinked ones. 

Crosslinking by glutaraldehyde is a chemically induced process, the insoluble networks are 

formed by the reaction between the aldehyde groups and the amino groups of the protein. The 

newly formed networks strengthen the shell of the microcapsules, thus increasing their 

mechanical and barrier properties (Kelly et al., 1999). Glutaraldehyde is also considered safer 

than formaldehyde (Takigawa & Endo, 2006), since it is unlikely to bioaccumulate in 

environment, resulting in more eco-friendly wastewater (Leung, 2001). 

2.2.2.5. Melt dispersion  

The melt dispersion technique is a physical encapsulation method as illustrated in Figure 2-8. 

A molten matrix such as a wax oleogel containing dissolved hydrophobic active ingredient, is 

uniformly dispersed and emulsified in a hot aqueous phase by mechanical stirring or 

homogenisation at a maintained temperature, which is above the melting point of dispersed 

phase. The solidification of melt and entrapment of the active core within matrix is 
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accomplished through the cooling process either with the addition of cold water or transferring 

the batch to ice water bath (Milanovic et al., 2010; Mishra, 2015; Nandy et al., 2020). The 

melt dispersion technique presents several advantages in comparison with other encapsulation 

techniques. Firstly, it is the simplest encapsulation technique and readily scalable. Secondly, 

the temperature used for this method is generally significantly lower than spray drying, which 

is favourable in reducing the volatiles loss during the encapsulation process. In addition, 

unlike chemical encapsulation method, no solvent or crosslinker is required to trigger any 

reaction for the formation of shell materials. Instead, the encapsulation for the core ingredients 

is accomplished by the formation of oleogels via physical phase change.  

 

 

Figure 2-8. Schematic representation of melt dispersion technique (Mishra, 2015).  

 

2.2.2.5.1. Waxes 

Natural waxes are biopolymers and can be used as a promising wall material for melt 

dispersion technique (Mishra, 2015). Each type of wax is a complex of mixture and the major 

constituents usually include esters, fatty acid alcohols and hydrocarbons with different 
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percentages based on the wax type. The use of waxes as wall materials can provide advantages, 

which include good chemical and mechanical stability at different pH and moisture levels 

(Mishra, 2015). Waxes are usually nonpolar and hydrophobic, which makes them possible to 

encapsulate lipophilic materials. The melt dispersion applies a temperature higher than the 

melting point of wax to transform its solid state into liquid phase, and homogeneously mixing 

molten wax with core compounds by emulsification. The resultant wax microspheres have 

matrix structures, which provide a protective shell for core volatiles. The applied temperature 

lower than spray drying can effectively reduce the deterioration of core aromas. 

The chemical compositions of waxes may vary widely depending on origins. For example, 

beeswax (BW) is considered an animal wax and is produced by honeybees for building 

honeycomb cells. It is a mixture of C38-C52 wax esters (~71%), C23-C31 hydrocarbons (~15%), 

free fatty alcohols and fatty acids (Tinto et al., 2017). Candelilla wax (CanW) is extracted 

from the candelilla shrub. It consists mainly of C29-C33 hydrocarbons (~50%) and C34-C52 wax 

esters (~30%) (Tinto et al., 2017). Carnauba wax (CarW) is extracted from Copernicia 

prunifera and consists mostly of C24-C34 wax esters (~60%) and fatty alcohols (~31%) (Tinto 

et al., 2017). Waxes of different origins melt at different temperatures ranging from as low as 

62 to 64 °C for BW, 68.5 to 72.5 °C for CanW and as high as 82 to 86 °C for CarW. In the 

European Union, BW is authorised as food additive and approved for use as a glazing agent. 

As carriers for flavours and colours at defined limits up to 0.1% (wt) for all food categories 

(EFSA, 2007), CanW and CarW are generally-recognized-as-safe (GRAS) materials, with no 

limitations on use levels in several food related products (EFSA, 2012a;2012b). The Physical 

and chemical properties of these waxes are summarised in Table 2-2.  
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Table 2-2. The physico-chemical properties of different waxes (Bucio et al., 2021; 

Mendoza-Duarte et al., 2023; Tinto et al., 2017; Zhang et al., 2016).  

Properties BW CanW CarW 

Formula Average chain length C40 Average chain length C30 Average chain length C50 

Molar mass (g/mol) Average ~ 591 Average ~ 437 Average ~ 728 

Density (g/cm3) at 15°C 0.958–0.970 0.950-0.990 0.990-0.999 

Melting point (°C) 62-64 68.5-72.5 82-86 

Molecular structure 

(Main composition) 

Monoesters (C32-C52) Hydrocarbons (C29-C33) 

Aliphatic/aromatic esters 

(C44-C66) 

Viscosity (mPa·s) 

at 85 °C 

7.0 13.1 9.0 

 

2.2.3. Characterisations of microcapsules  

Research into microencapsulation focuses mainly on two categories, fabrication of 

microcapsules and characterisations of their properties and performances (Gray et al., 2016). 

In order to comprehensively understand the potential applications of the formed microcapsules, 

it is crucial to characterise their physicochemical, structural and mechanical properties (e.g., 

morphology, active core payload, encapsulation efficiency and mechanical strength) precisely 

since certain desirable properties can be required for a given application. For instance, for 

food applications, where microcapsules are used for the mask of unpleasant flavour of the core, 

protection of actives from oxidation or evaporation or the prolonged storage of core active, it 

is also desirable for microcapsules to be smaller than 100 µm in size to avoid impacting the 

mouthfeel negatively (Cittadini et al., 2022). In the laundry industry, microcapsules containing 

fragrance are expected to remain intact, to be adhesive to clothing fibres and ruptured by 

mechanical force after drying. Strong and optimised mechanical properties of microcapsules 
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are thus pivotal for the controlled release of core fragrance (He et al., 2014). Herein, various 

characterisation techniques for microcapsule properties are reviewed, covering size and size 

distribution, morphology, payload and encapsulation efficiency and mechanical properties.  

2.2.3.1. Size and size distribution 

Different encapsulation techniques can produce microcapsules of various sizes and size 

distributions, which are the fundamental physical properties, and in strong relation to other 

properties including flow properties, surface adhesion and mechanical properties (Gray et al., 

2016). For instance, with identical wall thickness, larger sized microcapsules need greater 

force to be ruptured compared to the smaller sized ones (Luo et al., 2022; Mercadé-Prieto et 

al., 2011). Microcapsules prepared via microfluidics exhibited much narrower size distribution 

compared to the microcapsules generated in a stirred vessel (Ling et al., 2020). Various 

methods have been developed to determine the size and size distribution of microcapsules and 

these can broadly be classified into two categories: laser diffraction method and microscopy. 

Laser diffraction method, namely static light scattering, is based on the Mie Theory and is the 

most common method for characterising the particle size and size distribution (Merkus, 2009). 

It measures the variation of the light density scattered from a laser beam for a microcapsule 

suspension. However, identification for the refractive index values of the particle shell 

materials and dispersion medium is required for size measurement (Senoo & White, 2017). 

Microscopy is another frequently used method for size analysis. It enables the capture of 

microcapsules real images on individual level while inevitably it is time consuming and 

difficult for size distribution analysis.  
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2.2.3.2. Morphology 

Morphology of microcapsules refers to the shape, surface roughness and external and inner 

structure of capsules, which dominantly depends on how the microencapsulation is achieved 

including microcapsules preparation techniques, wall materials as well as the physical 

properties of active ingredients (Choudhury et al., 2021). The morphology of microcapsules is 

strongly associated with other properties including payload and encapsulation efficiency, 

mechanical properties and core release behaviours so that undertaking the morphological 

characterisation for capsules is very important. Generally, optical microscopy, scanning 

electron microscopy (SEM), transmission electron microscopy (TEM), atomic force 

microscopy (AFM) and confocal laser scanning microscopy (CLSM) are the most frequently 

used techniques for the morphological characterisation. Optical microscopy utilises visible 

light as light source to obtain images while SEM and TEM use electrons with shorter 

wavelength to irradiate microcapsules and generate images with higher magnification. TEM 

enables the cross-sectional observation for microcapsules and measurement for their shell 

thickness. The sample needs to be entrapped uniformly inside a resin and cut into thin slices. 

CLSM can provide three dimensional images for the sample and is capable of offering an 

insight into the inner structure of microcapsules, which needs to be stained by fluorescence 

dyes that have different affinities to the corresponding chemical compositions. Unlike SEM or 

TEM, AFM does not require a high vacuum and is capable of detecting the surface roughness 

of microcapsules by using a probe.  

2.2.3.3. Chemical composition  

Fourier transform infrared spectroscopy (FTIR) is widely used to reveal the compositions of 
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microcapsules by detecting the characteristic wavelength of the material with specific 

functional groups. This technique is based on the principle that certain wavelengths of the 

infrared radiation will be absorbed to variable extents when passing through a specific 

compound, from which the absorbed radiations will be converted into rotational and/or 

vibrational energies, presenting a unique spectrum from 4000 to 400 cm-1 for the 

corresponding molecule. Ideally, core molecules are expected not to interact chemically with 

shell molecules for stable microencapsulation, and FTIR can provide information on 

interactions between core ingredients and shell materials on molecular level, and on whether 

there are new wavelengths occurring or shifting due to the formation of chemical bonds.  

2.2.3.4. Encapsulation efficiency and payload 

Encapsulation efficiency and payload of microcapsules are very important properties to be 

characterised and strongly related to other influencing factors including microcapsules 

morphology, physical properties of core material and wall materials, formulations, and 

encapsulation technique that is used to produce microcapsules. Payload is the weight ratio of 

encapsulated core active ingredient to the tested microcapsules while encapsulation efficiency 

is defined as the ratio (in percentage) of encapsulated core material to the initial core active 

input to the batch (Choudhury et al., 2021). Generally, UV-vis spectrophotometry, gas 

chromatography (GC), high-performance liquid chromatography (HPLC) and 

thermogravimetric analysis (TGA) are commonly used techniques for the quantitative 

characterisation of microcapsules payload and encapsulation efficiency. UV-vis 

spectrophotometry is a rapid analytical technique, which is based on quantifying the discrete 

wavelengths of UV or visible light that is absorbed by the compounds compared to a reference 
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within spectra from 180 to 750 nm. The concentration of the compound can be deduced from 

the absorbance value (Rakhee et al., 2018). GC is highly accurate analytical technique, which 

is based on the physical separation of chemical compounds due to their different boiling 

temperatures, vapor pressures and polarities (Stauffer et al., 2008), while HPLC separates 

various compounds from a mixture solution based on their different migration rate passing 

through a column filled with solid adsorbent particles (Seneca, 2007). Both GC and HPLC 

techniques can be used for the identification of compounds of interest apart from quantifying 

their amounts. TGA is a powerful technique for the measurement of thermal stability of 

materials (Ebnesajjad, 2006). This method can also be used for the quantification of active 

ingredient encapsulated in microcapsules by measuring the changes in their weight at different 

temperatures (Milanovic et al., 2010). 

2.2.3.5. Mechanical properties  

The requirements for good microencapsulation are to stabilise the active ingredients and 

achieve their controlled release. The microcapsules have to be mechanically stable during 

encapsulation process, subsequent processing and storage, while prone to be ruptured by 

mechanical force as a trigger for the release of the core, e.g. perfume microcapsules using in 

laundry detergents (Gray et al., 2016). Therefore, characterising the mechanical properties of 

microcapsules is essential to understand their behaviour during preparation, and their 

performance for end-use applications. The mechanical properties of the microcapsules include 

Young’s modulus, mechanical strength parameters and viscoelastic behaviour (Zhang et al., 

2009). The Young’s modulus indicates the flexibility of the microcapsules under the 

deformation and mechanical strength parameters include rupture force, nominal rupture stress, 
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nominal rupture tension and toughness (Zhang et al., 2022), which along with the viscoelastic 

performance dominantly depend on the chemical composition of shell materials, the size and 

structure of microcapsules, shell thickness (Gray et al., 2016).  

Numerous methods have been developed for characterising the mechanical properties of 

microcapsules, and they can broadly be divided into two categories: bulk methods and 

individual measurements. Bulk mechanical characterisation tests have focused mainly on the 

resistance of a population of microcapsules to mechanical forces generated by shaking, turbine 

rotor and bubble columns (Chen et al., 1995; Martins Dos Santos et al., 1997; Poncelet & 

Neufeld, 1989), and the results depend on not only the microcapsule mechanical properties but 

also the hydrodynamics. To eliminate the effect of the hydrodynamics, Ohtsubo et al. (1991) 

developed a technique involving compression of a population of microcapsules between two 

parallel plates. However, large experimental errors may occur since the two plates are 

practically difficult to be made parallel. Osmotic pressure tests were also employed for the 

mechanical characterisation for microcapsules with semi-permeable wall (Van Raamsdonk & 

Chang, 2001). However, this technique can only be used for relatively weak capsules. 

Regarding the characterisation of individual microcapsule, AFM and micromanipulation are 

the most commonly used techniques. AFM is used to determine the indentation hardness of the 

sample with either a sharp tip or a large colloidal probe. AFM with the sharp tip focuses on 

only a point on the sample surface, and the force generated is normally not great enough to 

cause rupture of the microcapsule. When the colloidal probe attached on the AFM cantilever is 

used to compress a microcapsule, there is often an alignment issue so that the microcapsule 

tends to slip away from the probe. Micromanipulation was firstly introduced by Zhang et al. 
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(1991) to investigate the rupture behaviour of individual mammalian cells. This technique was 

then improved to encompass a variety of biological and non-biological microparticles, as well 

as fabricated microcapsules (Zhang et al., 1991; Zhang et al., 1992; Zhang et al., 1999; Hu et 

al., 2009). In micromanipulation, individual microparticle or microcapsule is compressed 

between two parallel surfaces, generating a corresponding force-displacement curve, which is 

used to investigate the deformation behaviour and rupture strength of single microcapsules, 

and to determine the Young’s modulus with analytical models (Yan et al., 2009) or finite 

element analysis (Mercadé-Prieto et al., 2011). In addition, the micromanipulation technique 

enables the investigation of plastic, viscoelastic and elastic-plastic properties of single 

microcapsules by applying compression at different speeds, repeated compression, and loading 

and unloading (Zhang et al., 2009). Recently, a software package was developed to simplify 

the data analysis procedures and allow the automatic analysis of the mechanical strength 

parameters of microparticles from experimental data (Zhang et al., 2022), enhancing the 

capability of the micromanipulation technique.  

2.3. Microencapsulation of flavour/fragrance oils 

2.3.1. Flavour/fragrance oils 

Flavours and fragrances are complex mixtures of volatile organic compounds, which include 

naturally occurring (e.g., essential oils) and synthetical aromatic molecules. Flavours and 

fragrances are constituted by a variety of organic compound classes, including hydrocarbons, 

alcohols, esters, aldehydes, ketones, terpenoids and artificial ingredients that are not presented 

in nature (Kłosowska et al., 2023). Naturally occurring aromas are extracted from plants 

(Tongnuanchan & Benjakul, 2014), and characterised with many bioactive properties 
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including anti-inflammatory, anti-bacterial, antioxidant and immunomodulatory activities 

(Burt, 2004; Falleh et al., 2020; Mediratta et al., 2002; Mimica-Dukić et al., 2003; Silva et al., 

2015). Synthetic aromatic molecules are synthesised via chemical reactions with scents and 

aromas. Flavours and fragrances are widely employed as additives in different industrial 

products of food, beverage, perfume, cosmetics, personal care, laundry, household care, textile 

as well as pharmaceuticals (Franz, 2010; Madene et al., 2006). However, there are challenges 

associated with the application of various flavours and fragrances, since these highly volatile 

compounds can be thermally unstable and/or chemically reactive (Tekin et al., 2013). Flavours 

and fragrances may experience evaporation or reaction with other formulated ingredients 

during the manufacturing and/or storage process. Degradation or autoxidation may also occur 

if these compounds are exposed to light, heat and oxygen, or experience the variations in pH 

and humidity (Sousa et al., 2022). Therefore, flavours and fragrances have often been 

encapsulated to maintain their functional characteristics and achieve the controlled release. 

Moreover, microencapsulation can also facilitate the application of these oils by transforming 

their liquid state to solid phase, allowing precise dosing and easy handling. 

2.3.1.1. Core oils 

2.3.1.1.1. Carvone 

Carvone is a monoterpene ketone which is produced by plants naturally and usually present in 

some essential oils with other terpenoids (Morcia et al., 2016). As a monoterpene, carvone has 

two enantiomeric forms: S-(+)-carvone (D-carvone) and R-(−)-carvone (L-carvone) as shown 

in Figure 2-9. D-carvone is the main component (60%-70%) of caraway seed oil and also 

occurs up to 60% in dill seed oil (Putievsky, 1993), while L-carvone constitutes a major 
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proportion (50%–80%) in spearmint (De Carvalho & da Fonseca, 2006). Although two 

enantiomers of carvone have similar chemical structures, they have different characteristic 

smells. L-carvone presents sweetish minty aroma whereas D-carvone has a mentholated odour 

(Leitereg et al., 1971). Both carvones are employed in a variety of industries due for their 

flavours and aromas, e.g., L-carvone is extensively used in food and beverage (Morcia et al., 

2016), particularly in chewing gum and sugar products. It is also a key ingredient in the 

fragrance formulation of personal care products, notably air fresheners, toothpaste, soaps and 

detergents. However, D-carvone has fewer uses in industry. Despite of being a flavouring 

agent, it is reported that D-carvone can be used as an anti-sprouting agent to prevent the 

sprouting of potatoes in agriculture (Teper-bamnolker et al., 2010). Instead of D-carvone, L-

carvone is selected considering it is more widely used for industrial applications. L-carvone 

(LC) also exhibits multiple pharmacological properties such as antibacterial, antifungal, 

antioxidant, anti-inflammatory and anticancer activities (Bouyahya et al., 2021; Friedman et 

al., 2002; Naigre et al., 1996; Plotto et al., 2003). Moreover, LC can work as insecticide in 

agriculture to control insects (Franzios et al., 1997). However, LC is highly volatile, 

thermosensitive and reactive, besides, LC has a relatively low molecule weight and polar 

molecular structure. These properties attribute to the processing difficulties for its industrial 

applications. Although several studies have been conducted to investigate the 

microcapsulation of L-carvone (Baiocco et al., 2021b; Koo et al., 2014; Partanen et al., 2002), 

the outcomes are not satisfying either due to their low encapsulation efficiency or the 

employed technique being not suitable for large industrial scales. Therefore, L-carvone is used 

for encapsulation by either melt dispersion or complex coacervation using biopolymers in this 
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project.  

 

Figure 2-9. Chemical Structure of carvones. 

 

2.3.1.1.2. Hexyl salicylate  

Hexyl salicylate (HS) can be synthetically produced by esterification reactions, and employed 

for industrial use at a relatively cheap cost. HS is commonly used in cosmetics, fragrances, 

shampoos, household cleaner or detergent products due to its floral fruity character 

(Lapczynski et al., 2007). HS oil has an aromatic ring structurally as shown in Figure 2-10. 

Unlike LC, HS is a long-lasting and relatively stable fragrance material (Vecchiato et al., 

2017), with its vapour pressure being less than 0.0001 mmHg at 20°C (Lapczynski et al., 

2007). It is therefore chosen as a model oil to be encapsulated by melt dispersion or complex 

coacervation using natural biopolymers to compare the properties of LC laden microcapsules. 

 

Figure 2-10. Chemical structure of hexyl salicylate. 
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2.3.1.2. Reference oils 

2.3.1.2.1. Limonene  

Limonene (LM) is a cyclic monoterpene occurring naturally in the essential oil from citrus 

fruit peels (Isac-García et al., 2016). It has two enantiomers: R-limonene and S-limonene, as 

illustrated in Figure 2-11. R-limonene has the characteristic smell of oranges while S-

limonene presents a piny, turpentine-like odour (Hirai et al., 2022). This aroma has been 

proven harmless to human consumption and is widely used in cosmetic, food and beverage 

formulations (Ravichandran et al., 2018). Besides, Limonene also presents antimicrobial and 

anthelmintic effects, allowing this material to be used a biodegradable insecticide (Graebin et 

al., 2010). Similar to LC, LM is highly volatile and may easily undergo degradation when 

exposed to hostile conditions, such as heat, oxygen and light (Baiocco & Zhang, 2022).  

 

Figure 2-11. Chemical Structure of limonene. 

 

2.3.1.2.2. Linalool 

Linalool (LL) is a noncyclic monoterpenoid commonly extracted from many flowers and spice 

plants (Howe, 2020). It exists in two chiral enantiomers: R-linalool and S-linalool, as 

presented in Figure 2-12. R-linalool is perceived as a woody, lavender-like aroma naturally 

occurring in lavender and basil plants, whilst S-linalool exhibits sweet, floral, petitgrain-like 

R-Limonene S-Limonene 
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odour and constitutes as the major component in the essential oils of coriander (Mączka et al., 

2022). This compound is widely used for commercial applications (Bickers et al., 2003), 

which include personal care products, fragrances, food additives as flavours and household 

care products. In addition, linalool also exhibits antimicrobial, antitumor, anxiolytic and 

cardio-protective effects (Saeed et al., 2023). Similar to LC, LL is highly sensitive to oxygen 

and can be readily degraded. Besides, LL has a relatively high-water solubility of 1.59 mg/mL 

at 25 °C compared to LC of 1.31 mg/mL at 25 °C, indicating both materials are relatively 

polar oil molecules.   

 

 Figure 2-12. Chemical Structure of linalool.  

 

2.3.1.2.3. Carvacrol  

Carvacrol (CV) is a phenolic monocyclic monoterpenoid naturally derived from aromatic 

plants mainly including oregano, thyme and wild bergamot (Sharifi-Rad et al., 2018). This 

compound exhibits more potent antimicrobial, antioxidant and anticarcinogenic properties 

than other essential oil components due to the presence of the hydroxyl group (Imran et al., 

2022), as shown in Figure 2-13. It is also used as a preservative in food industry due to its 

flavour and its inhibiting ability for food borne bacterial growth.  

 

R-linalool S-linalool 
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Figure 2-13. Chemical Structure of carvacrol. 

 

2.3.1.2.4. Cinnamaldehyde 

Cinnamaldehyde (CD) is a phenylpropanoid naturally biosynthesised by the shikimate 

pathway (Gutzeit & Ludwig-Müller, 2014), which is a multi-step metabolic process for the 

biosynthesis of folic acids and aromatic amino acids within bacteria, fungi, algae and plants 

cells (Herrmann & Weaver, 1999). This compound molecule consists of an aromatic ring 

attached to an unsaturated aldehyde, as shown in Figure 2-14. Cinnamic aldehyde appears as a 

pale-yellow viscous liquid and exhibits a sweet spicy and cinnamon-like odour, which can be 

extracted from the bark of cinnamon trees and other species of the genus Cinnamomum. 

Cinnamaldehyde presents several biological properties, including anti-inflammatory, 

antimicrobial, antioxidant, antitumor and immunomodulatory effects (Pandey et al., 2022) and 

has also been widely used in food applications (Lin et al., 2013). 

 

Figure 2-14. Chemical Structure of cinnamaldehyde. 

 

2.3.1.3. Oil properties  

The different physical properties of each oil are summarised in Table 2-3. 

 



40 

 

Table 2-3. The physical properties of core and reference oil (Domaraju & Lakshmi, 2012; 

ECHA, 2023a;2023b; Imran et al., 2022; Lapczynski et al., 2007; Li et al., 2022; Luo et 

al., 2023; PubChem, 2023a;2023b;2024a;2024b;2024c; sigma-Aldrich, 

2023a;2023b;2023c;2023d;2023e; Wang et al., 2016).  

Properties  LC HS LM LL CV CD 

Density 

(g/ml) at 

25 °C 

0.96 1.04 0.84 0.87 0.98 1.05 

Molecular 

Weight 

(g/mol) 

150.22 222.28 136.23 154.25 150.22 132.16 

LogP 2.71 4.87 4.57 2.97 3.49 1.90 

Vapour 

pressure 

(mm Hg) at 

25 °C 

0.115  1.98 < 0.0001 0.16 0.0296 0.0289 

Viscosity 

(mPa.s) 

4.38 10.0 0.85 4.46 28.50 22.12 

 

2.3.2. Encapsulation of core oils 

Tasker et al. (2016) encapsulated hexyl salicylate in poly (methyl methacrylate) with 

hexadecyltrimethylammonium bromide as an emulsifier via solvent evaporation. They   

focused only on the morphology of microcapsules without characterising oil encapsulation 

efficiency or the mechanical properties of microcapsules. The microencapsulation of hexyl 

salicylate, on the other hand, was extensively investigated using formaldehyde-based material 

as a shell via in situ polymerization (He et al., 2019; Long et al., 2009; Luo et al., 2022; 

Mercadé-Prieto et al., 2012a). The properties of the microcapsules such as morphology, size 
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and size distribution, shell thickness and permeability, mechanical strength, and encapsulation 

efficiency were comprehensively studied. However, these materials used for hexyl salicylate 

encapsulation are synthetic plastic based, which limits the universal application of this type of 

microcapsules. Instead, Baiocco et al. (2021a) encapsulated hexyl salicylate using 

biopolymers based on the complex coacervation between chitosan and gum arabic. Although 

the coacervated microcapsules were reported to have similar mean size and mechanical 

properties to melamine formaldehyde microcapsules, the encapsulation efficiency (47%) was 

significantly lower than the formaldehyde-based microcapsules prepared by Luo et al. (2022) 

and Long et al. (2009), which had an encapsulation efficiency up to 89 % and 75 % 

respectively. 

Partanen et al. (2002) investigated the encapsulation of carvone by molecular inclusion, and 

found that the complexes of carvone in β-cyclodextrin exhibited good performance against 

core evaporation and showed superior storage property at higher relative humidities than spray 

dried maltodextrin-based microcapsules. However, molecular inclusion was not widely used 

due to the regulatory restrictions in several countries (Desai & Jin Park, 2005). Besides, the 

high cost of cyclodextrins and low core loading capacities due to the stoichiometry of 

cyclodextrin molecules are inevitable problems limiting the application of this process 

(Reineccius, 1989). Koo et al. (2014) encapsulated peppermint oil using a coaxial electrospray 

system based on the gelation between calcium ions and alginate pectin mixture. Core-shell 

structured microcapsules were fabricated, with core oil encapsulation efficiency varying from 

27 to 85 %, which was attributed to the alginate to pectin ratio. However, such process has an 

inevitable drawback due to its slow rate to fabricate the microcapsules. Baiocco et al. (2021b) 
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encapsulated L-carvone via complex coacervation by using fungal chitosan and gum arabic as 

wall materials, followed by spray drying. The physical, structural, morphological, mechanical 

and barrier properties of the fabricated microcapsules were systematically investigated for 

their potential for personal care and cosmetic products. However, L-carvone encapsulation 

efficiency and the payload of the fabricated microcapsules were only 29 ± 4 % and 19 ± 3 % 

respectively. Comparatively, Pakzad et al. (2013) fabricated peppermint oil microcapsule with 

encapsulation efficiency up to 82% by using gelatine and gum arabic coacervates as shell 

material. Dong et al. (2007) investigated the effects of different peppermint oil to gelatine and 

gum arabic ratios on core oil loadings of the microcapsules, and obtained the highest payload 

(90%) using the ratio of 6:1.  

Gelatine is produced by partial hydrolysis of collagen derived from skin, bones and connective 

tissues of animals (Napiórkowska & Kurek, 2022a; Sutaphanit & Chitprasert, 2014). It is a 

commonly used coacervation material due to its good emulsifying and gelling ability, 

biodegradability and biocompatibility, nontoxicity and low cost (Elzoghby, 2013; Muhoza et 

al., 2022). Gum arabic is a natural polysaccharide derived from Acacia senegal and Acacia 

seyal trees (Xiao et al., 2014b), and mainly consists of arabinogalactan and glycoprotein 

(Napiórkowska & Kurek, 2022a). It has a backbone structure of 1,3-linked β-d-

galactopyranosyl units branched with galactose side chains by 1,6-linkages (Ali et al., 2009). 

arabic gum has high solubility in water while low viscosity in solution, making this material 

an effective emulsifier and good encapsulating agent (Devi et al., 2017; Napiórkowska & 

Kurek, 2022b). Due to the abundance, biocompatibility and biodegradability of these wall 

materials (Reis et al., 2022), the most common wall system used for complex coacervation is 
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gelatine/gum arabic (Bakry et al., 2016; Ogilvie-Battersby et al., 2022; Shaddel et al., 2018; 

Yang et al., 2015), which form coacervate wall by the electrostatic interactions between amino 

groups of protein and carboxyl groups of polysaccharides. The encapsulation of flavours and 

fragrances by gelatine and gum arabic microcapsules were also extensively studied by other 

authors (Lv et al., 2014; Ogilvie-Battersby et al., 2022; Pakzad et al., 2013; Xiao et al., 2014b; 

Zuanon et al., 2013). Core oils including lavender oil, jasmine essential oil, peppermint oil, 

geraniol and turmeric oleoresin were encapsulated with encapsulation efficiency ranging from 

66% to 82%, and the microcapsules showed good thermal properties. However, no research 

had focused on the mechanical properties of these gelatine/gum arabic microcapsules. Yu et al. 

(2021) characterised the mechanical properties of gelatine/gum arabic microcapsules when 

encapsulating functional fish oil. The Young’s modulus of whole microcapsules was 

determined to be 313 ± 42 MPa by the Hertz model. The rupture force increased with 

microcapsule diameter, with an average value of 0.58 ± 0.10 mN for the mean diameter of 

10.8 ± 0.9 μm. The corresponding nominal rupture stress was 6.1± 0.6 Mpa and encapsulation 

efficiency was 89 ± 1 %, which are higher to chitosan-gum arabic coacervated microcapsules 

fabricated for L-carvone encapsulation by Baiocco et al. (2021b), which had a nominal rupture 

stress of 2.1 ± 0.3 Mpa and encapsulation efficiency of 29 ± 4 %. Nevertheless, gelatine is 

limited in its use in several food and beverage applications due to its animal origin and 

potential allergenic risk. However, the review of these literature works implies that gelatine 

and gum arabic have the potential to be more promising wall materials than chitosan and gum 

arabic to fabricate flavours and fragrances microcapsules with higher encapsulation efficiency 

and stronger mechanical properties. These gelatine/gum arabic microcapsules may still be 
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appliable in some products of household care, laundry or cleaning detergent instead of food 

and beverage. Furthermore, to the best of author’s knowledge, no systematic study has been 

conducted to characterise the fundamental physical and mechanical properties of gelatine and 

gum arabic microcapsules to encapsulate flavours and fragrances. Besides, it has been 

reported that different types of core oil have shown significantly different morphologies, 

particle size distribution, encapsulation efficiency and mechanical properties of microcapsules, 

which had been fabricated following the same experimental procedure and material 

formulations (Luo et al., 2023; Zhao et al., 2021). Therefore, although the properties of 

gelatine/gum arabic microcapsules (fabricated for fish oil encapsulation) were characterised 

by Yu et al. (2021), the microencapsulation of flavours and fragrances (L-carvone and hexyl 

salicylate in this project) based on the coacervation between gelatine and gum arabic as well 

as the comprehensive characterisation of the resultant microcapsule properties still remain to 

be explored. 

In addition, melt dispersion is also an attractive encapsulation technique to encapsulate 

flavours and fragrances for its possible scalability for industrial applications. Kumar et al. 

(2014) encapsulated Mentha piperita (peppermint) essential oil via melt dispersion using 

polyethylene glycol 6000 as coating material. The encapsulation efficiency of the fabricated 

nanoparticles was up to 83.4%, with payload of 7.46%. Differential scanning calorimetry 

analysis indicated the improved thermal stability of polyethylene glycol 6000 after Mentha 

piperita essential oil was encapsulated within nanoparticles. However, polyethylene glycol 

6000 is a synthetic polymer and have been reported to have lower mechanical properties 

compared to natural waxes including carnauba wax and beeswax (Al-Angari et al., 1985; 
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Morgan et al., 2002; Zhang et al., 2016). Milanovic et al. (2010) encapsulated ethyl vanillin 

using carnauba wax as wall material by a novel melt dispersion technique. The fabricated 

microspheres were determined to have an encapsulation efficiency up to 87 % (payload at 8.7 

± 0.6 %) and exhibit good thermal stability. Different commercial flavour oils (caramel, 

coconut or cherry) were also encapsulated within carnauba wax carriers that presented 

inconsistent release behaviours under heating, suggesting the binding mechanism of the 

aromatic compound in the wax could possibly be influenced by the characteristics of core oil 

(including polarity and volatility) and the different molecule interactions between core oil and 

wax. Milanovic et al. (2017) mixed beeswax with carnauba wax at different ratios, 

investigated the effects of different waxes ratios on the thermal behaviour of ethyl vanillin 

laden microspheres, and demonstrated the potential feasibility of using the blend of natural 

waxes as shell materials for the encapsulation of flavours and fragrances. However, there is no 

comprehensive study of the fundamental physical, barrier and mechanical properties of wax 

microcapsules for encapsulation of other flavour and fragrance oils by melt dispersion. The 

influence of different wax types, wax to oil ratios on the properties of the wax microspheres 

also remains to be fully explored to understand the aroma molecule encapsulation mechanism 

by wax carriers.  

2.3.3. Core oil influence on encapsulation  

Limited works have placed emphasis on the influence of different oils on the properties of the 

microcapsules. Baiocco and Zhang (2022) encapsulated limonene via complex coacervation 

using gum arabic and fungally fermented chitosan as shell materials. The fabricated 

microcapsules exhibited significant different properties (including size and size distribution, 
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encapsulation efficiency and payload, and mechanical strength) compared to the L-carvone or 

hexyl salicylate laden microcapsules prepared following the identical wall material 

formulations and encapsulation process (Baiocco et al., 2021a;2021b). Xiao et al. (2014b) 

investigated the encapsulation of lavender oil by complex coacervation using gum arabic and 

gelatine at equal portions and a wall to core ratio of 2:1, and the fabricated microcapsules had 

a mean size of 77 µm and oil encapsulation efficiency of 37%. Significant variables in terms 

of morphology, size, encapsulation efficiency, thermal stability as well as release profiles were 

reported by Ogilvie-Battersby et al. (2022) and Manaf et al. (2018) using the same wall 

material formulations and experimental procedures for the encapsulation of geraniol and 

citronella oil respectively. Also, Tang et al. (2020) used gelatine and sodium alginate to 

encapsulate limonene and the fabricated microcapsules showed significantly different 

properties (including morphology, mean size and encapsulation efficiency) compared to 

citronella oil loaded microcapsules prepared with the same encapsulation method (De Matos 

et al., 2018). Besides, similar phenomena were reported for the encapsulation of 

cinnamaldehyde and peppermint oil using high methyl pectin and gelatine as wall materials at 

a ratio of 1:3 and a wall to core ratio of 1:2 (Muhoza et al., 2019).  

Goubet et al. (1998) discussed the retention of various core aromas within the identical 

carbohydrate shell material by spray drying, which was primarily affected by the molecular 

weight, relative volatility and polarity of the volatile compounds. Rosenberg et al. (1990) 

found that ethyl hexanoate was more efficiently encapsulated than ethyl butyrate within spray 

dried gum arabic matrix microparticles and similar phenomena were also reported by Voilley 

(1995), that higher molecular weight aroma compounds had better retention performance. 
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Reineccius (1988) explained lower molecule weight aroma compounds diffuse through wall 

matrix more readily, leading to a poor retention of the encapsulated active. Bangs and 

Reineccius (1982) related the retention of octanol, octenol, octanone, and octanal with their 

corresponding relative volatility when these compounds were encapsulated within 

maltodextrins by spray drying, and reported that the volatile aroma compound with a higher 

relative volatility exhibited a lower encapsulation efficiency, which was coincident with the 

results reported by Saravacos and Moyer (1968) that the retention of aromas was negatively 

affected by the relative volatility during vacuum drying. Besides, Rosenberg and Sheu (1996) 

found that the retention of ethyl butyrate (which is partially water soluble due to its polarity) 

using whey proteins as wall materials by spray drying, was lower than ethyl caprylate that has 

lower polarity.  

Similar to the encapsulation of volatile compounds by spray drying, Hofmeister et al. (2015) 

encapsulated several volatile aroma compounds via polymerisation method using acrylic 

copolymer. They pointed out that the Hansen parameter for hydrogen bonding (δH) revealed a 

linear relationship with encapsulation efficiency negatively, which allowed the predication of 

encapsulation efficiency for any core materials and enhancing the encapsulation efficiency by 

introducing a mediator with lower δH value. Zhao et al. (2021) investigated the influence of the 

interfacial tension between core oil and water, the relative dielectric constant, the refractive 

index, the viscosity and the density of nine different commercial fragrance oils on the 

encapsulation efficiency of microcapsules prepared using melamine formaldehyde as shell 

materials via in situ polymerisation. They reported that the interfacial tension between core oil 

and water determined whether the core oil is suitable for encapsulation. Other factors 



48 

 

including the relative dielectric constant, refractive index, the viscosity and the density of core 

oils had an auxiliary effect on the particle size and distribution of microcapsules. However, the 

core oils used in their study were commercial fragrance oils and their detailed compositions 

were not reported. Following the same encapsulation method, Luo et al. (2023) evaluate the 

effects of the chemical structure, logP, the solubility, the interfacial tension between core oil 

and water and the viscosity of twelve different single componential oils on melamine 

formaldehyde microcapsules in terms of size, morphology, encapsulation efficiency as well as 

thermal and mechanical properties. They pointed out that logP can be used as a clear 

determining criterion to choose core oils for successful encapsulations, which requires logP 

being ≥ 1.66. logP also influenced the capsule size and mechanical strength. High interfacial 

tension between oil and water improved the encapsulation efficiency. However, the author 

focused only on the melamine formaldehyde resin encapsulation system, and more wall 

materials and encapsulation techniques should be investigated to establish the universal 

applicability of the aforementioned findings. Moreover, they did not go further by 

investigating the mechanism underlying the influence of core oil on microcapsule properties.   

Torza and Mason (1970) studied the engulfing mechanism when two immiscible phases were 

brought in contact in a third mutually immiscible phase, and first proposed a theory about the 

spreading behaviour based on the interfacial tensions between the three phases. This theory 

was referred as the spreading coefficient theory and it elaborated the occurring of spreading, 

lens or engulfing was a result of thermodynamic equilibrium determined by the spreading 

coefficient of each phase. In the case of encapsulation when oil, water and polymer phases are 

involved, the spreading coefficient theory can be used for predicting the structural 
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morphologies of formed capsules (Loxley & Vincent, 1998). Furthermore, the microstructural 

morphology of microcapsule has been reported to have a significant impact on the 

encapsulation efficiency (Yun et al., 2021), owing to the various inner structures and porosities 

of microcapsules. Therefore, the spreading coefficient theory might provide a potential 

perspective to investigate the mechanism underlying the influence of core oil on the properties 

(including morphology, encapsulation efficiency, mechanical properties or core oil release 

behaviour) of microcapsules fabricated using the consistent wall formulation.  

2.4. Summary  

This chapter provides a general introduction of microencapsulation and the resultant 

microcapsules with typical structural configurations. The main encapsulation methods and the 

analytical techniques to characterise microcapsules are also reviewed, with their own 

principles, merits, and drawbacks. The microencapsulation of flavours and fragrances is 

highlighted herein, following by literature reviews about the encapsulation of model flavour 

and fragrance (L-carvone and hexyl salicylate) as well as the impact of different oils on the 

properties of microcapsules fabricated using the same wall formulations and experimental 

procedure.  

The current challenges in the microencapsulation of flavours and fragrances include lack of 

simple, universal and scalable industrial encapsulation methods to fabricate high-quality 

microcapsules and the fabrication of biodegradable microcapsules with desirable properties 

for the end-use applications. For example, spray drying is the most widely used encapsulation 

method in industry and it allows simple, reproducible, continuous and low-cost production of 

flavour/fragrance microcapsules. However, this process may cause the evaporation and/or 
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degradation of core materials due to the high temperature. Solvent evaporation is a fast, simple, 

reproducible encapsulation method, while this process usually involves the use of plastic-

based synthetic polymers and fabricates flavour/fragrance capsules of low encapsulation 

efficiency. Polymerisation has been extensively investigated for its efficient encapsulation of 

flavours and fragrances, but the synthetic polymers used as microcapsule shells are usually 

formaldehyde-based and not biodegradable. On the contrary, melt dispersion technique is a 

simple, readily scalable encapsulation method for industrial applications. This process has 

been reported for the encapsulation of synthetic aroma with high encapsulation efficiency and 

good thermal stability using natural wax, making melt dispersion a promising method. 

Complex coacervation is an effective and well-established method for the encapsulation of 

flavours and fragrances using biopolymers. However, the recent development of this process 

based on coacervation of fungal chitosan and gum arabic did not give satisfactory 

encapsulation efficiency of costly flavours and fragrances (i.e., L-carvone and hexyl 

salicylate). On the contrary, gelatine-based microcapsules have been reported to exhibit high 

encapsulation efficiency, thermal stability and mechanical properties for the encapsulation of 

flavours and fragrances. Although gelatine is animal-sourced and unpreferred for a certain 

group of people, it still has potential to be used in the encapsulation of flavours and fragrances 

for applications in household care, laundry or cleaning detergent instead of food and beverage. 

Comparatively, used as coating materials via melt dispersion, natural waxes of food grade look 

attractive if their effective encapsulation of L-carvone and hexyl salicylate can be achieved.  

To the best of author’s knowledge, no systematic study using either gelatine/gum arabic 

microcapsules fabricated via complex coacervation or wax microspheres prepared via melt 
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dispersion for the encapsulation of L-carvone and hexyl salicylate have been reported in 

literature. Effective encapsulation of these two model oils and characterisation of their various 

properties, including size distribution, encapsulation efficiency and mechanical properties 

(which are strictly related to their effectiveness for the end-use applications) is the primary 

objective of this PhD project. Another goal of this work is to investigate and understand the 

impact of different oils on the properties of microcapsules fabricated using the same wall 

formulations and experimental methods. 
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CHAPTER 3. Microencapsulation of L-Carvone and Hexyl 

Salicylate in Carnauba Wax, Candelilla Wax and Beeswax by 

Melt Dispersion Method 

3.1. Introduction 

Wax microparticles have been evaluated for encapsulation of flavours, mainly focusing on 

their physicochemical and structural properties, such as particle size, morphology, leakage and 

thermal stability (Collins et al., 2020; Milanovic et al., 2010; Stojaković et al., 2012; 

Yilmaztekin et al., 2019). However, little is known about the mechanical properties of oil-

loaded wax microspheres. In this chapter, beeswax (BW), candelilla wax (CanW) and 

carnauba wax (CarW) were used to encapsulate L-carvone (LC) or hexyl salicylate (HS) with 

different oil and wax formulations at variable weight ratios using melt dispersion technique. 

Both fundamental physical properties including morphology, particle size and distribution as 

well as mechanical properties (nominal Young's modulus) of microspheres, oil encapsulation 

efficiency and its retention within wax carriers at an air-dried storage condition (60 ± 2% 

humidity at 25 ± 2 °C) were investigated. These experimental results not only contribute to a 

better understanding of oil-loaded wax microspheres from the perspective of mechanical 

properties but also provide guidance for their further processing for potential industrial 

applications. 

3.2. Materials and methods 

3.2.1. Materials 

L-carvone (≥97%, FCC, FG), hexyl salicylate (≥99.0%, GC), carnauba wax (No. 1 yellow, 
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refined, Brazil wax), candelilla wax, beeswax (refined) and tween 60 (polysorbate 60) were all 

purchased from Sigma–Aldrich, UK. Reagents including absolute ethanol and 1-propanol 

were purchased from Sigma-Aldrich, UK, and were of analytical grade and used without 

further purification. All the solutions were prepared using deionised water (18.2 MΩ cm at 25 °

C). 

3.2.2. Preparation of wax microspheres 

The matrix microspheres were prepared by a modified melt dispersion method (Bhoyar et al., 

2011; Milanovic et al., 2011; Milanovic et al., 2010). The wax (5.4 g of each type of wax) was 

melted in deionised water (150 ml) containing an emulsifier (0.5% w/w tween 60 (Zhang et al., 

2016)) at a maintained temperature (95 °C for CarW, 75 °C for CanW, and 70 °C for BW) in a 

jacketed beaker of 250 ml in volume. 

The core oil (L-carvone or hexyl salicylate) was added to the dispersion phase at different oil 

to wax ratios (1:1，1:5 and 1:10) by weight followed by homogenisation (1200 rpm) by a 

high shear mixer (Model L4RT, Silverson, UK) for 20 mins. During the homogenisation, the 

jacket beaker was covered with aluminium foil. After homogenisation, the resultant emulsion 

was transferred to a preheated beaker of 500 ml in volume and kept under machinal stirring at 

400 rpm for 5 mins. The solidification of oil phase to encapsulate core oil and the formation of 

wax oleogel microspheres were accomplished by adding 300 ml cold water (0 °C) to the 

emulsion system and keeping stirring for further 5 min. Wax microspheres were obtained by 

filtration under vacuum, washed with deionised water and dried at room temperature (25 ± 2 °

C) for 24 h. As control samples, pure wax microspheres (containing no oils) were also 

prepared following the same procedure. The procedures of wax microsphere preparation were 
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illustrated in Figure 3-1. 

 

Figure 3-1. Schematic diagram of the encapsulation of core oils via melt dispersion. 

Different ingredients and formulations are listed in Table 3-1. Based on the oil to wax ratios, 

candelilla wax, carnauba wax and beeswax microspheres are denoted by CanW, CanWLC11, 

CanWLC15, CanWLC110, CanWHS11, CanWHS15, CanWHS110, CarW, CarWLC11, 

CarWLC15, CarWLC110, CarWHS11, CarWHS15, CarWHS110, BW, BWLC11, BWLC15, 

BWLC110, BWHS11, BWHS15 and BWHS110 respectively. Each experiment was conducted 

in triplicate.  
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Table 3-1. The ingredients used to prepare LC and HS wax microspheres. The amount of 

wax was kept at 5.4 g, but different amounts of core oil (0.54-5.4 g) were used to prepare 

LC and HS wax microspheres.  

Sample Candelilla wax Carnauba wax Beeswax 

Core 

Material 

Oil/Wax 

ratio 

Pure CanW 5.4 g 0 g 0 g 0 g _ 

CanWLC11 5.4 g 0 g 0 g LC 5.4 g 1:1 

CanWLC15 5.4 g 0 g 0 g LC 1.08 g 1:5 

CanWLC110 5.4 g 0 g 0 g LC 0.54 g 1:10 

CanWHS11 5.4 g 0 g 0 g HS 5.4 g 1:1 

CanWHS15 5.4 g 0 g 0 g HS 1.08 g 1:5 

CanWHS110 5.4 g 0 g 0 g HS 0.54 g 1:10 

Empty CarW 0 g 5.4 g 0 g 0 g _ 

CarWLC11 0 g 5.4 g 0 g LC 5.4 g 1:1 

CarWLC15 0 g 5.4 g 0 g LC 1.08 g 1:5 

CarWLC110 0 g 5.4 g 0 g LC 0.54 g 1:10 

CarWHS11 0 g 5.4 g 0 g HS 5.4 g 1:1 

CarWHS15 0 g 5.4 g 0 g HS 1.08 g 1:5 

CarWHS110 0 g 5.4 g 0 g HS 0.54 g 1:10 

Empty BW 0 g 0 g 5.4 g 0 g _ 

BWLC11 0 g 0 g 5.4 g LC 5.4 g 1:1 

BWLC15 0 g 0 g 5.4 g LC 1.08 g 1:5 

BWLC110 0 g 0 g 5.4 g LC 0.54 g 1:10 

BWHS11 0 g 0 g 5.4 g HS 5.4 g 1:1 

BWHS15 0 g 0 g 5.4 g HS 1.08 g 1:5 

BWHS110 0 g 0 g 5.4 g HS 0.54 g 1:10 

 

3.2.3. Particle size analysis 

Before filtration and drying, the mean size and size distribution of wax matrix microparticles 
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in suspension were measured by using a light scattering instrument (Mastersizer 2000, 

Malvern Instruments Ltd, UK) with the Mastersizer 2000 software. The measurements were 

aligned by a reference refractive index of 1.472 for carnauba wax, 1.454 for candelilla wax 

and 1.434 for beeswax microspheres respectively (Rhim & Shellhammer, 2005). The 

refractive index of water was set at 1.330. The mean diameter and size distribution of wax 

particles were measured in triplicate with a two-minute interval between each measurement. 

The values of Sauter mean diameter D [3,2] and SPAN were recorded, which are defined as 

follows (Pan et al., 2013), 

 𝐷[3,2] =
∑ 𝑑𝑖

3𝑁
𝑖=1

∑ 𝑑𝑖
2𝑁

𝑖=1

 (3-1) 

 𝑆𝑃𝐴𝑁 =
𝐷90% − 𝐷10%

𝐷 50%
 (3-2) 

where di represents the diameter of an individual particle and N is the total number of particles 

measured; D90%, D50% and D10% represent the diameter of particles under which the 

accumulative volume fraction is 90%, 50% and 10% respectively. 

3.2.4. Morphological characterisation of wax microspheres 

Morphological characterisations were performed by a scanning electron microscope (Hitachi 

TM3030 Tabletop). Each kind of dried wax microspheres were tapped on an adhesive carbon 

tab attached on a steel specimen stub. Wax microsphere samples were coated with platinum by 

using a sputter coater (Quorum SC7620) in order to make the targets electrically conductive so 

that high resolution images can be obtained. All the measurement were operated at an 

acceleration voltage of 15 kV. 
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3.2.5. Fourier transform infrared spectroscopy (FT-IR) of core oils, waxes and dried 

wax microspheres 

The FT-IR analysis of LC, HS, waxes and all solid powdered wax microspheres were 

performed using an ATR-FTIR spectroscopy (Bruker TENSOR 27) in attenuated total 

reflection mode.  Running at an average of 256 scans, all spectra of samples were recorded 

with an infrared wavelength from 4000 to 400 cm−1 at a resolution of 4.0 cm−1 with the 

compliance of background (blank) running at the same scanning parameters. This analysis was 

performed using the Bruker OPUS software. 

3.2.6. Payload and encapsulation efficiency  

Based on the peak absorbance wavelength of HS in 36% (w/w) 1-propanol (306 nm) and LC 

in absolute ethanol (319 nm), a linear standard calibration curve between UV absorbance 

readings (y) and oil concentrations (x) in 20 ml solvent was generated, 𝑦 =  21.286𝑥 +

0.0314  with a coefficient of determination 𝑅2  =  0.9994 for HS oil (See Figure A-1 in 

Appendix A) and 𝑦 =  0.2867𝑥 + 0.0075  with a coefficient of determination 𝑅2 =

 0.9985 for LC oil (See Figure A-2 in Appendix A). The equations obtained from the 

calibration curves were further used to determine the amount of encapsulated oils in wax 

microspheres by a UV-Vis spectrophotometer (Cecil 1020, Cecil Instruments, UK) (Baiocco et 

al., 2021a).  

Three types of 20 mg air-dried wax microspheres loaded with oil were firstly placed into three 

different screw capped glass vials, and then dispersed into 20 mL of 36% aqueous 1-propanol 

or absolute ethanol as the solvent for HS or LC oil. The vials were ultrasonicated in a water 

bath (VWR Ultrasonicator, USC100TH, UK) for 60 min to extract the core oil. The insoluble 
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waxy residues were removed by centrifugation (Hermle Labortechnik Z-180, Labnet, 

Germany, EU) at 10,000 rpm (12298 g force) for 30 mins to produce a clear supernatant 

containing LC or HS. The supernatant was diluted in a quartz cuvette 10 times using a solvent 

prior to measurement. The encapsulation efficiency (EE) and payload of wax microspheres 

were then calculated by the following equations:  

 𝑃𝑎𝑦𝑙𝑜𝑎𝑑% =
𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑜𝑖𝑙

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
× 100 (3-3) 

 𝐸𝐸% =
𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑜𝑖𝑙

𝑇𝑜𝑡𝑎𝑙 𝑜𝑖𝑙
× 100 (3-4) 

Pure wax particles were also measured following the same procedures, to avoid the 

absorbance influence from waxes in the solvent. And the corrected absorbance ( λ ) of 

encapsulated oil was calculated by the following formula:  

 𝜆𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑜𝑖𝑙 = 𝜆𝑈𝑉  − 𝜆𝑤𝑎𝑥 𝑖𝑛𝑓𝑢𝑙𝑒𝑛𝑐𝑒 𝑖𝑛 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 (3-5) 

3.2.7. Measurement of oil retention in wax microspheres 

Core oil release studies were performed within a period of 32 days, the dried wax 

microspheres were kept in beaker vials at 25 ± 2 °C, 60 ± 2% humidity and sampled at 0 d, 1 d, 

2 d, 4 d, 8 d, 16d and 32 d respectively. Wax particles were measured following the procedures 

described in 3.2.6. All experiments were conducted in triplicate. The static cumulative release 

of oil from wax particles was determined by the following formula: 

 𝑅𝑡 = 𝑃0 − 𝑟𝑡 (3-6) 

where Rt represents the oil released from wax in time t, P0 is the payload of wax microspheres 

at 0 d, and rt is the retention amount of oil within the wax microspheres in percentage at time t.  
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3.2.8. Mechanical characterisation of wax microspheres 

3.2.8.1. Micromanipulation 

The mechanical properties of wax microspheres were characterised by a micromanipulation 

technique as shown in Figure 3-2, which was firstly developed at the University of 

Birmingham UK (Zhang et al., 1991; Zhang, 1999; Hu et al., 2009). A single fine glass probe 

about 60 µm in diameter with a polished flat end surface was glued on a force transducer 

(GS0-10, Sensitivity 8.674 mN V−1, LLC, Temecula, CA, USA), and the probe was positioned 

perpendicular to the glass slide, which was mounted on the stage of a micromanipulation rig. 

Dried wax particles were spread on the glass slide and observed from the side view camera, 

which was also used to measure the diameter of selected wax particles and record the process 

of compression. The wax microspheres were compressed at 2 μm/s speed by the glass probe 

driven by the stepper motor. At least 30 wax microspheres from each sample were randomly 

selected for compression. Compliance tests were performed in triplicate prior to testing each 

wax particle sample, and their mean value was used to calculate the actual displacement of the 

force probe (Zhang. et al., 2022). 

 

Figure 3-2. Schematic diagram of the micromanipulation rig. 
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Figure 3-3 presents a typical compression process for an individual wax microsphere before 

and after compression using a micromanipulation rig. The voltage signals generated by the 

force transducer due to compression were simultaneously recorded by the computer with a 

data acquisition card installed in it. The compression force could be calculated based on the 

sensitivity of force transducer and change in voltage recorded by the data acquisition card. 

From the curve of compression force versus displacement of glass probe, the relationship 

between the force and the particle deformation could be obtained using a data analysis 

software package as reported by Zhang et al. (2022).  

 

Figure 3-3. Images of a single wax microsphere (15.5 m in diameter, CarWHS15) before 

compression (a) and after compression (b) (scale bar: 20 μm) 

3.2.8.2. Hertz model  

The Hertz model presents the relationship between the force for compressing a single linear 

elastic spherical particle to small deformations (usually less than nominal strain 10%) and its 

displacement between two rigid flat planes, and is described by Equation (3-7) (Yan et al., 

2009; Zhang et al., 2009): 

 𝐹 =
𝐸√2𝑅

3(1 − 𝑣2 )
𝛿

3
2 (3-7) 

where F is the compression force, δ is the displacement, R is the particle radius, υ is the 

(a) (b) 
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Poisson's ratio, E is the Young's modulus of the wax particle. According to the model, there 

should be a linear relationship between F and 𝛿
3

2, and the value of Young's modulus can be 

determined by fitting the force-displacement data in elastic range (usually up to 10% of 

nominal strain) to Equation (3-7) if Poisson's ratio υ is known. In this study, the Poisson’s 

ratios of all samples were assumed to be 0.5 since the wax microspheres were considered to be 

incompressible.  

3.2.9. Statistical analysis  

Three independent replicates for each experiment were performed. The difference among the 

results was expressed as mean value ± 2 × standard error (St.Err).  

3.3. Results and Discussion 

3.3.1. Morphology of microspheres 

SEM micrographs of wax microspheres without oil encapsulated are presented in Figure 3-4. 

It can be observed that wax microspheres prepared by different waxes via melt dispersion are 

in micro-size and relatively spherical, but have variable surface smoothness. Specifically, 

CarW microspheres have relatively smooth surface, which are similar to the morphology of 

carnauba wax microspheres fabricated by Milanovic et al. (2010) for the encapsulation of 

ethyl vanillin. The CanW particles appear to have a scaly and nonporous surface. 

Microspheres prepared by BW have less smooth surface, with flaky and porous appearance as 

compared to those prepared by two other waxes. Similar phenomena were reported by 

Milanovic et al. (2017), that the surface of pure beeswax particles was rougher and had more 

irregularities than the surface of CarW microspheres. They explained that the difference in 

surface smoothness can be attributed to the slower solidification rate of molten beeswax 
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(melting temperature 70 °C) than carnauba wax (melting temperature 95 °C) in contact with 

0 °C cold water during the formation of wax microspheres. 

 

Figure 3-4. SEM images of wax microspheres without oil loadings (a) BW, (b) CanW, (c) 

CarW.   

It was found that BW microspheres with various oil loadings dissolved on the adhesive carbon 

tab for SEM, and practically difficult for observation. Thus, only CarWHS and CarWLC 

samples were morphologically characterised by SEM and their images are presented in Figure 

3-5. The pores on the surface of CarWHS11 microspheres can be observed while CarWHS15 

and CarWHS110 have relatively smooth surface. Similar phenomena were also detected for 

CarWLC samples, suggesting that the surface of wax microspheres becomes rougher with the 

increase of oil to wax ratio. For 1:1 oil to wax ratio wax microspheres, more small holes were 

observed on the surface, indicating the acorn structure (see Figure 5-1), which implies that the 

retention of core oil by wax carriers can possibly be accomplished by the migration of small 

oil droplets into wax crystal networks from wax surface to its inner structure (Schubert & 

Müller-Goymann, 2005). This can be supported by the report of Ranjha et al. (2010). At a 

fixed ratio of oil to wax 1:5 or 1:10, both CarWHS and CarWLC microspheres appear to have 

relatively smooth surface, suggesting that the type of core oils did not have a significant 

 
 

(a) (b) (c) 
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influence on particle surface compared to the parameter of oil to wax ratio.  

  

Figure 3-5. SEM images of wax particles (a) CarWHS11, (b) CarWHS15, (c) 

CarWHS110, (d) CarWLC11, (e) CarWLC15 and (f) CarWLC110.  

 

3.3.2. Wax microspheres size and size distribution 

To investigate the influence of core oil and the type of wax on the particle size and size 

distribution of wax microspheres, the values of mean size and span of each pure wax 

microspheres, CarWLC microspheres with each oil loading and CarWHS15 were calculated 

and summarised in Table 3-2.  

There was no significant difference in the mean size of different pure wax particles statistically, 

and they all had a mean size of approximately 22 μm. Besides, they also had narrow size 

distributions with relatively small span values. This can be attributed to the similar interfacial 

tension values between each molten wax and aqueous phase, which can lead to small sized 

wax droplets in absence of core oil in the system and therefore narrow size distribution (Dijke 

 

(e) (f) 

(a) (b) 

(d) 

(c) 



64 

 

et al., 2009).  

The increase of oil to wax ratios significantly reduced the size of CarWLC wax microspheres, 

22.33 ± 0.25 μm for 1:10, 16.63 ± 0.14 μm for 1:5 and 15.31 ± 0.20 μm for 1:1 respectively. 

The decrease of particle size may be caused by the reduction of interfacial tension between the 

molten waxy and aqueous phase after the addition of LC. Higher concentration of oil may 

lower the surface tension of oily phase (molten wax and oil), thus, more readily to form 

smaller lipid droplets and consequently smaller microspheres (Pongpaibul et al., 1984). 

However, the waxy microparticles prepared by high oil to wax ratios have broader size 

distributions compared to those prepared by low oil ratios, which might be caused by the ease 

of dispersion of lower surface tension lipid droplets and the coalescence of small lipid droplets.  

The average particle size of CarHS15 increased to 19.79 ± 0.08 µm compared to the waxy 

particles using LC oil at the same ratio (16.63 ± 0.12 µm). This phenomenon revealed that not 

only the oil to wax ratios but also the core oil plays an important role in the process of particle 

formation (Silva & Pinto, 2019). This can be explained that LC has a lower interfacial tension 

with water than HS (see Table 5-2). At the same amount, the lipid phase mixed with LC has 

holistically a lower interfacial tension with aqueous continuous phase than that mixed with HS, 

which therefore formed smaller sized lipid droplets and wax microspheres. 

 

 

 

 

 



65 

 

Table 3-2. Mean size and span of wax microspheres (mean ± 2×St.Err) 

Microspheres BW CanW CarW CarWLC

11 

CarWLC

15 

CarWLC

110 

CarWHS

15 

𝐷[3,2] (μm) 22.33 ± 

0.58 

22.51 ± 

0.06 

22.15 ± 

0.04 

15.31 ± 

0.20 

16.63 ± 

0.14 

22.33 ± 

0.25 

19.79 ± 

0.10 

Span 0.95 ± 

0.03 

0.79 ± 

0.01 

0.89 ± 

0.01 

2.38 ± 

0.10 

1.21 ± 

0.01 

0.88 ± 

0.02 

0.98 ± 

0.01 

 

3.3.3. FT-IR analysis 

The FT-IR spectra of core oils and different wax microspheres with or without oil loadings are 

displayed in Figure 3-6. Figure 3-6 (a) shows the peaks of LC and HS oil. The aromatic 

stretching vibrations of C=O from the carbonyl group can be identified at 1685 cm-1 for LC 

whereas the aliphatic stretching vibrations of C=O bonds occurs at 1725 cm-1 for HS oil. The 

peak at 1640 cm−1 confirms the vibrational aromatic C=C bonds for LC and similarly the peak 

region of 1610 and 1550 cm-1 for HS is observed, corresponding to the aromatic stretching of 

conjugated C=C bonds. The aromatic and alkyl C-H stretching can be read both for LC and 

HS at the region of 2954 and 2864 cm-1. In addition, the peaks located in the region of 1300 

and 1150 cm-1 are associated with the stretching vibrations of C-O-C group for HS oil. The 

results are consistent with the work reported by Baiocco et al. (2021a) and Elmastaş et al. 

(2006). 

 

 

 

 



66 

 

 

Figure 3-6. FT-IR spectra of (a) core oils, (b) BW microspheres, (c) CarW microspheres, 

and (d) CanW microspheres. 

The blue curves in Figure 3-6 (b), (c) and (d) present the peaks of pure BW, CarW and CanW 

microspheres respectively. Different wax samples indicate similar spectrograms that the peaks 

located at the region of 2925 and 2850 cm-1 are related to the stretching vibrations of the C-H 

bonds (Meneses et al., 2019) and the peak at 720 cm-1 suggests the rocking vibration of CH2 

bonds. The absorbance peak occurring at 1465 cm-1 indicates the deformation of alkane group 

in long hydrocarbon chains. The absorbance peaks for all waxes occurring at 1735 cm-1 and 

1100 cm-1, indicate the stretching vibration of C=O bond from ester and alcohol groups in wax 

(Hacura & Zimnicka, 2006). The FT-IR spectra of waxes are consistent with the reports by 

LC  

HS 

BW 

(a) (b) 

(c) (d) 

BWLC 

BWHS 

 

 

CarWHS 

CarWLC 

CarW CanW 

CanWLC 

CanWHS 
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other authors (Bucio et al., 2021; Hacura & Zimnicka, 2006; Meneses et al., 2019; Shirvani et 

al., 2022; Trujillo-Ramírez et al., 2022; Yilmaztekin et al., 2019).  

The same absorption peaks of HS oil are found in the green curves of different wax 

microspheres of Figure 3-6 (b), (c) and (d), suggesting the successful entrapment of HS oil in 

wax matrix particles. However, LC oil absorption peaks of very low intensity can be observed 

from the overlapping of LC laden wax microsphere spectrum shown in the red curves in 

Figure 3-6 (b), (c) and (d), indicating a low amount of LC oil was encapsulated. Besides, there 

are no new chemical bonds formed from the spectrograms of each type of wax microcapsules 

for both oils, evidencing their potentials to be used as wall materials. 

3.3.4. Payload and encapsulation efficiency 

The payload and encapsulation efficiency of different HS laden wax microspheres are 

summarised in Table 3-3. The payload ranges from 4.6 ± 0.2 % to 6.1 ± 0.2% at the lowest 

loading (oil-to-wax ratio of 1:10) and 37.9 ± 1.3 % to 41.9 ± 0.6% at the highest loading (oil-

to-wax ratio of 1:1) depended on the type of wax, with the corresponding EEs of 50.8 ± 1.9 % 

to 66.1 ± 1.9 % at the lowest HS loading and 75.7 ± 2.7 % to 83.7 ± 1.2 % at the highest 

loading. CanW is observed as the most effective encapsulating wall material, compared to the 

corresponding encapsulation results of CarW and BW. Similar results are also reported by 

Blake et al. (2014) that CanW has stronger oil-binding capacity compared to CarW. The 

obtained EE of each type of wax microspheres at high oil loading (1:1) are higher than the HS 

entrapped core shell microcapsules (EE, 47 ± 11%) obtained via complex coacervation 

reported by Baiocco et al. (2021a). Besides, similar value of EE (86.5 ± 5.6%) is reported by 

Milanovic et al. (2010) using carnauba wax microspheres to encapsulate ethyl vanillin. It is 



68 

 

notable that both the payloads and EEs are found to increase with the increasing of oil content. 

Similar phenomena were also reported by Yilmaztekin et al. (2019) that Mentha piperita 

(peppermint) essential oil was encapsulated by carnauba wax via melt dispersion, the EE 

increased from 66.8 ± 4.7 to 94.2 ± 7.8 % with the increasing of weight ratios of oil to wax 

from 10 to 50 %. Kumar et al. (2014) reported a similar dependency of payload (3.6-7.5%) 

and EE (78.2-83.4%) on oil content (5-10%) when using polyethylene glycol 6000 to 

encapsulate Mentha piperita (peppermint) oil by melt dispersion. This phenomenon can be 

attributed to higher amount of oil might affect the three-dimensional wax networks, resulting 

in a more loading capacity for oil molecules, allowing a higher EE, while lower amount of oil 

has limited influence on the structural network of wax, which leads to a lower value of EE 

(Chen et al., 2021).  
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Table 3-3. Payload and corresponding encapsulation efficiency of HS-containing wax 

particles (mean ± 2×St.Err) 

Wax microspheres Wax to oil ratio Payload (%) Encapsulation efficiency 

(%) 

BWHS11 10:10 37.9 ± 1.3 75.7 ± 2.7 

BWHS15 10:2 10.5 ± 0.4 63.1 ± 2.2 

BWHS110 10:1 4.6 ± 0.2 50.8 ± 1.9 

CarWHS11 10:10 38.5 ± 1.0 76.9 ± 2.1 

CarWHS15 10:2 11.7 ± 0.5 70.3 ± 3.1 

CarWHS110 10:1 6.1 ± 0.2 66.1 ± 1.9 

CanWHS11 10:10 41.9 ± 0.6 83.7 ± 1.2 

CanWHS15 10:2 12.2 ± 0.4 73.1 ± 2.1 

CanWHS110 10:1 6.0 ± 0.1 66.1 ± 1.3 

 

The payloads of LC laden wax microspheres at 1:5 and 1:10 ratios are negligible low (< 1%), 

thus only the payloads and EEs of 1:1 oil to wax ratio particles are summarized in Table 3-4. 

The highest payload was 7.69 ± 0.26%, using a mass of LC equivalent to BW (EE =15.27 ± 

0.32%). The CanW microspheres achieve a lower payload of 5.40 ± 1.57% while CarW 

oloegel particles incorporate negligible payload of 0.44 ± 0.03 %. The low values of LC 

payloads in wax microparticles are evidenced by the FITR spectra in Figure 3-6. Nevertheless, 

Baiocco et al. (2021b) obtained encapsulation efficiencies and payloads of 29 ± 4% and 19 ± 3% 

for LC microcapsules fabricated via complex coacervation followed by spray drying. Koo et al. 

(2014) reported the fabrication of peppermint oil microcapsules of 26.68% to 85.15% EE 

using variable alginate and pectin formulations. However, approximately 6% weight loss 

ascribable to the evaporation of ethyl vanillin was reported by Milanovic et al. (2010) in the 

thermogravimetric measurements for wax microspheres prepared by the same method 
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employed in this study, with the similar values to the EEs of BW (7.69 ± 0.26%) and CanW 

(5.40 ± 1.57%). Compared to those results, the payloads as well as EEs indicate significant 

loss of LC during the encapsulation preparation.  

Table 3-4. Payloads and corresponding encapsulation efficiencies of BWLC11, 

CarWLC11 and CanWLC11 particles (mean ± 2×St.Err) 

Wax microspheres Payload (%) Encapsulation efficiency (%) 

BWLC11 7.7 ± 0.3 15.3 ± 0.3 

CarWLC11 0.4 ± 0.1 0.9 ± 0.1 

CanWLC11 5.4 ± 1.6 10.9 ± 3.1 

 

3.3.5. Flavour retention in wax microspheres 

Due to the low payloads of LC encapsulated in wax particles, experiments were only 

conducted for HS at oil to wax 1:1 ratio. It is also notable that the retention tests were carried 

out for a period of 32 days since HS oil in all wax samples remained constantly after 8 days 

storage. As can be seen in Figure 3-7, time-dependent release behaviours are observed from 

BWHS11, CarWHS11 and CanWHS11 samples after being exposed at ambient environment 

(25 ± 2 °C, 60 ± 2% humidity). CarW shows better retention capability compared to BW and 

CanW with only 2.1 ± 0.4 % of the original HS payload leaching out after 32 days. The 

highest HS loss (3.5 ± 0.4 %) occurs in CanW, followed by BW and finally CarW. As can be 

seen in Figure 3-4, although BW microparticles appear to have rougher and more porous 

surface than CanW and CarW microspheres, CanW exhibits the most rapid release 

performance during storage. The difference can possibly be attributed to the molecular 

structure of each wax (See Table 2-2). CanW consists mainly nonpolar C29-C33 hydrocarbons, 

while the main compositions of CarW and BW are polar C44-C66 aliphatic/aromatic esters and 
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C32-C52 monoesters respectively. The affinity between CanW and HS molecules leads to a 

faster diffusion rate of core oil. In general, all wax microspheres exhibited good performance 

for the retention of HS oil as only less than 5% HS losses were observed for all wax samples. 

This might result from the good barrier properties of waxes and the strong hydrophobicity of 

the core active, which makes waxes very promising materials for the encapsulation of 

hydrophobic active ingredients.  

 

Figure 3-7. Release of HS from wax microspheres (a) BWHS11, (b) CanWHS11 and (c) 

CarWHS11. (mean ± 2×St.Err) 

(a) 

(b) (c) 
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3.3.6. Mechanical properties of wax particles  

3.3.6.1. Young’s modulus and Hertz model fitting analysis 

Young’s modulus is a fundamental mechanical property that reflects the stiffness of an elastic 

material undergoing reversible deformations (Yu et al., 2021). Wax microspheres were 

considered as homogeneous matrix particles and the Hertz model was used to determine the 

Young’s modulus of different waxy microspheres at small nominal strain (up to 10%).  

Figure 3-8 (a) presents a typical force versus displacement curve obtained from the 

compression of a representative CarWLC110 wax microsphere. The wax microsphere did not 

show rupture behaviour under compression, which indicates that the wax particles have a 

matrix internal structure rather than core-shell structure, or too strong to be ruptured for the 

forces applied. Fitting the force-displacement data up to 10% nominal strain (fractional 

deformation) into the Hertz model described by Equation (3-7), the experimental and 

predicted force values are shown in Figure 3-8 (b). The R-squared value is 0.93, which 

indicates that the Hertz model can reasonably predict the mechanical behaviour of 

CarWLC110 well, and the Young’s modulus value obtained is 330 MPa for this particle. 

Figure 3-9 presents the Young’s modulus versus particle diameters of some typical wax 

microsphere examples. Theoretically, Young’s modulus is a mechanical property parameter 

that signifies the intrinsic stiffness of a material, which is evidenced by that the Young’s 

modulus values for each sample do not show variable changes significantly with particle sizes 

in Figure 3-9. The pure BW particles have mean Young’s modulus of 41 ± 2 MPa, pure CarW 

particles have mean Young’s modulus of 271 ± 10 MPa while pure CanW microspheres have 

the mean Young’s modulus of 434 ± 6 MPa.  
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Figure 3-8. Typical force versus displacement data obtained from (a) compression of an 

individual CarWLC110 (15.5 μm in diameter) wax microsphere, the dotted line indicates 

the 10% nominal strain and (b) the fitting of the experimental data using the Hertz 

model for the CarWLC110 particle in Figure 3-8 (a). F: experimental force. F-Reg: 

Predicted force. 

 

In order to evaluate the accuracy of Young’s modulus results, their mean values for each type 

of wax microparticle as well as the corresponding coefficient of determination (R2) are 

summarised in Table 3-5. Although the values of R2 from BW samples are significantly lower 

than CarW and CanW particles, the Young’s modulus of BW microspheres without oil 

loadings (41 ± 2 MPa) calculated by the Hertz model is well consistent with the result (45 

MPa) reported by Morgan et al. (2002). Lower value (271 ± 10 MPa) of Young’s modulus of 

pure CarW is obtained compared to that of pure CanW (434 ± 6 MPa) in this study. Zhang et 

al. (2016) reported similar values of Young’s modulus for CarW and CanW plasticised by 

Tween 60 from indentation and flexural measurements. The higher concertation of 

hydrocarbons in CanW renders the mobility of polar molecules and no sufficient polar 

molecules can form hydrogen bonds with hydroxyl groups in Tween 60, which contributes to 

less plasticising effect to CanW compared to CarW, and therefore results in higher mechanical 

(a) (b) 
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stiffness.  

In addition, CanWHS11 microcapsules have the highest Young’s modulus at 98.3 ± 2.7 MPa, 

followed by CarWHS11 (47.6 ± 2.1 MPa) and BWHS11 (31.3 ± 0.9 MPa). However, the 

Young’s modulus values of these wax microparticles are inconsistent with their corresponding 

core oil release performances from wax matrix carriers, since CarW exhibits the highest 

retention capability, followed by BW and finally CanW (See Figure 3-7). It is notable that the 

retention tests are carried out at ambient environment (25 ± 2 °C, 60 ± 2% humidity), and 

there are no external forces applied for these wax microspheres. Therefore, the mechanism of 

HS molecule release behaviour can be primarily dominated by the molecular compositions of 

each wax as well as the affinity between wax and HS molecules. Notwithstanding, for some 

microcapsules used in laundry products or microcapsules fabricated with nondegradable shell, 

the release of core oil needs to be achieved using a mechanical force as a trigger for rupture 

and this process is significantly influenced by the mechanical properties of microcapsules 

(Gray et al., 2016), e.g., higher Young’s modulus capsules have more capability to resist the 

elastic deformation of microcapsules before their ruptures.  
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Figure 3-9. Young’s modulus values of waxy microspheres versus particle size (a) BW, (b) 

BWHS15, (c) CanW, (d) CanWHS15, (e) CarW and (f) CarWHS15. Each dotted line 

indicates the mean. 

 

3.3.6.2. Influence of oil to wax ratio on the mechanical stiffness of wax microspheres 

loaded with the oil 

As discussed, particles prepared by the same wax should exhibit same value of Young’s 

(a) (b) 

(c) (d) 

(e) (f) 
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modulus. However, significant different values (see Table 3-5 and Figure 3-9) are observed 

from different oil to wax ratios for the same wax microspheres. For instance, the Young’s 

modulus of CarW microcapsules reduced to 229 ± 8 MPa, 153 ± 7 MPa and 48 ± 2 MPa at oil-

to-wax weight ratio of 1:10, 1:5 and 1:1 respectively. In the case of LC oil, the Young’s 

modulus at oil to wax ratio of 1:10 remained similar to that of pure CarW before decreasing to 

233 ± 8 MPa and 59 ± 3 MPa at oil to wax weight ratio of 1:5 and 1:1 respectively. At the 

same mass loading, wax matrix particles of LC appeared to have higher Young’s modulus 

compared to that entrapping HS oil. It is presumed that the aliphatic chain comprised in HS 

molecule is likely to mix with wax molecules and reduces the degree of wax crystallinity by 

disrupting orderly packing of wax molecules (Zhang et al., 2016), which contributes to lower 

Young’s modulus values, while LC or other cyclic compounds are speculated to accommodate 

within the solid amorphous areas inside waxes. This might also explain the low values of 

Young’s modulus at high oil contents in wax oleogels. 
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Table 3-5. Mean values of Young’s modulus of wax microspheres and their corresponding 

mean values of R2 fitted by the Hertz model (mean ± 2×St.Err) 

Wax microspheres Young’s Modulus (MPa) R2 

BW 41.7 ± 2.0 0.67 ± 0.02 

BWLC11 28.3 ± 1.4 0.61 ± 0.03 

BWLC15 40.3 ± 1.1 0.79 ± 0.02 

BWLC110 40.7 ± 1.1 0.74 ± 0.02 

BWHS11 31.3 ± 0.9 0.75 ± 0.02 

BWHS15 41.0 ± 0.7 0.76 ± 0.02 

BWHS110 41.3 ± 1.7 0.74 ± 0.02 

CarW 271.4 ± 10.0 0.92 ± 0.01 

CarWLC11 59.3 ± 2.6 0.67± 0.02 

CarWLC15 233.4 ± 7.7 0.90 ± 0.01 

CarWLC110 270.9 ± 7.5 0.94 ± 0.01 

CarWHS11 47.6 ± 2.1 0.72 ± 0.02 

CarWHS15 152.7 ± 6.7 0.91 ± 0.01 

CarWHS110 228.9 ± 7.8 0.92 ± 0.01 

CanW 433.7 ± 5.5 0.95 ± 0.01 

CanWLC11 112.6 ± 2.8 0.75 ± 0.03 

CanWLC15 188.5 ± 5.5 0.78 ± 0.03 

CanWLC110 390.7 ± 16.0 0.73 ± 0.03 

CanWHS11 98.3 ± 2.7 0.90 ± 0.01 

CanWHS15 175.8 ± 5.4 0.89 ± 0.01 

CanHS110 357.2 ± 9.4 0.86 ± 0.01 

 

The Young’s modulus of each wax microspheres was monitored for HS oils (Payloads of LC 

of each wax microspheres were too low) and their Young’s modulus dependences on payload 

are described based on the following Equation (3-8):  
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 log10

𝐸𝑥

𝐸𝑤𝑥
= 𝑘𝑥 log10 𝑃 (3-8) 

where 𝐸𝑥 is the Young’s modulus for a certain sample, 𝐸𝑊𝑥 is the Young’s modulus of the 

corresponding pure wax microparticles, k is a constant influencing coefficient and P is the 

corresponding payload. The type of sample is denoted by x.  

 

Figure 3-10. Correlation between the Young's modulus and payload using HS as a core.  

 

The correlations between the log10 values of normalised Young’s modulus and corresponding 

payload are plotted in Figure 3-10. The R2 values obtained from each wax microspheres are in 

a range of 0.86-0.98, which implies the fitting is good with the proposed equation. It is 

assumed that the influencing coefficient 𝑘𝑠 can reflect the intrinsic property of wax, i.e., the 

tendency degree of its mechanical strength to be affected by the presence of oil molecules 

within wax crystal networks. The lg values of normalised Young’s modulus decreased with the 

lg payload linearly. The highest absolute value of kcarw is obtained (0.8617) for the CarW 

microspheres, followed by CanW and BW particles, indicating that CarW is the wax that can 

be affected the most easily on the mechanical strength after encapsulating oils. However, due 
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to the limited number of experimental data obtained in this study, further investigation 

including more wax or oil types, more sets of oil to wax ratios, should be undertaken to 

validate this hypothesis.  

3.4. Conclusions 

LC or HS loaded wax microspheres were prepared by a melt emulsification method 

considering its potential possibility for large-scale industrial applications and very low 

environmental impacts. It was found that the formed waxy microparticles have spherical 

shapes. The highest EE of 83.7 ± 1.2% was obtained from CanWHS11 sample, which was 

higher than chitosan/gum arabic coacervated microcapsules (47 ± 11%) reported by Baiocco et 

al. (2021a) and formaldehyde-based microcapsules (75%) prepared by Long et al. (2009). 

CarW shows better retention capability compared to BW and CanW during the storage tests. 

Mechanical characterisation of wax microparticles showed that CanWLC110 exhibited the 

strongest mechanical strength (390.7 ± 16.0 MPa), which was also significantly higher than 

that of HS laden chitosan/gum arabic microcapsules (95 ± 14 MPa) (Baiocco et al., 2023). In 

addition, the encapsulation efficiency was found to increase with oil to wax ratios while an 

inversely relation was observed for Young’s modulus versus oil loading. Thus, depends on the 

end applications of wax microspheres, their desirable properties could be controlled by 

selecting a certain wax and oil to wax ratio.  
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CHAPTER 4. Microencapsulation of Three Different Oils (L-

Carvone, Limonene And Hexyl Salicylate) in Gelatine-Gum 

Arabic Shell Using Complex Coacervation Followed by Spray 

Drying/Coating 

4.1. Introduction 

LC or HS laden wax microspheres prepared via melt emulsification exhibited significant 

variations in payload and encapsulation efficiency, which can be affected by the molecular 

weight and structure, polarity, volatile rate, solubility in water of core ingredients as well as 

their interactions with wax materials (Mehta et al., 2022). During melt emulsification, wax 

microspheres were prepared at the temperature with a range between 70 to 95 °C to melt 

waxes and maintained for 20 mins to achieve a stable system. Due to the different solubilities 

in water and vapour pressures between LC and HS (Lapczynski et al., 2007; Vilas-Boas et al., 

2019; Yalkowsky et al., 2010), considerable LC loss might occur contributed by the oil 

evaporation and being unable to get encapsulated (LogP value of L-carvone is 2.71 compared 

to the LogP value of hexyl salicylate at 4.87 (Luo et al., 2023; PubChem, 2023b)), leading to 

the low payload and EE of LC wax microspheres. Also, LC is highly sensitive to temperature 

and its degradation can be accelerated due to the heat in the process (Napiórkowska & Kurek, 

2022a). In addition, wax microspheres prepared by the melt dispersion method had an inner 

matrix structure instead of typical core-shell structure. The latter structure was reported to 

allow for a higher payload (Bennacef et al., 2023), and a better retention of the encapsulated 

substances with wall protection and delayed release of the core (Bennacef et al., 2021; López 
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de Dicastillo et al., 2023). Therefore, core-shell structured microcapsules prepared at a 

relatively low ambient temperature can be tentatively favourable to increase the payload and 

EE for the encapsulation of volatile oils. Complex coacervation has been extensively 

investigated for the encapsulation of essential oils in food, textile, cosmetic and 

pharmaceutical applications (Elkalla et al., 2023; Jyothi et al., 2010; Martins et al., 2014; 

Muhoza et al., 2022; Napiórkowska & Kurek, 2022a; Sousa et al., 2022; Xiao et al., 2014a; 

Yan et al., 2022). Microcapsules prepared via this method exhibited improved thermal stability 

and overall higher EE compared to other microencapsulation methods, with core-shell 

structure obtained (Comunian et al., 2013; Napiórkowska & Kurek, 2022a).  

In this chapter, limonene was also encapsulated via complex coacervation using gum arabic 

and gelatine as a comparative to investigate the properties of LC microcapsules since both 

materials share similar aromatic molecular structures as well as physical properties. Three 

different oils including LC, LM and HS were encapsulated in GA-GE coacervated 

microcapsules and their fundamental physical, structural and mechanical properties were 

investigated. In addition, the effects of different type of core oils and following treatments of 

gelatine/gum arabic coacervated microcapsules on these properties were also studied.  

4.2. Materials and methods 

4.2.1. Materials 

L-carvone (99%, w/w), S-limonene (95%, w/w), hexyl salicylate (98%, w/w) and 

glutaraldehyde (50%, w/w) were all purchased from Macklin, China. Gum arabic (GA) was 

purchased from Solarbio Life Sciences, China, gelatine (GE, type B, ∼220 g bloom, average 

Mw = 500 kDa) was obtained from Shanghai Yuanye Biotechnology Co. Ltd., Shanghai, 
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China, and maltodextrin (MD, DE16.5–19.5) was purchased from Sigma-Aldrich, UK. 

Reagents including absolute ethanol and 1-propanol were purchased from Sigma-Aldrich, UK, 

and were of analytical grade and used without further purification. All the solutions were 

prepared using deionised water (18.2 MΩ cm at 25 °C). 

4.2.2. Preparation of microcapsules 

The GE-GA coacervated microcapsules were prepared based on the method (Yu et al., 2017; 

Yu et al., 2021) with some modifications. The aqueous phase was prepared by dissolving 2.5 g 

GE and 2.5 g GA in deionized water (200 ml) at 60 °C with magnetic stirring for 1 h. The 

resulting solution was continuously stirred for 12 h at 25 ± 2 °C. 2.5 g model oil (L-carvone, 

limonene or hexyl salicylate) was added to the GE-GA mixture solution and homogenised by a 

high shear mixer (Model L4RT, Silverson, UK) at 3000 rpm for 10 mins to prepare an oil in 

water emulsion. During the homogenisation, the beaker was covered with aluminium foil. 

After emulsification, the obtained emulsion was transferred into a beaker equipped with 4 

standard baffles and kept under mechanical agitation at 400 rpm at room temperature (25 ± 

2 °C). In the meantime, the pH of emulsion was adjusted to 4.0 by adding 10% aqueous acetic 

acid solution, which induced the complex coacervation occurring at the surface of oil droplets 

by the formation of coacervates between GE and GA due to their opposite electrostatic charges. 

The oil loaded GE-GA microcapsules can be obtained under continuous agitation at 400 rpm 

after 4 h at room temperature. 

4.2.2.1. Microcapsules prepared via direct spray drying 

The obtained HS-loaded microcapsule suspension was fed into a mini spray dryer YM-8000B 

(YUMING, Shanghai, China) to produce dry microcapsules, denoted by GG-HS. The 
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suspension was atomised into a cylindrical chamber through a stainless-steel nozzle (2.8 mm 

in diameter). The spray drying system was operated with an inlet air temperature at 180 ± 2 °C 

and drying air flow rate at 35 𝑚3/h. The emulsion was kept under stirring with a feeding flow 

rate of 2 mL/min into the drying chamber, and the resulting outlet air temperature was 

recorded to be 80 ± 5 °C. Free-flowing powders of microcapsules were collected from the 

bottom container and stored in glass vials for further analysis. 

4.2.2.2. Microcapsules prepared with additional coating 

1.5 g MD was dissolved in 100 ml deionized water at room temperature with magnetic stirring 

to prepare the coating solution. 50 ml obtained HS-loaded microcapsule suspension was added 

to the coating solution under agitation. Then the mixed suspension was fed into the spray dryer 

to produce double shell microcapsules following the procedure in 4.2.2.1, denoted by GG-HS-

MD. 

4.2.2.3. Microcapsules prepared with a crosslinker  

After complex coacervation, the obtained oil-loaded microcapsule suspensions were added by 

0.5 ml 50% aqueous glutaraldehyde as a crosslinker to harden GE-GA coacervated gelling 

shell, and the microcapsule suspension was agitated for 12 h followed by subsequent spray 

drying described in 4.2.2.1. Samples are donated by GG-LC-GT, GG-LM-GT and GG-HS-GT 

for LC, LM and HS oil respectively. As control sample, the crosslinked GE-GA microcapsules 

containing no oils were also prepared following the same procedures. The detailed ingredients 

are listed in Table 4-1 Each sample was prepared in triplicate.  
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Table 4-1. The ingredients to prepare GE-GA microcapsules.  

Sample GE (g) GA (g) MD (g) Core oil 

Oil amount 

(g) 

GG-HS 2.5 2.5 0 HS 2.5 

GG-HS-MD 2.5 2.5 1.5 HS 2.5 

GG-HS-GT 2.5 2.5 0 HS 2.5 

GG-LC-GT 2.5 2.5 0 LC 2.5 

GG-LM-GT 2.5 2.5 0 LM 2.5 

 

4.2.3. Particle size analysis 

Before spray drying, the mean size and size distribution of the fabricated microcapsules in 

suspension were measured by using a light scattering instrument (Mastersizer 2000, Malvern 

Instruments Ltd, UK) with the Mastersizer 2000 software. The measurements were aligned by 

a reference refractive index of 1.505 for HS, 1.495 for LC and 1.473 for LM respectively 

(Baiocco et al., 2021a;2021b; Clará et al., 2009). The refractive index of water was set at 

1.330 and the refractive index of GE-GA coacervates gel was tested to be 1.59 by a J357 

automatic refractometer, and the value is in coincident with literatures (Rousi et al., 2019; 

Yang et al., 2012). The mean diameter and size distribution of microcapsules were measured 

by a Mastersizer following the protocols in Section 3.2.3.                        

4.2.4. Morphological characterisation of GG-GA coacervated microcapsules 

The morphology of microcapsules was firstly observed by a Leica DMRBE optical 

microscope (Leica microsystems, USA) with A Moticam Pro 252B camera fitted on and the 

images of microspheres were captured by Motic Images Advanced 3.2 software. Secondly, 

further morphological characterisations were performed by a scanning electron microscope 
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(Hitachi TM3030 Tabletop) following the procedures described in Section 3.2.4.  

4.2.5. Fourier transform infrared spectroscopy (FT-IR) of core oils, GE, GA and spray 

dried microcapsules  

The FT-IR analyses of LC, LM, HS, GE, GA and solid powdered microcapsules with or 

without any oil were performed by using ATR-FTIR spectroscopy (Bruker TENSOR 27). The 

detailed experimental protocols are presented in Section 3.2.5. All solid samples for analysis 

were prepared by a 13 mm evacuable pellet die (Specac, UK) using a compression instrument 

(LS100 Plus, Lloyd, UK) and compressed at a maximum load (40 MPa) monitored by 

NEXYGEN Plus software.   

4.2.6. Payloads and encapsulation efficiency  

4.2.6.1. Sample preparation and calculation 

Different spray dried oil loaded microcapsules were dispersed into corresponding solvent 

following the protocol described in Section 3.2.6. 

In addition, empty GE-GA microcapsules containing no oil were also measured following the 

same procedures, to investigate the absorbance influence from coacervates in solvents. All the 

results showed that the shell coacervates did not dissolve in the solvent and did not 

consequently influence the UV absorption readings. 

4.2.6.2. UV-Vis spectrophotometry to quantify HS 

The amount of HS was quantified by UV-Vis spectroscopy, following the experimental 

protocols described in Section 3.2.6. 

4.2.6.3. Gas-chromatography to quantify LC and LM 

Since LC and LM are highly volatile and the absorption peak wavelength (218 nm) of LM 
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positioned within the background noise area (200 - 300 nm) of Cecil 1020 UV-Vis 

spectrophotometer (data not shown), the quantitative analyse of LC and LM were performed 

by a gas chromatography method and ethanol was used as the solvent for LC and LM. Linear 

standard calibration curves for LC and LM were determined based on the rising areas (y) from 

detection peak and oil concentrations (x) in 20 ml ethanol respectively: y = 19.075x −

7.2779 with a coefficient of determination R2 = 0.9998 for LC (See Figure B-1 in Appendix B) 

and y = 15.821x + 2.7718 with a coefficient of determination R2 = 0.9994 for LM (Figure 

B-2 in Appendix B). The calibration equations were further used to determine the amount of 

encapsulated LC or LM in dry microcapsules, using an Agilent GC 8890 system (Agilent, 

USA) coupled with an Agilent 7693 automatic sample injector. The supernatants prepared as 

described in Section 4.2.6.1 for LC or LM were transferred into 2 ml glass vials (Agilent, 

USA) sealed with rubber caps (Thermo scientific, UK). The GC tests were performed with an 

Agilent HP-5 capillary column (30 m × 0.32 mm × 0.25 µm, Agilent, USA).  

Instrumental parameters for LM analysis were as follows (Baiocco & Zhang, 2022): the 

temperature of the injector was 250 ◦C; N2 flow rate was 1.5 mL/min; column temperature 

program: initial temperature at 50 ◦C, increased to 180 ◦C at 10 ◦C/min (held for 2 min), and 

then increased at 5 ◦C/min to 200 ◦C (held for 1 min); the temperature of the detector was 250 

◦C. The separation time of LM was at 10.5 min based on the response of LM to the detector in 

the column.  

Parameters for LC analysis were as follows (Elmastaş et al., 2006): the temperature of the 

injector was 250 ◦C; N2 flow rate was 1.5 mL/min; column temperature program: initial 

temperature at 100 ◦C, increased to 230 ◦C at 10 ◦C/min (held for 5 min), and then increased at 
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10 ◦C/min to 240 ◦C (held for 1 min); the temperature of the detector was 250 ◦C. The 

separation time of LC was at 13.5 min based on the response of LC to the detector in the 

column.  

4.2.7. Mechanical characterisation of microcapsules  

4.2.7.1. Micromanipulation 

The mechanical properties of GE-GA coacervated microcapsules were characterised by the 

micromanipulation technique as presented in Section 3.2.8.1. 

Figure 4-1 presents a typical force versus displacement curve from compression of a 

representative GG-LM-GT microcapsule. Point a is the initial point when the probe touched 

the microcapsule, b is the yield point, and a-b curve corresponds to the elastic behaviour of the 

microcapsule. The curve of b-c shows the plastic behaviour of microcapsules and point c is the 

rupture point of the microcapsule (Luo et al., 2022). At point c, there was a significant instant 

force reduction due to the sudden burst of the microcapsule. The force increased gradually 

when compressing the ruptured microcapsule residue and dramatically when the force probe 

approached the substrate holding the sample of microcapsules. Accordingly, the values of 

rupture force (𝐹𝑟 ) and displacement (𝛿𝑟 ) at rupture for the selected microcapsule can be 

determined, and the corresponding fractional deformation at rupture (𝜀𝑟 ), nominal rupture 

stress (𝜎𝑟), nominal rupture tension (𝑇𝑟) and toughness (𝑇𝑐) can be calculated based on the 

following equations (Zhang. et al., 2022):   

 𝜀𝑟 =
𝛿𝑟

𝐷
 (4-1) 

   𝜎𝑟 =
4𝐹𝑟

𝜋𝐷2
 (4-2) 
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 𝑇𝑟 =
𝐹𝑟

𝐷
 (4-3) 

 𝑇𝑐 = ∫ 𝜎𝑑𝜀
𝜀𝑟

0

 (4-4) 

where subscript r represents the rupture point, D is the initial diameter of the tested 

microcapsule, 𝜎  is the nominal stress, 𝑇𝑟  is the nominal tension, 𝜀  is the fractional 

deformation and 𝑇𝑐  is toughness that corresponds to the integration of the nominal rupture 

stress over the fractional deformation using Equation (4-4). 

 

Figure 4-1. Typical force versus displacement data obtained from the compression of an 

individual GG-LM-GT (13.2 μm in diameter) microcapsule. The dotted line indicates the 

rupture of the microcapsule. 

 

4.2.7.2. Hertz model  

To further investigate the elastic behaviour of different microcapsules, the apparent Young’s 

modulus for each type of microcapsule was characterised by fitting the force versus 

a 

b 

c 
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displacement data corresponding to the nominal strain (factional deformation) up to 10% with 

the Hertz model (see Section 3.2.8.2). For each sample, more than 30 microcapsules were 

analysed.  

4.2.8. Statistical analysis  

See Section 3.2.9.  

4.3. Results and Discussion 

4.3.1. Morphology of microcapsules  

The light microscopy images of different oil microcapsules prepared by coacervation are 

shown in  Figure 4-2, and they display that the suspended microcapsules containing different 

core oils exhibit spherical shape and are in micro size. It can be clearly seen that oil droplets 

were encapsulated within a GA-GE coacervate shell, forming multinuclear structured 

microcapsules regardless of the type of core oils. Similar morphological characteristics were 

also reported by the previous works of GA-GE coacervated microcapsules for the 

encapsulation of castor oil (da Silva et al., 2015), Michelia alba D.C. extract aromas 

(Samakradhamrongthai et al., 2019), peppermint oil (Dong et al., 2011), paprika oleoresin 

(Alvim & Grosso, 2010) and ascorbic acid (Comunian et al., 2013). Dong et al. (2011) 

investigated the effects of core/wall weight ratio on the morphology of GA-GE coacervated 

microcapsules and found that higher core/wall ratios resulted in microcapsule structural 

transition from spherical to irregular, which is coincident with reports by Baiocco et al. 

(2021a;2021b) and Baiocco and Zhang (2022) when they fabricated irregular eye-shaped 

microcapsules with a core/wall ratio as high as 12:1, for the encapsulation of L-carvone, 

limonene, hexyl salicylate used in this study via complex coacervation using chitosan and gum 
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arabic.   

 

Figure 4-2. Optical microscopy images of different microcapsules prior to 

 spray drying (a) LC, (b) LM and (c) HS. Scale bars represent 20 μm.  

 

SEM micrographs of spray dried microcapsules with different cores are presented in Figure 

4-3. As can be seen in Figure 4-3 (a), (c) and (e), different oil microcapsules appear to have 

relatively spherical shapes and smooth surfaces, with the presence of wrinkles or concavities, 

which may be a consequence of the shrinkage of microcapsules due to the rapid evaporation of 

moisture during spray drying (Rocha et al., 2012). Similar morphological characteristics were 

also reported by other authors using the same wall materials when Yu et al. (2021) fabricated 

(c) 

(b) (a) 
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microcapsules for the encapsulation of fish oil, and Dong et al. (2011) prepared peppermint oil 

microcapsules via GA-GE complex coacervation. In addition, similar morphologies were also 

observed for spray dried microcapsules using different shell materials, when orange essential 

oil was encapsulated by whey protein isolate and gum arabic as wall materials (Rojas-Moreno 

et al., 2018), β-carotene was encapsulated by modified tapioca starch (Loksuwan, 2007), and 

ascorbic acid was encapsulated by Capsul and maltodextrin (Finotelli & Rocha-Leão, 2005). It 

was further demonstrated by Sheu et al. (1998) that the formation of indentations on 

microcapsule surface can potentially be attributed to wall compositions and spray drying 

conditions. Besides, multiple minute coacervates with smooth surface were also observed at 

the surface of relatively larger microcapsules. Partly incomplete microcapsules with their 

unsealed shell can be seen in Figure 4-3 (b), (d) and (f), suggesting the core-shell inner 

structure for different oil microcapsules. 
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Figure 4-3. SEM images of (a) spray dried GG-LC-GT microcapsules, (b) partly 

incomplete GG-LC-GT microcapsules, (c) GG-LM-GT microcapsules, (d) partly 

incomplete GG-LM-GT microcapsules, (e) GG-HS-GT microcapsules, (f) partly 

incomplete GG-LM-GT microcapsules.  

(e) 

(c) 

(b) 

(d) 

(a) 

(f) 
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4.3.2. Particle size and size distribution 

The size and size distribution of HS oil droplets and HS microcapsules as representatives are 

illustrated in Figure 4-4. The surface mean size of HS oil droplets in emulsion is 

approximately 3.85 ± 0.01 μm whilst HS microcapsules have an average size of 10.71 ± 0.06 

μm, suggesting the possibility of successful entrapment of core oils within microcapsules, 

which was also evidenced by optical images (Figure 4-2). 

 

Figure 4-4. Size and size distribution of HS emulsion and HS microcapsules.  

 

The mean size and size distribution of different oil microcapsules are displayed in Figure 4-4. 

There are significant statistical differences in the mean size between GG-LC-GT 

microcapsules (9.8 ± 0.1 μm) and GG-LM-GT and GG-HS-GT microcapsules of 11.0 ± 0.2 

μm and 10.7 ± 0.1 μm respectively, suggesting the significant influence of core oils on their 

microcapsule sizes. Van der Graaf et al. (2004) reported that lower interfacial tension between 

oil and aqueous phase can lead to smaller sized emulsion droplets, which was in accordance 

with this work since LC has a lower interfacial tension with aqueous phase than HS and LM 

(see Table 5-2). In addition, all samples exhibit narrow size distributions with a relatively 
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small span value approximately at 0.7.  

Table 4-2. Mean surface size and span of different microcapsules (mean ± 2×St. Err) 

Microcapsules GG-LC-GT GG-LM-GT GG-HS-GT 

𝐷[3,2] (μm) 9.8 ± 0.1 11.0 ± 0.2 10.7 ± 0.1 

Span 0.739 ± 0.001 0.728 ± 0.001 0.778 ± 0.001 

4.3.3. FT-IR analysis  

The FT-IR spectra of the shell materials and different oil microcapsules are displayed in 

Figure 4-5. Figure 4-5 (a) shows the peaks of gum arabic, gelatine and GA-GE coacervate that 

was used as the shell material for oil encapsulation. The FT-IR spectrum of gum arabic reveals 

a broad peak at 3314 cm−1, which was attributed to OH stretching vibration (Anvari & Chung, 

2016; Rousi et al., 2019; Wang et al., 2021), and overlapping the peak of amino group 

stretching (Espinosa-Andrews et al., 2010; Shaddel et al., 2018). The peak that appears at 

2909 cm−1 was a characteristic of OH stretching vibration, confirming the presence of 

carboxyl groups which are negatively charged (Comunian et al., 2013). Two strong bands at 

1599 cm−1 and 1420 cm−1 can be detected, corresponding to asymmetric and symmetric 

stretching vibration of carboxylic acids (Espinosa-Andrews et al., 2010; Rousi et al., 2019; 

Wang et al., 2021). The strong peak occurring at 1020 cm−1 is associated with the bending 

vibration of the CO bonds (Espinosa-Andrews et al., 2010). The FT-IR spectrum of gelatine 

highlights a broad vibrational peak occurring at 3289 cm−1, corresponding to amide A, which 

is due to the vibrations of OH and NH bonds in amino groups and positively charged in acidic 

medium (Jridi et al., 2014; Oliveira et al., 2019; Peng et al., 2014). Other absorption bands 

appearing at 1631 cm−1, 1528 cm−1 and 1242 cm−1 are related to amide Ⅰ (C=O and CN 
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stretching), amide Ⅱ (mainly NH bending) and amide Ⅲ (CN stretching vibrations) 

respectively (Anvari & Chung, 2016; Liu et al., 2012). After complex coacervation, the 

stretching vibrations of carboxyl groups in the GA occurring at 1599 cm−1 is not present in the 

GA-GE coacervates spectrum, and the characteristic peak at the amide I region (1631 cm−1) 

for gelatine spectrum was shifted to a higher wavelength at 1642 cm−1, indicating the 

involvement of GA molecules in electrostatic interactions and the carboxylic groups of GA 

molecules complexed with the amino groups of GE molecules upon the formation of the 

coacervates. Similar observations have been also reported by other authors for upshift 

wavenumber of amide Ⅰ units after coacervation (Anvari et al., 2015; Duhoranimana et al., 

2017; Mendes et al., 2018; Rousi et al., 2019). Amide I region can reflect the secondary 

structure of proteins, which is primarily due to the C=O bonds vibration coupled with the CN 

stretching (Surewicz & Mantsch, 1988). The absorption peak at 1633 cm−1 was considered a 

characteristic for the random coil structure of gelatine (Yakimets et al., 2005), and the upshift 

of the amide bands I from 1631 cm−1 to 1642 cm−1 suggests that gelatine might possibly 

undergo a structural transition from a random coil to a helical conformation attributed to the 

intermolecular interactions between GA and GE. Amide Ⅱ is attributed to the combination of 

CN stretching and NH bending from peptides, and the shift of the peak in amide II to a higher 

wavelength suggests that hydrogen bonds were formed in the complex coacervates (Anvari et 

al., 2015).  
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Figure 4-5. FT-IR spectra of (a) wall materials, (b) HS and HS-entrapping microcapsules, 

(c) LC and LC-entrapping microcapsules, and (d) LM and LM-entrapping 

microcapsules. 

 

The blue curves in Figure 4-5 (b), (c) and (d) present the spectrum of HS, LC and LM 

respectively. The aromatic stretching vibrations of C=O from the carbonyl group can be 

identified at 1685 cm-1 for LC whereas the aliphatic stretching vibrations of C=O bonds occur 

at 1725 cm-1 for HS oil. The peak at 1640 cm−1 confirms the vibrational aromatic C=C bonds 

for LC and LM and similarly the peak region of 1610 and 1550 cm-1 for HS can be observed, 

corresponding to the aromatic stretching of conjugated C=C bonds. The aromatic and alkyl 

CH stretching can be read for LC, LM and HS at the region of 2954 and 2864 cm−1. In 

GA 
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addition, the peaks located in the region of 1300 and 1150 cm-1 are associated with the 

stretching vibrations of C-O-C group for HS oil. The characteristic peak at 850 cm−1 was 

attributed to CH bending absorption for LM. The results are well in consistent with the works 

reported by other authors (Alipanah et al., 2021; Baiocco et al., 2021a; Elmastaş et al., 2006). 

The resultant microcapsule spectrum can be observed from the overlapping of each core oil 

absorption bonds with the shell coacervate spectrum in Figure 4-5 (b), (c) and (d) respectively, 

since there were no new formed peak and the specific characteristic peaks of each core oil can 

also be detected in its corresponding microcapsule spectrum, evidencing the successful 

entrapment of each core oil within GA-GE coacervates.  

4.3.4. Payload and encapsulation efficiency 

The payload and encapsulation efficiency of different microcapsules are summarised in Table 

4-3. As can be seen, the payload and EE of GG-HS-GT were determined to be 29.7 ± 0.4% 

and 89.0 ± 1.2%, which are similar to the values (28.3 ± 0.7% and 89.8 ± 1.4%) of fish oil 

microcapsules prepared by Yu et al. (2021) following the same experimental formulations and 

procedures. Similar EE values were also reported for the encapsulation of other essential oils 

employing the coacervation between gum arabic and gelatine by other authors (Khatibi et al., 

2021; Napiórkowska & Kurek, 2022b; Pakzad et al., 2013; Rungwasantisuk & Raibhu, 2020; 

Xiao et al., 2014b). The obtained GG-HS-GT microcapsules present superiorly to the HS 

entrapped microcapsules (EE, 47 ± 11%) prepared by Baiocco et al. (2021a) using chitosan 

and gum arabic as wall materials, indicating the superior performance of gelatine than 

chitosan in forming microcapsules with a higher encapsulation efficiency (Baiocco et al., 

2021b; Bruyninckx & Dusselier, 2019). Besides, it is worth noting that additional treatments 



98 

 

to freshly coacervated microcapsules significantly improved the payload as well as EE. 

Similar results were also reported by Tello et al. (2016) that the EE of soy oil increased from 

79.0% to 89.9% after microcapsules were crosslinked with glutaraldehyde. Liu and Jiang 

(2023) discussed the influence of crosslinkers on encapsulating β -Ionone, and found 

microcapsules crosslinked with higher concentrations of glutaraldehyde exhibited higher EE 

of the core material. Dinarvand et al. (2005) explained that a higher amount of glutaraldehyde 

increased the density of polymer through the chemical coupling of aldehyde groups with the 

amino groups of the gelatine (Chang et al., 2006), and thus reduced macromolecular chains 

mobility and finally formed stable and rigid spheres, which was conducive for better 

entrapment of the core material. Maltodextrin as an out layer of physical coating for 

coacervated microcapsules also enhanced the payload and EE of microcapsules. However, the 

payload and EE were significantly lower than those of GG-HS-GT, suggesting the higher 

permeability of maltodextrin coating than the chemical reticulation after glutaraldehyde 

crosslinking. In addition, it is notable that the payload of GG-HS-MD was expected to be 

lower than GG-HS microcapsules as 1.5 g maltodextrin was used and increased the value of 

total mass of particles. However, higher values of both payload and EE were obtained for GG-

HS-MD, suggesting that the additional physical coating by maltodextrin significantly reduced 

the core loss during the spray drying process.  
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Table 4-3. Payload and corresponding encapsulation efficiency of different microcapsules 

(mean ± 2 × St. Err) 

Microcapsules  Payload (%) Encapsulation efficiency (%) 

GG-HS 7.0 ± 0.1 21.1 ± 0.1 

GG-HS-MD 10.1 ± 0.3 54.0 ± 2.0 

GG-HS-GT 29.7 ± 0.4 89.0 ± 1.2 

GG-LM-GT 9.9 ± 0.9 30.0 ± 2.6 

GG-LC-GT 1.7 ± 0.1 5.0 ± 0.4 

 

Significant variations of payload and EE were obtained for different oil microcapsules 

following the identical formulations of the wall materials and preparation procedures. The 

highest payload and EE are 29.7 ± 0.4% and 89.0 ± 1.2% for GG-HS-GT, while GG-LC-GT 

presents a low payload and EE at 1.7 ± 0.1% and 5.0 ± 0.4%. Such differences can be 

ascribable to the evaporation of volatiles during encapsulation stage and/or spray drying 

process. However, considering the higher values of payload and EE of GG-LM-GT compared 

to GG-LC-GT and their vapour pressure values (the vapour pressure of L-carvone is 0.115 mm 

Hg at 25 °C, compared to 1.98 mm Hg at 25 °C of limonene (PubChem, 2023a;2023b)), it is 

unlikely that the loss was solely due to volatile evaporation. It is presumed that the payload 

and EE of different oil microcapsules are associated with their inner structures and 

morphologies, which are dominated by the interfacial tension balance between different 

phases (Loxley & Vincent, 1998; Torza & Mason, 1970) since different oils have different 

interfacial tensions against GA-GE coacervates phase and aqueous phase. The mechanism 

underlying this phenomenon will be investigated and discussed in Chapter 5.  
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4.3.5. Mechanical properties of coacervated microcapsules  

4.3.5.1. Rupture analysis 

The rupture force, displacement at rupture, nominal rupture stress, toughness and nominal 

rupture tension as a function of diameter of different microcapsules are presented in Figure 4-6. 

Both the rupture force and the displacement at rupture increase with microcapsule diameter. In 

contrast, the nominal rupture stress and toughness decreased with the increase of microcapsule 

size. The nominal rupture tension was independent of diameter. These results are consistent 

with the previous work of microcapsules prepared with the same shell materials (Yu et al., 

2021), or different wall materials (Baiocco et al., 2021a; Luo et al., 2022). 

The mechanical properties of different microcapsules varied significantly when different core 

oils or encapsulation methods were used, as shown in Figure 4-6. In order to investigate the 

influence of different variables on the mechanical properties, the average values of the rupture 

force, displacement at rupture, nominal rupture stress, toughness and nominal rupture tension 

were calculated and the data are presented in Table 4-4. For microcapsules prepared with HS 

oil, GG-HS-MD and GG-HS-GT had similar values of toughness, which were significantly 

higher than that of GG-HS, indicating that microcapsules prepared with a second coating by 

maltodextrin or wall hardened by glutaraldehyde crosslinking were mechanically stronger than 

those without additional treatment. It is worth noting that a microcapsule rupturing at a 

relatively smaller deformation is more likely due to its higher structural brittleness. On the 

contrary, if a microcapsule ruptures at a larger deformation, the phenomenon is associated 

with its greater structural flexibility and stretchability (Baiocco & Zhang, 2022). The average 

rupture tension of GG-HS-MD was 175 ± 33 μN/μm, which is significantly higher than that of 
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GG-HS-GT (120 ± 16 μN/μm), whilst the average deformation at rupture of GG-HS-MD (12 

± 1 %) was marginally lower than GG-HS-GT (15 ± 1 %). Although both additional 

treatments made microcapsules mechanically stronger, the former provided a layer of dried 

physical coating to make the microcapsules more structurally brittle while the latter made the 

microcapsules more flexible to resist capsule rupture through gelatine-glutaraldehyde 

crosslinking. For microcapsules prepared with different core oils, although there was no 

significant difference in the mechanical strength parameters between GG-LM-GT and GG-

HS-GT, their rupture force, nominal rupture stress, rupture tension and toughness of GG-LC-

GT were significantly higher than the corresponding LM and HS microcapsules, which 

suggests that the influence of core oils on the mechanical strength of microcapsules is not 

negligible. Similar results were also reported by other authors (Baiocco & Zhang, 2022; Luo 

et al., 2022). Luo et al. (2022) encapsulated 2-hydroxy-3-(octanoyloxy) propyl decanoate, 

hexyl salicylate, lavender oil and lily oil within melamine-glutaraldehyde-formaldehyde 

microcapsules via an in-situ polymerization method and found stronger microcapsules were 

obtained when encapsulating core oils with higher hydrophobicity. Baiocco & Zhang (2022) 

reported that LM microcapsules were mechanically weaker than the HS microcapsules after 

the wall was fabricated using gum arabic and fungally fermented chitosan via complex 

coacervation and vacuum drying. They assumed the difference may be due to the nature of 

terpenic molecules (LM), which can cause a higher interfacial energy level, and possibly 

impair the intermolecular bonds within coacervates network, thereby affecting the overall 

robustness of the microcapsule.  

The mechanical properties of microcapsules can be associated with their chemical 
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compositions, geometries and inner structures, which resulted from the interfacial energy 

balance between the phases in the system (Loxley & Vincent, 1998; Torza & Mason, 1970). 

As can be seen in Table 5-2, LC, LM and HS have different interfacial tensions against GA-

GE coacervates phase and aqueous phase, microcapsules with different inner structures and 

morphologies can be obtained. For instance, due to the hydrophobic nature of core oils, HS 

and LM have higher interfacial tensions with aqueous phase than LC, which favours the 

movement of coacervate phase to the water/oil interface to form the microcapsules with a 

core-shell structure. Comparatively, the lower value of interfacial tension between LC and 

aqueous phase results in less core-shell structured microcapsules, i.e., more solid-like 

microspheres, which correspondingly results in stronger mechanical strength. The results of 

payloads for each oil microcapsule can possibly evidence this assumption (see Table 4-3).  
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Figure 4-6. Mechanical strength parameters of microcapsules versus diameter: rupture 

force (A, a), displacement at rupture (B, b), nominal rupture stress (C, c), nominal 

toughness (D, d) and nominal rupture tension (F, f). ▼: GG-HS, ♦: GG-HS-MD, ●: GG-

HS-GT, ■: GG-LC-GT, and ▲: GG-LM-GT. The dotted lines only indicate the trend or 

the mean value for nominal rupture tension 

 

Table 4-4. Summary of the mechanical strength of GE-GA coacervated microcapsules 

(mean ± 2 × St. Err).  

Microcapsules GG-HS 

GG-HS-

MD 

GG-HS-

GT 

GG-LM-

GT 

GG-LC-

GT 

Diameter (μm) 16.6 ± 2.0 16.6 ± 1.6 13.5 ± 0.8 12.5 ± 0.6 13.0 ± 1.0 

Displacement at  

Rupture (μm) 

1.5 ± 0.4 2.0 ± 0.4 2.0 ± 0.2 2.0 ± 0.2 2.2 ± 0.4 

Rupture force (mN) 1.9 ± 0.5 2.7 ± 0.5 1.6 ± 0.2 1.3 ± 0.2 2.4 ± 0.5 

Nominal Deformation at  

Rupture (%) 

9 ± 2 12 ± 1 15 ± 1 15 ± 2 17 ± 2 

Nominal Rupture  

Stress (MPa) 

10 ± 2 16 ± 4 12 ± 2 11 ± 1 18 ± 3 

Nominal Rupture Tension 

(μN/μm) 

117 ± 29 175 ± 33 120 ± 16 105 ± 13 182 ± 29 

Nominal Toughness (MPa) 0.4 ± 0.1 1.2 ± 0.4 1.0 ± 0.2 1.0 ± 0.2 1.6 ± 0.2 

(F) (f) 
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4.3.5.2. Apparent Young’s modulus determined by Hertz analysis 

The Hertz model fitting to the force versus displacement data of a representative GG-HS-GT 

microcapsule is presented in Figure 4-7, and the Young’s modulus for each type of 

microcapsules versus diameter is shown in Figure 4-8.  

 

Figure 4-7. A linear fit of the Hertz model to the experimental force versus displacement 

data for a representative GG-HS-GT (17.5 μm) microcapsule (R2 = 0.99). ♦: 

Experimental data, straight line: Hertz model fitting.  
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Figure 4-8. Apparent Young’s modulus of different microcapsules versus diameter (a) 

GG-HS, GG-HS-MD and GG-HS-GT and (b) GG-HS-GT, GG-LC-GT and GG-LM-GT. 

▼: GG-LC-GT, ♦: GG-LM-GT, ●: GG-HS-MD, ■: GG-HS-GT, and ▲: GG-HS. 

 

Figure 4-8 presents the Young’s modulus as a function of particle diameters for the 

compressed microcapsules. As can be seen in Figure 4-8 (a), the Young’s modulus of GG-HS 

microcapsules was holistically lower than GG-HS-MD and GG-HS-GT, indicating the latter 

two types of microcapsules had higher elasticity. The mean values of Young’s modulus for 

each type of microparticle as well as the corresponding coefficient of determination (R2) are 

summarised in Table 4-5.  

(a) 

(b) 
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Table 4-5. Mean values of apparent Young’s modulus for different microcapsules and 

their corresponding mean values of R2 from using the Hertz model (mean ± 2×St.Err) 

Microcapsules Young’s Modulus (MPa) R2 

GG-HS 163 ± 33 0.86 ± 0.04 

GG-HS-MD 702 ± 125 0.81 ± 0.06 

GG-HS-GT 668 ± 165 0.80 ± 0.04 

GG-LM-GT 663 ± 79 0.80 ± 0.04 

GG-LC-GT 891 ± 104 0.91 ± 0.04 

 

The mean R2 values obtained from all microcapsules are in a range of 0.80-0.91, which 

implies the fitting is good, but not perfect. The Hertz model can normally be applied to 

describe the relationship between the imposed compression force and the displacement of the 

spherical homogenous particles at small fractional deformation (up to 10 %) (Baiocco et al., 

2023; Wang et al., 2018). Herein, the calculated Young’s modulus in this work is in fact the 

apparent young’s modulus of the whole microcapsules as they contained multiple oil droplets 

which are considered to have no elastic performance but are able to affect the force response 

under compression. The value of R2 of GG-LC-GT (0.91) is higher than those of other 

microcapsules, indicating that GG-LC-GT may be more homogenous and uniform, which can 

possibly be evidenced by the lower value of oil payload for GG-LC-GT microcapsules.  

For HS microcapsules prepared by different methods, both GG-HS-MD and GG-HS-GT had 

significantly higher values of apparent Young’s modulus than GG-HS, indicating that the 

further treatments towards GE-GA coacervated microcapsules improved their elastic 

performance. Compared with GG-HS, the crosslink of glutaraldehyde on gelatine/gum arabic 

resulted in a more compact shell structure for GG-HS-GT (Knaebel et al., 1997), potentially 

allowing higher payload of core oil. While for microcapsules prepared with identical shell 
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materials, the mean apparent Young’s modulus of GG-LC-GT was significantly higher than 

GG-HS-GT and GG-LM-GT microcapsules. As aforementioned, core oils of different 

hydrophobicity may influence the diffusion of the coacervates from the bulk to oil/water 

interface or glutaraldehyde molecules and thus the crosslink reaction rate, leading to the 

gradient of local crosslink density and spatial distribution on capsule surface (He et al., 2008), 

which eventually resulted in the variation in payload and mechanical properties even with 

identical shell chemical compositions.  

Theoretically, Young’s modulus represents the intrinsic stiffness of an elastic material 

undergoing recoverable deformation, which is expected to be a constant value regardless of 

microcapsule size. However, as presented in Figure 4-8, it seems that the apparent Young’s 

modulus of microcapsules is strongly size dependant and larger microcapsules have less 

Young’s modulus values. As discussed above, the calculated apparent Young’s modulus is the 

outcome of liquid core combined with the shell material and cannot fully represent the 

intrinsic elastic modulus value of the shell material. The deviations between the apparent and 

intrinsic Young’s modulus become more evident especially when the microcapsules are larger 

for lower volume ratios of shell material to core if the shell thickness is independent of 

microcapsule size (Mercadé-Prieto et al., 2011). Baiocco et al. (2023) reported that gum arabic 

and chitosan coacervated core-shell microcapsules were firstly treated as homogenous solid 

spherical microspheres to estimate the apparent Young’s modulus of the whole microcapsules 

by the Hertz model, and the intrinsic Young’s modulus of shell material was also quantified 

via finite element analysis (FEA). They reported that the apparent Young’s modulus (0.095 ± 

0.014 GPa) of microcapsules was approximately one order of magnitude lower than the 
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intrinsic Young’s modulus of the shell material (1.02 ± 0.13 GPa), suggesting that the effects 

of microcapsule inner structural configurations were not neglectable.  

4.3.5.3. Intrinsic Young’s Modulus of shell material by FEA model  

Considering the bending and stretching effects of shell material under compression, Mercade-

Prieto et al. (2011) developed a reliable FEA numerical model for core–shell structured 

microcapsules, which enables the evaluation of the intrinsic Young’s modulus of shell material, 

as well as the determination of wall thickness to capsule radius ratio (h/R) for the 

corresponding microcapsule using the experimental micromanipulation data at relatively low 

fractional deformation ( ≤  0.1 within the elastic region), which can be expressed 

mathematically as: 

 𝐹 = 𝐸𝑖𝑛𝑅ℎ(𝑎𝜀2 + 𝑏𝜀 + 𝑐) (4-5) 

where the three coefficients a, b and c are h/R dependent and correlated with polynomial 

functions, from which the obtained values of shell thickness (h) were further validated by 

Transmission Electron Microscopy (TEM) for the cross-sectional imaging for 186 

microcapsules.  

The fractional deformation ε can be calculated as 
𝛿

2𝑅
, as illustrated in below,  



110 

 

  
Figure 4-9. Schematic diagram of a core-shell capsule before and after a displacement δ 

of top plate (Mercadé-Prieto et al., 2012b).  

 

Hence, 𝐸𝑖𝑛 can be expressed using Equation (4-5):  

 
𝐸𝑖𝑛 =

𝐹

ℎ
𝑅 [𝑎 (

𝛿
2)

2

+ 𝑏 (
𝛿
2) 𝑅 + 𝑐𝑅2]

 
(4-6) 

where 𝐸𝑖𝑛 is the intrinsic Young’s modulus of the shell material of microcapsules, F is the 

experimental compression force measured by micromanipulation, δ is the compressive axial 

displacement during compression, h/R is the ratio of shell thickness to the microcapsule initial 

radius, a, b and c are the polynomials of h/R to determine the coefficients in Equation (4-5) 

and summarised in Table 4-6. 

Table 4-6. Polynomial functions of h/R (Mercadé-Prieto et al., 2011) 

Coefficients Polynomials 

a 95071.891× (h/R)5 − 28426.030 × (h/R)4 + 2411.056 × (h/R)3 − 7.476 × (h/R)2 − 10.829 

× (h/R) + 1.52882 

b −318.702 × (h/R)4 + 120.784 × (h/R)3 − 11.380 × (h/R)2 + 2.518 × (h/R) − 0.05792 

c −0.004242 × (h/R) + 0.00107 

 

δ  

δ/2

R 

R 



111 

 

A typical example of the force versus fractional deformation data obtained from the 

compression of a representative GG-LC-GT microcapsule fitted by FEA simulation (Equation 

(4-5))  result is presented in Figure 4-10. For each sample, more than 30 microcapsules were 

analysed and the shell Young’s modulus and h/R values were determined by the FEA model.  

 

Figure 4-10. FEA simulation for a representative GG-LC-GT (10.8 μm) microcapsule 

(𝑬𝒊𝒏= 10.541 GPa, h/r = 0.1035, R2 = 0.99). ♦: Experimental force, straight line: FEA 

simulation regression.  
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Figure 4-11. FEA-derived intrinsic Young’s modulus and h/R values of different 

microcapsules versus diameter (a) GG-HS, (b) GG-HS-MD, (c) GG-HS-GT, (d) GG-LM-

GT and (e) GG-LC-GT. ■: intrinsic shell Young’s modulus, ●: h/r. 

 

Figure 4-11 presents the FEA-derived intrinsic Young’s modulus and h/r ratios versus diameter 

for the corresponding microcapsules. On average, the Young’s modulus value by FEA for each 

type of microcapsule did not seem to vary with the diameter significantly, which agrees with 

the discussion in Section 4.3.5.2, and indicates FEA might be a more accurate model to 

(a) (b) 

(c) (d) 

(e) 
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determine the 𝐸𝑖𝑛  for core-shell structured microcapsules. The values of h/R for each sample 

reduced with particle size holistically, which is consistent with results of Baiocco et al. (2023). 

The mean 𝐸𝑖𝑛 values along with the corresponding h/r as well as coefficient of determination 

R2 for each sample can be seen in Table 4-7.  

Table 4-7. Mean values of intrinsic Young’s modulus of shell materials and h/r for 

different microcapsules and their corresponding mean values of R2 derived from FEA 

model (mean ± 2×St.Err) 

Microcapsules Young’s Modulus 

(GPa) 

h/R R2 

GG-HS 1.5 ± 0.3 0.111 ± 0.007 0.970 ± 0.005 

GG-HS-MD 13.7 ± 2.8 0.122 ± 0.008 0.977 ± 0.005 

GG-HS-GT 6.2 ± 1.0 0.115 ± 0.010 0.975 ± 0.004 

GG-LM-GT 6.4 ± 0.8 0.117 ± 0.007 0.976 ± 0.004 

GG-LC-GT 9.3 ± 1.1 0.114 ± 0.013 0.978 ± 0.007 

 

The mean 𝐸𝑖𝑛 value of GG-HS was determined as 1.5 ± 0.3 GPa, which was similar to the 

results reported by Mercadé-Prieto et al. (2011) for melamine formaldehyde microcapsules 

(1.6 ± 0.3 GPa), chitosan gum arabic (Ch-GA) coacervated microcapsules (1.0 ± 0.1 GPa) 

reported by Baiocco et al. (2023) as well as glassy polymer microspheres (0.6 -1.8 GPa) 

fabricated by Yap et al. (2008). Comparatively, GG-HS has slightly higher 𝐸𝑖𝑛 value than Ch-

GA microcapsules, which might be caused by the stronger interactions between gelatine and 

gum arabic and the presence of long chain polymers after complex coacervation. It is notable 

that 𝐸𝑖𝑛 is approximately one order of magnitude higher than the value of apparent Young’s 

modulus (163 ± 33 MPa), and other microcapsules also exhibited one order magnitude 

difference between their intrinsic and apparent Young’s modulus values as well. The values of 

E/𝐸𝑖𝑛 for each sample are summarised in Table 4-8.  
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Table 4-8. Values of E/𝑬𝒊𝒏for different microcapsules 

Microcapsules E/𝑬𝒊𝒏 

GG-HS 0.112534 

GG-HS-MD 0.051316 

GG-HS-GT 0.107573 

GG-LM-GT 0.095954 

GG-LC-GT 0.099617 

 

The mean value of E/𝐸𝑖𝑛 for each sample approached to a constant value at 0.09 ± 0.02 (mean 

± 2×St.Err) in this study, which is statistically similar to the coefficient 0.085 ±  0.002 

established by Baiocco et al. (2023), evidencing the applicability of this model regardless of 

different microcapsule chemistry. 

4.4. Conclusions 

In this chapter, different flavour/fragrance oils including LC, LM and HS were encapsulated 

using gelatine and gum arabic by the complex coacervation method. Micro-size spherical 

microcapsules with polynuclear core shell structure were fabricated. The highest EE of 89.0 ± 

1.2 % was obtained from GG-HS-GT, which was higher than wax microspheres presented in 

Chapter 3 and chitosan/gum arabic coacervated microcapsules reported by Baiocco et al. 

(2021a). Further treatments to coacervated microcapsules by spray coating with maltodextrin 

or glutaraldehyde crosslinking significantly improved EE and evident variations were 

observed for different core microcapsules with identical shell materials. Mechanical 

characterisations of microcapsules were undertaken using micromanipulation measurements 

of their rupture strength parameters and determination of the apparent Young’s modulus of the 

whole microcapsule and the intrinsic Young’s modulus of shell material by Hertz and FEA 
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models respectively. It was found that the apparent Young’s modulus of whole microcapsules 

analysed by the Hertz model was approximately one order of magnitude lower than the 

intrinsic Young’s modulus of coacervate shell derived from FEA model. Additional processing 

by either the maltodextrin coating or glutaraldehyde crosslinking significantly enhanced the 

mechanical strength of microcapsules. Future works include the investigation of the influence 

of core oil polarity and their interfacial tensions with aqueous phase and coacervate phase on 

the microcapsule morphology and corresponding EE.  
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CHAPTER 5. Evaluation of Gum Arabic and Gelatine 

Coacervated Microcapsule Morphology and Encapsulation 

Efficiency by Combining the Spreading Coefficient and Two 

Component Surface Energy Theory 

5.1. Introduction 

For L-carvone (LC), limonene (LM) and Hexyl salicylate (HS) oils, microcapsules prepared 

with complex coacervation using gum arabic (GA) and gelatine (GE) as wall materials and 

subsequent spray drying/coating have shown significantly different encapsulation efficiencies 

and payloads. Similarly, variable encapsulation efficiencies for different oils using the same 

preparation procedure and shell materials were also reported by other researchers. For instance, 

when Zuanon et al (2013) fabricated turmeric oleoresin microcapsules following GE-GA 

complex coacervation, the encapsulation efficiency ranged from 49 to 73%, while Kong et al 

(2009) found an efficiency as low as 16 % when encapsulating dodecanol using the same 

encapsulation procedure and shell materials. Encapsulation efficiencies as high as 90% were 

also reported for GE-GA coacervated microcapsules containing other oils (Chang et al., 2006; 

Liu et al., 2023; Yu et al., 2021; Zhang et al., 2011). Although the mechanism underlying GE-

GA complex coacervation has been known for decades, the particular mechanisms about 

microcapsule formation with different oils in GE-GA aqueous phase still need to be 

investigated.  

Generally, to successfully encapsulate oil into a shell by complex coacervation as well as 

increase its encapsulation efficiency, the deposition of complex coacervates at the oil/water 
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interface and its wettability are key parameters to be considered (Dardelle & Erni, 2014). The 

gel coacervates in aqueous phase have to spread spontaneously onto the surface of dispersed 

oil droplets and form the core-shell microcapsule structure. However, variable capsule 

morphologies can be fabricated and they are presented in Figure 5-1. In addition to a core-

shell morphology where single core or multiple small cores are completely entrapped inside 

the carrier shell/matrix, alternative morphologies including acorn structure in which the oil is 

partially engulfed and dissociation where oil and water droplets are completely separated 

could be obtained.  

  

Figure 5-1. Possible final microcapsule morphologies for core microencapsulation 

(Tasker et al., 2016) 

 

The microcapsule morphologies can be influenced by thermodynamic and kinetic factors of 

the system with different molecules (Szczotok et al., 2018). In the case of complex 

coacervation, the kinetics include the rate of electrostatic interaction between different 

molecules with opposite charges and phase separation while the thermodynamics are 

controlled by the interfacial tension balance of oil, the polymers as well as aqueous phases 

involved in the capsule formation (Dardelle & Erni, 2014). These final resultant morphologies 

will lead to variable encapsulation efficiencies for different oils although they are prepared 

under the same process conditions and with the same wall materials.  
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Torza and Mason (1970) studied the engulfing mechanism when two immiscible phases were 

brought in contact in a third mutually immiscible phase, and first proposed a theory on 

predicting the morphologies of capsules. Based on measuring the interfacial tensions between 

the three phases, which were used to determine the spreading coefficients for each phase. This 

theory was later expanded by Loxley and Vincent to also encompass solid polymers (Loxley & 

Vincent, 1998), and three spreading coefficients can be defined as follows: 

 𝑆𝑃 = 𝛶𝑊𝑂 − (𝛶𝑂𝑃 + 𝛶𝑊𝑃) (5-1) 

 𝑆𝑂 = 𝛶𝑊𝑃 − (𝛶𝑂𝑃 + 𝛶𝑊𝑂) (5-2) 

 𝑆𝑊 = 𝛶𝑂𝑃 − (𝛶𝑊𝑃 + 𝛶𝑊𝑂) (5-3) 

where subscripts O, W and P refer to the three phases core material (oil herein), aqueous phase 

(here water) and polymer (here coacervates) respectively, 𝛶𝑂𝑃 , 𝛶𝑊𝑃  and 𝛶𝑊𝑂  are the 

oil/polymer, water/polymer and water/oil interfacial tensions, respectively, see Figure 5-2. 𝑆𝑃, 

for instance, is the spreading coefficient for coacervates at the water/oil interface. When 𝑆𝑃 is 

positive, the balance of interfacial tensions of the three phases favours complete wetting of the 

water/oil interface by the polymer phase (Harkins & Feldman, 1922). It is usually assumed 

that 𝛶𝑊𝑂 > 𝛶𝑊𝑃 (Bago Rodriguez et al., 2018; Dardelle & Erni, 2014; Priftis et al., 2012; Qin 

et al., 2014; Spruijt et al., 2010), which leads to only three possible scenarios:  

 𝑆𝑂 < 0; 𝑆𝑊 < 0;  𝑆𝑃 > 0 (5-4) 

 𝑆𝑂 < 0; 𝑆𝑊 < 0;  𝑆𝑃 < 0 (5-5) 

 𝑆𝑂 < 0; 𝑆𝑊 > 0;  𝑆𝑃 < 0 (5-6) 

For the conditions in Equation (5-4), the capsules adopt a core–shell morphology. When 

conditions in Equation (5-5) are satisfied, acorn-shaped capsules are formed. When the 

conditions in Equation (5-6) are fulfilled, separated droplets of oil and polymer are predicted. 
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The predicted capsule morphologies can be seen correspondingly in Figure 5-1. 

 

 

Figure 5-2. Oil phase (O) to be encapsulated by the coacervate phase (P). Empty and oil 

loaded coacervate droplets are dispersed in the aqueous phase (W). 𝜰𝑶𝑷, 𝜰𝑾𝑷 and 𝜰𝑾𝑶 

represent the interfacial tensions between the different phases. Adapted from Thomasin 

et al. (1997). 

 

Following Torza and Mason's work, several researchers have also studied the effect of 

spreading coefficient combinations on capsule morphology. Using solvent evaporation method, 

Loxley et al. (1998) encapsulated n-hexadecane in poly (methyl methacrylate),  which had 

been dissolved in dichloromethane with different emulsifiers of poly (vinyl alcohol), poly 

(methacrylic acid), sodium dodecylsulfate or cetyltrimethylammonium bromide, and  found 

that a core shell structure was predicted and experimentally observed only for poly 

(methacrylic acid), whilst the predictions for poly (vinyl alcohol) and its final morphology 

were not in agreement. Following the same encapsulation method, Tasker et al. (2016) 

observed that the morphology was coinciding with the predictions by using the same polymers 

and core while changing the surfactant chain length. Feczkó et al. (2014) investigated the 

encapsulation of n-hexadecane in ethyl cellulose emulsified by poly (methacrylic acid sodium 

salt), Tween 80 or poly (vinyl alcohol) by solvent evaporation method and found that the final 

capsule morphology was successfully predicted from the spreading coefficients for poly 

W = aqueous phase 

O = oil phase 

P = coacervates phase 

𝛶𝑊𝑂 

𝛶𝑊𝑃   

𝛶𝑂𝑃  
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(methacrylic acid sodium salt) but the predictions failed for using poly (vinyl alcohol) and 

Tween 80 as emulsifiers. Also, with solvent evaporation method employed, Pisani et al. (2008) 

used poly (lactide coglycolide) (which had been dissolved in dichloromethane) as a shell to 

encapsulate perfluorooctyl bromide, stabilised with poly (vinyl alcohol), sodium cholate or 

sodium taurocholate, and found the morphology was correctly predicted only for sodium 

cholate based on experimental determinations of the spreading coefficients. However, Shirin-

Abadi et al. (2014) reported that their calculated results were in good agreement with 

experimental observations when fabricating n-hexadecane loaded nanocapsules using 

copolymers of methyl methacrylate with 2-ethylhexyl acrylate and methacrylic acid through in 

situ polymerization. On the contrary, Szczotok et al. (2018) found significant discrepancy 

between the predicted morphology and experimental observations when investigating the 

encapsulation of Rubitherm (RT27) using copolymer of styrene crosslinked with 

divinylbenzene as a shell, suspended by hexa (methacryloylethylenedioxy) 

cyclotriphosphazene, sodium dodecylsulfate, gum arabic or poly (vinyl pyrrolidone) through 

suspension polymerization method.  

There have been limited works attempting to utilise complex coacervation within the 

theoretical framework of three-phase thermodynamics. Thomasin et al. (1997) investigated the 

encapsulation of bovine serum albumin powders and aqueous bovine serum albumin solution 

by the complexes from poly (D, L-lactic acid) and poly (D, L-lactic-co-glycolic acid) at 

various weight ratios, which had been dissolved in either dichloromethane or ethyl acetate, 

and observed core-shell structure with multicores for all samples, evidencing the morphology 

predictions are coinciding with the spreading coefficients. In the study conducted by Bago 



121 

 

Rodriguez et al. (2018), the coacervates of poly (acrylic acid) sodium salt and poly (diallyl 

dimethylammonium chloride) were used as stabilisers for oil in water emulsions. Complete 

engulfing of oil droplets within coacervates were only detected for dodecane and toluene, 

while the predicted core shell morphology was not observed for isopropyl myristate and 

squalene. They suggested that the viscosity of the aqueous phase with coacervates formed 

affects the kinetics of spreading, which is not accounted for the theory on predicting the 

morphologies of microcapsules. Similarly, by employing in situ mini-emulsion polymerization 

method, Van Zyl et al. (2003) and Cho & Lee (1985) also pointed out that the capsule 

morphology was significantly influenced by kinetic factors (surface anchoring effects, 

polymer chain mobility, viscosity) apart from thermodynamic considerations. It was further 

demonstrated by Dardelle and Erni (2014) that the equilibrium spreading coefficient theory is 

the basis to understand three phases wetting in terms of coacervate/oil/water systems, the fluid 

rheology and even actual flow process in the system can be additional factors influencing the 

resulting morphologies.  

Furthermore, using different types of surfactants and initiators, Van Zyl et al. (2003) 

investigated the anchoring of entering radicals at the oil/water interface, where the anchoring 

effects can hinder the diffusion of radicals, thereby causing the engulfing of core oil by 

polymer and thus the formation of the capsules with core-shell structured morphologies. 

Sundberg et al. (1990; 1993) reported that different morphologies (hemispherical, sandwich, 

multiple lobes) were observed to be coexisting at the same time within a single emulsion after 

replacing low molecular weight polymers that diffuse readily by high molecular weight ones, 

which provided evidence of the kinetic influence in terms of polymer chain mobility as 
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reported by Van Zyl et al. (2003) and Cho & Lee (1985). Considering the work of Torza and 

Mason (1970) focusing only on thermodynamics, an alternative model was developed by 

Sundberg et al. (1990) and Waters (1994) based on the free energy changes at the interfaces of 

a three-phase system,  

 ∆𝐺 = 𝛶𝑖𝐴𝑖 − 𝛶𝑗𝐴𝑗 (5-7) 

where G is the Gibbs free energy. 𝐴𝑖 refers to the initial interfacial area of the core in contact 

with the aqueous phase containing polymers, and 𝛶𝑖  is its interfacial tension. 𝐴𝑗  is the 

interfacial area of core dispersed into the coacervate phase during capsule formation and 𝛶𝑗  is 

the corresponding interfacial tension. In thermodynamic terms, each specific morphological 

configuration has a certain value for ∆G, and the configuration with the minimal free energy is 

thermodynamically favoured.  

Capsule morphology and core encapsulation efficiency can also be dependent on the surface 

energy of the two components of dispersed and continuous phases (Szczotok et al., 2018). 

Based on the theory of Girifalco and Good (1957), Fowkes (1962;1964) suggested that the 

surface tension of liquids or the surface free energy of solids per unit area is the sum of 

contributions from the dispersive (𝛶𝐷) and polar components (𝛶𝑃):  

 𝛶 = 𝛶𝐷 + 𝛶𝑃 (5-8) 

where 𝛶𝐷 is the component surface tension induced from dispersion interactions of London-

van der Waals forces and 𝛶𝑃  is contributed by the intermolecular interactions like dipole-

dipole interactions, hydrogen bonding, π bonding and electrostatic interactions (Fernández & 

Khayet, 2015; Jańczuk et al., 1989). According to Fowkes (1964), dispersive interactions of 

the molecules of two phases at the interface prevailed among other interaction forces, see 
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Figure 5-3.  

 

Figure 5-3. At the interface between two liquids, the molecules at interface are subject to 

the attractive forces in each phase (Fowkes, 1964). 

 

The interfacial tension between liquid and solid as a function of the geometric mean of the 

dispersive interactions can be expressed as:  

 𝛶𝐿𝑆 = 𝛶𝐿 + 𝛶𝑆 − 2√𝛶𝐿
𝐷𝛶𝑆

𝐷 (5-9) 

where 𝛶𝐿  and 𝛶𝑆 , 𝛶𝐿
𝐷 and 𝛶𝑆

𝐷, 𝛶𝐿𝑆 are the surface tension of liquid and solid, their dispersion 

components and the interfacial tension between two phases, respectively. Based on the Young 

equation (Young, 1805), an expression for the liquid on the solid surface interacting with 

dispersion forces is as follows:  

 𝛶𝐿(1 + cos Ө) = 2√𝛶𝐿
𝐷𝛶𝑆

𝐷 (5-10) 

where Ө is the contact angle of the liquid droplet on the solid surface.  

Equation (5-10) was further expanded by Owens and Wendt (1969) to include the 

contributions from non-dispersion interfacial interactions: 

𝛶2  √𝛶1
𝐷𝛶2

𝐷 

√𝛶1
𝐷𝛶2

𝐷  
𝛶1 

 Liquid 1 

 Liquid 2 
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 𝛶𝐿(1 + cos Ө) = 2√𝛶𝐿
𝐷𝛶𝑆

𝐷 + 2√𝛶𝐿
𝑃𝛶𝑆

𝑃 (5-11) 

where 𝛶𝐿
𝑃  and 𝛶𝑆

𝑃  denote the polar components of liquid and solid due to their polar 

intermolecular interactions. 

The polar surface tension component 𝛶𝐿
𝑃can be calculated by 𝛶𝐿

𝑃 = 𝛶𝐿 − 𝛶𝐿
𝐷. Surface polarity 

of liquid can be calculated as 100% 𝛶𝐿
𝑃/𝛶𝐿 and polar surface energy components for polymer 

can be calculated as 100%𝛶𝑆
𝑃/𝛶𝑆. 

In this chapter, the aim is to ascertain whether it is possible to justify the morphology and oil 

encapsulation efficiency of spray dried microcapsules by combing spreading coefficient and 

two component surface energy theory. A range of flavour oils including L-carvone, limonene, 

hexyl salicylate, cinnamaldehyde, carvacrol and linalool were encapsulated into gum arabic 

and gelatine coacervates shell via complex coacervation. Surface tensions of core materials, 

interfacial tensions between each core and aqueous phase, contact angle of cores and a 

standard reference liquid on gelatine/gum arabic coacervated polymer surface as well as 

contact angle of cores on the standard reference solid surface were measured. The equilibrium 

configurations between the three phases for each oil were given through the calculations of the 

three spreading coefficients and compared with the experimental morphology of 

microcapsules. Different values of polar surface energy components of the continuous and 

dispersed phases were collected and investigated in order to understand the effects of type of 

core oils as well as their polarity on the morphology of the formed microcapsules and the 

corresponding on encapsulation efficiency.  
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5.2. Materials and methods 

5.2.1. Materials 

L-carvone (99%), S-limonene (95%), hexyl salicylate (98%), cinnamaldehyde (98%) and 

carvacrol (99%) were all purchased from Macklin, China. Linalool (98%, 154.25 MW) was 

purchased from Aladdin Bio-Chem Technology Co. Ltd., Shanghai, China. Gum arabic (GA) 

was purchased from Solarbio life sciences, China and gelatine (GE, type B, ∼220 g bloom, 

average Mw = 500 kDa) was obtained from Shanghai Yuanye Biotechnology Co. Ltd., 

Shanghai, China. Reagents including absolute ethanol,1-propanol and hexane were purchased 

from Sigma-Aldrich, UK, and were of analytical grade and used without further purification. 

All the solutions were prepared using deionised water (18.2 MΩ cm at 25 °C). 

5.2.2. Preparation and characterisation of microcapsules 

5.2.2.1. Microcapsules prepared via coacervation followed by spraying drying 

The GE-GA coacervated microcapsules containing core oil (LC, LM, HS, CD, CV or LL) 

were prepared following the protocol described in Section 4.2.2 and Section 4.2.2.1.  

Gum arabic and gelatine coacervated microcapsules containing no oils were also prepared 

following the same procedure to investigate the influence of shell materials in solvent on UV 

tests and for the preparation of polymer shell tablets in contact angle measurements.  

5.2.2.2. Morphological characterisation of microcapsules 

Morphological characterisations of microcapsules with a different core oil were performed by 

a scanning electron microscope (Hitachi TM3030 Tabletop) (see Section 3.2.4).  
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5.2.2.3. Encapsulation efficiency  

5.2.2.3.1. Sample preparation and calculation 

Three batches of 50 mg oil loaded microcapsules were firstly placed into three different screw 

capped glass vials, and then dispersed into 10 mL solvent (36% 1-propanol for HS, ethanol for 

for LC, LM and LL, hexane for CD and CV). The vials were ultrasonicated and centrifugated 

following the procedures detailed in Section 3.2.6.  

5.2.2.3.2. UV-Vis spectrophotometer 

The amount of HS in microcapsules was measured by the UV-Vis spectrophotometer, whose 

details were described in Section 3.2.6.  

Pure GA-GE coacervates without any oil were also measured following the same procedures, 

to avoid the absorbance influence from coacervates in the solvents. All the results showed the 

shell coacervates neither dissolve in the solvent nor influence the UV absorption readings.  

5.2.2.3.3. Gas-chromatography 

The quantitative analysis of LC and LM were detailed in Section 4.2.6.3. The amount of CV, 

CD and LL were also measured using a gas chromatography method. Ethanol was used as 

solvent for LC, LM and LL while hexane was selected as the solvents for CD and CV (Abu-

Lafi et al., 2008; Baiocco & Zhang, 2022; Elmastaş et al., 2006; Lim et al., 2014; Yang et al., 

2016). Linear standard calibration curves for different oils were determined based on the rising 

areas (y) from detection peak and oil concentrations (x) in 10 ml solvent: 

y = 15.850x + 0.256 with a coefficient of determination R2 = 0.9997 for LL (Figure D-1 in 

Appendix D),  

y = 13.229x − 5.453 with a coefficient of determination R2 = 0.9994 for CV (Figure D-2 in 
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Appendix D),  

and y = 19.987x + 2.145 with a coefficient of determination R2 = 0.9999 for CD (Figure D-3 

in Appendix D) were generated. 

The obtained calibration equations were further used to determine the amount of encapsulated 

oils in dry microcapsules measured by gas chromatography using an Agilent GC 8890 system 

(Agilent, USA) coupled with an Agilent 7693 automatic sample injector. The supernatants 

prepared from Section 5.2.2.3.1 for different oils were transferred into 2 ml glass vials 

(Agilent, USA) sealed with rubber caps (Thermo scientific, UK). The GC tests were 

performed with an Agilent HP-5 capillary column (30 m × 0.32 mm × 0.25 µm, Agilent, USA), 

the temperature of the injector was 250 ◦C and the N2 flow rate was set at 1.5 mL/min. The 

column temperature programs for each oil were referenced from literatures (Abu-Lafi et al., 

2008; Baiocco & Zhang, 2022; Elmastaş et al., 2006; Lim et al., 2014; Yang et al., 2016) with 

modifications and summarised in Table C-1 in Appendix C.  

The separation time of LM, LC, LL, CV and CD each was at 10.5, 13.5, 12.7, 16.3 and 17.2 

min respectively based on their response to the detector in the column. Experiments for each 

oil were conducted in triplicate. 

5.2.3. Surface and interfacial tension measurement  

The surface and interfacial tension measurements were conducted using a drop shape analyser 

(DSA30, Kruss) via a pendant drop method. For surface tension measurements, individual oil 

and water that contains dissolved GA (1 wt%) and GE (1 wt%) were generated into droplets of 

12 ± 1 µl in the surrounding air phase respectively by a glass syringe (SY20) with a 1.8 mm 

stainless steel needle tip (NE45). To ensure accurate measurements, the droplet was set at a 
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volume nearly detached from the needle tip (Berry et al., 2015). For interfacial tension 

measurements, polymer solution was added in an optical quartz cuvette (SC02). Depends on 

the density of sample oil, J-shaped needle (2.001 mm, NE73) or a straight needle (NE45) was 

selected to generate oil droplet immersed in the aqueous polymer phase. All measurements 

were conducted for 6 h for reaching surface or interfacial tension equilibrium at 25 °C, and 

each measurement was performed in triplicate. 

The surface and interfacial tension values were calculated by analysing the recorded drop 

shape profiles according to the Young-Laplace equation by KRÜSS ADVANCE software:  

 𝛶 = ∆𝜌𝑔
𝑅0

2

𝛽
 (5-12) 

where 𝛶 is the surface or interfacial tension, ∆ρ is the density difference between the drop and 

the surrounding medium, g is the gravitational constant, 𝑅0 is the radius of the drop curvature 

at the vertex and β is the shape factor (Tasker et al., 2016). The density for each oil at 25 °C 

was summarised in Table 5-1 (Imran et al., 2022; sigma-Aldrich, 

2023a;2023b;2023c;2023d;2023e). 

Table 5-1. Density of each oil at 25 °C.  

Core oil LM LC LL CV HS CD 

Density 

(g/ml) 
0.84 0.96 0.87 0.98 1.04 1.05 

 

5.2.4. Contact angle measurement  

The GA-GE coacervated shell polymer tablets with flat surface were prepared by a 13 mm 

evacuable pellet die (Specac, UK) using a compression instrument (LS100 Plus, Lloyd, UK), 

and compressed at a maximum load (50 MPa) monitored by NEXYGEN Plus software. 
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The sessile drop method was employed for contact angle measurements. Drops of different oil, 

water or diiodomethane was deposited onto the surface of a polymer tablet in air surrounding 

phase using the glass syringe (SY20) connected with a 0.5 mm stainless steel needle (NE44), 

see Figure 5-4. At least 5 different drops were measured for each sample. The tests were 

maintained for 1 min to achieve the equilibrium contact angle between samples and polymer 

surface.  

 

Figure 5-4. Experimental setup of oil droplet on polymer tablet surface (contact angle 

test). 

 

 

5.2.5. Statistical analysis  

See Section 3.2.9.  

5.3. Results and Discussion 

The microcapsules with various oils as core and gum arabic and gelatine coacervates as shell 

material were prepared by complex coacervation. The capsule morphology and encapsulation 

efficiency for different core oils were determined. The relationship between the capsule 

morphology and relevant spreading coefficients was investigated, combining with the effect of 

polarity of core oil on its encapsulation efficiency within GA-GE polymeric complexes. 
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5.3.1. Calculation of spreading coefficients  

Based on Fowkes theory (Fowkes, 1964; Rulison, 2000), diiodomethane and water were used 

to determine the value of surface free energy of solid shell polymer. Diiodomethane was tested 

as a probe liquid, as its surface tension is attributed to its dispersive component only, which 

means 𝛶𝐿 = 𝛶𝐿
𝐷, and 𝛶𝐿

𝑃= 0 mN/𝑚. The surface tension of diiodomethane was tested to be 50.8 

mN/m, which was combined with Equation  (5-11) to obtain:  

 𝛶𝑆
𝐷 = (𝛶𝐿/4)(𝑐𝑜𝑠 Ө + 1)2 (5-13) 

The contact angle of diiodomethane on the shell polymer surface was tested to be 34.96 °, thus 

the dispersive component 𝛶𝑆
𝐷of the solid polymer material can be calculated by Equation (5-13) 

as 42.05 mN/m.  

Water (𝛶𝑤
𝐷=26.4 mN/m, and 𝛶𝑤

𝑃=46.4 mN/m (Rulison, 2000)) was used as a testing liquid 

since its surface tension is contributed by both its polar and dispersive components. The 

contact angle of water on the polymer surface was measured to be 53.33 °, thus 𝛶𝑆
𝑃 can be 

calculated after 𝛶𝑆
𝐷  (42.05 mN/m), 𝛶𝑤

𝐷  (26.4 mN/m), 𝛶𝑤
𝑃  (46.4 mN/m) and 𝛶𝑊  (72.8 mN/m) 

were substituted into Equation (5-11): 72.8 × (1 + cos 53.33°) = 2√26.4 × 42.05 +

2√46.4 × 𝛶𝑆
𝑃, obtaining 𝛶𝑆

𝑃 = 13.28 mN/m.  

 The overall surface tension of the GA-GE coacervates, 𝛶𝑃 can therefore be calculated based 

on Equation (5-11) as 𝛶𝑃 = 𝛶𝑃
𝑃 + 𝛶𝑃

𝐷 =  42.05 + 13.28 =  55.33  mN/m.    

The interfacial tension between oil/polymer or water/polymer was calculated based on 

Young’s equation (Young, 1805): 

 𝛶𝑂𝑃 = 𝛶𝑃 − 𝛶𝑂𝐴 𝑐𝑜𝑠 Ө (5-14) 

 𝛶𝑊𝑃 = 𝛶𝑃 − 𝛶𝑊𝐴 𝑐𝑜𝑠 Ө (5-15) 

where 𝛶𝑂𝑃 or 𝛶𝑊𝑃 correspond to the interfacial tension between liquids (oil or water phase) 
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and the solid shell, 𝛶𝑂𝐴 and 𝛶𝑊𝐴 refer to the surface tension of the liquids,  𝛶𝑃 and Ө are the 

surface tension of the polymer and the contact angle of liquids on solid shell respectively 

(Szczotok et al., 2018). A liquid drop on the polymer tablet surface is sketched in Figure 5-5. 

  

Figure 5-5. Schematic diagram of drop deposition onto polymer surface 

 

The accepted standard reference surface is Polytetrafluoroethylene (PTFE). Untreated PTFE is 

assumed not to be capable of polar interactions with water, which means 𝛶𝑆 = 𝛶𝑆
𝐷, and 𝛶𝑆

𝑃= 0 

mJ/𝑚2 (Rulison, 2000). The contact angle of water on PFTE surface was tested to be 105.22°. 

As the 𝛶𝑊
𝐷 of water is 26.4 mN/m and surface tension of water 𝛶𝑊 is 72.8 mN/m, substituting 

these values into Equation (5-11): 72.8 × (1 + cos 105.22°) = 2√26.4 × 𝛶𝑆
𝐷 + 2√𝛶𝐿

𝑃 × 0 , 

obtaining  𝛶𝑆
𝐷 = 𝛶𝑆 = 27.30 mJ/𝑚2 for PTFE used in this work. 

This leads to 𝛶𝐿(1 + cos Ө) = 2√𝛶𝐿
𝐷 × 27.30 + 2√𝛶𝐿

𝑃 × 0  based on Equation (5-11) and 

finally Equation (5-16) can be obtained: 

 𝛶𝐿
𝐷 = (𝛶𝐿

2/109.2)(𝑐𝑜𝑠 Ө + 1)2 (5-16) 

Equation (5-16) can be used to calculate the dispersive surface tension component 𝛶𝐿
𝐷 of 

different oils based on the results of surface tension of oils (𝛶𝐿) and their contact angles (Ө) 

with PTFE.  

Liquid droplet 

Polymer tablet 
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5.3.2. Comparing morphology predictions and experimental observations 

The interfacial tensions between different oils and aqueous phase, surface tensions of each oil 

and water were measured by the pendant drop method, contact angles of each oil and water on 

the polymer surface were determined by the sessile drop method, the value for 𝛶𝑊 of water 

was obtained from literature and was taken as 72.8 mN/m (Rulison, 2000), the calculation of 

surface energy of solid shell polymer is illustrated in Section 5.3.1 and the results are 

summarised in Table 5-2. 

Table 5-2. Calculated surface tension of solid polymer per unit area and measured 

interfacial (IFT) and surface (SFT) tension of different oils and their contact angle on 

GA-GE coacervates surface. (mean ± 2× St.Err) 

Material  LC LM HS LL CD CV Solid 

polymer 

Water 

IFT 

(mN/m) 
14.9 

± 0.3 

15.3 

± 0.7 

34.3 

± 1.5 

12.8 

± 0.3 

44.3 

± 0.6 

13.4 

± 0.9 
- - 

SFT 

(mN/m) 
33.0 

 ± 0.3 

28.7 

 ± 1.3 

35.4 

 ± 1.1 

29.4 

 ± 1.6 

47.8 

 ± 2.3 

33.0 

 ± 1.5 
55.33 

72.8 

(Rulison, 

2000) 

Contact 

Angle (°) 11.67 ° 8.09 ° 18.79 ° 9.67 ° 23.77 ° 11.98 ° - 53.33 ° 

  

 A contact angle below 90° (53.33° herein) for pure water on a flat GA-GE coacervates surface 

was obtained, suggesting that the polymer is relatively hydrophilic. Compared with HS and 

CD (18.79 ° and 23.77 °), the other oils (LC, LM, LL and CV) have lower contact angle on 

polymer surface (11.67 °, 8.09 °, 9.67 °, and 11.98 ° respectively), indicating LC, LM, LL and 

CV are more polar.  

The highest interfacial tension was observed for CD in aqueous phase (44.3 ± 0.6 mN/m), 

followed by HS at 34.3 ± 1.5 mN/m, the interfacial tension between oil and water (𝛶𝑊𝑂) 

decreased dramatically for LC, LM, LL and CV, which are similar to each other at around 14 
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mN/m. From a thermodynamical perspective, it was CD or HS with higher oil/aqueous 

interfacial tension theoretically promoted the formation of core shell structure (Eriksson et al., 

2020).  

The interfacial tension between oil/polymer or water/polymer can be obtained by calculations 

with Equation (5-14) and (5-15), based on the given data summarised in Table 5-2, from 

where the spreading coefficients for each oil have been calculated and their values are 

presented in Table 5-3. In addition, graphical representation of the spreading coefficient values 

and consequent predicted morphologies for each oil are presented in Figure 5-6.  

Table 5-3. Spreading coefficients of each oil and corresponding morphology prediction 

Material 𝜰𝑾𝑶 

(mN/m) 

𝜰𝑶𝑷 

(mN/m) 

𝜰𝑾𝑷 

(mN/m) 

𝑺𝒐 𝑺𝑾 𝑺𝑷 Predicted 

LC 14.9 23.0 11.9 -26.0 -3.8 -20.0 Acorn 

LM 15.3 26.9 11.9 -30.3 -0.3 -23.5 Acorn 

HS 34.3 21.9 11.9 -44.3 -24.3 0.5 Core-shell 

CD 44.3 11.6 11.9 -44.0 -44.6 20.8 Core-shell 

CV 13.4 23.1 11.9 -24.6 -2.2 -21.6 Acorn 

LL 12.8 26.4 11.9 -27.3 1.7 -25.5 Dissociated 
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Figure 5-6. Graphical representation of spreading coefficients and predicted 

morphologies of capsules for each oil.  

 

By solving Equation (5-15) with the given data, 𝛶𝑊𝑃  = 11.85 mN/m, which confirms the 

assumption that 𝛶𝑊𝑂 > 𝛶𝑊𝑃 (Bago Rodriguez et al., 2018; Priftis et al., 2012; Qin et al., 2014; 

Spruijt et al., 2010). It is also notable that the contact angle measurement for each oil on 

polymer surface and calculation of 𝛶𝑂𝑃  in this study are based on the dried coacervated 

polymer solid tablets, which may possess a different surface energy compared to that of a 

hydrated one formed in situ within the aqueous phase. Tasker et al. (2016) discussed the 

influence of polymer form on the values of 𝛶𝑂𝑃  using two different methods. In the first 

method, 𝛶𝑂𝑃  was calculated by the data obtained from contact angle measurements using 

hexadecane on dry polymer flat surface. In the second method, 𝛶𝑂𝑃  was directly measured 

using an aqueous phase with polymer (poly (methyl methacrylate)) dissolved in the solvent 
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(dichloromethane). They reported that solid form polymer gave predictions that were more 

consistent to the observed morphologies, which was due to the absence of solvent influence, 

possibly leading to more accurate predictions.      

The spreading coefficient of the polymer 𝑆𝑃 varied greatly depending on the type of core oils. 

Only in the cases of HS and CD, the interfacial tensions between the oil and aqueous phase 

were high enough to ensure positive values of 𝑆𝑃. For the other oils, the oil/water interfacial 

tensions were relatively low so that their 𝑆𝑃  values were negative. Consequently, acorn 

structure is predicted for the fabricated microcapsules using LC, LM or CV as core, whilst the 

predicted morphology should be core shell for HS and CD microcapsules. The positive value  

𝑆𝑊 of LL indicates that the aqueous phase is able to spread at oil/coacervate interface, and 

non-engulfing is expected for LL oil. Compared to LC, LM, CV and LL, HS and CD are 

relatively nonpolar compounds that increase the interfacial tension between the oil phase and 

the polymer aqueous phase, which leads to a complete engulfing of the core to form core shell 

morphology (Shirin-Abadi et al., 2014). 

The capsule morphology was preliminarily observed under optical light microscopy with 

fluorescence. HS was firstly stained with Nile red and microcapsules were prepared following 

the procedure described in Section 5.2.2.1. Fluorescence observations were performed with a 

blue light excitation peaking around λ = 460 nm using a CoolLED pE-300 LED illumination 

system. The microcapsule suspension resulting from agitation for 4 h for complex 

coacervation are presented in Figure 5-7. 
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Figure 5-7. Optical and fluorescence microscopy images of HS microcapsules after 

complex coacervation for 4 h. HS is stained with Nile red and seen in red under exposure 

to a filtered lamp (λmax = 460 nm) in situ (a) Optical image of the microcapsules, (b) 

Fluorescence image. Both scale bars represent 50 μm. 

  

Core-shell structured microcapsules were observed for HS, which fulfils the spreading 

coefficient configurations for core shell morphology prediction. In order to check the validity 

of the spreading coefficients in predicting the morphology and inner structures of the 

microcapsules for each oil, they were compared with their corresponding SEM images, see 

Figure 5-8. The hollow pores on the surface of microcapsules can be observed in Figure 5-8 

(A) (a), (B) (b) and (E) (e), which indicate partially engulfing of LC, LM or CV within the 

polymer shell. The pores on the capsule surface might be formed after partially engulfed oil 

droplets evaporated from the coacervated polymer shell during the drying process for SEM. 

Figure 5-8 (C) (c), (D) (d) and (F) (f) show that microcapsules prepared with HS, CD and LL 

oils are relatively spherical and have smooth surface, from which HS and CD microcapsules 

have core-shell structures while LL have solid filled structure which was caused by the 

separation of oil and solid shell, as indicated by its spreading coefficients. It is notable that 

(a) (b) 
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although acorn structures are predicted from the thermodynamic perspective for LC, LM and 

CV oils, different morphologies (core-shell structure and acorn structured microcapsules) were 

found to coexist at the same time.  

Torza and Mason (1970) found the agreement between morphology predictions and 

experimental observations using a variety of low molecular weight polymers in aqueous 

phases, which are able to diffuse readily and achieve the lowest interfacial energy for the 

equilibrium morphology within the time frame of the experiment. However, high molecular 

weight of polymers of gelatine and gum arabic were used in this work. The diffusions of GA 

and GE complexed molecules are much slower compared to the polymers of lower molecular 

weight, and the decreased mobility of these biopolymers can hinder upon their molecular 

bindings (Turgeon et al., 2007), suggesting the difficulty to achieve the thermodynamics 

equilibrium by considering the time scale of coacervation. As discussed by Van Zyl et al. 

(2003), the rate of morphological change of microcapsules is dependent on the diffusional 

resistance, which is related to polymer chain mobility. The mobility of the polymer chains can 

be enhanced in aqueous phase with low viscosity (low molecular weight polymer solution), 

whilst for highly viscous aqueous phase (high molecular weight polymer solution), polymer 

chain diffusion will be hindered, leading to a decreased deposition on the oil surface. Thus, 

Torza and Mason’s theory can be considered to be applicable to low molecular polymers from 

the thermodynamic perspective, but the kinetic factor should also be considered for high 

molecular weight polymer encapsulating systems.  
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(C) (c) 

(D) (d) 

(A) 
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Figure 5-8. SEM images of (A) LC microcapsules, (a) broken LC microcapsules, (B) LM 

microcapsules, (b) broken LM microcapsules, (C) HS microcapsules, (c) broken HS 

microcapsules, (D) CD microcapsules, (d) broken CD microcapsules, (E) CV 

microcapsules, (e) broken CV microcapsules, (F) LL microcapsules, (f) broken LL 

microcapsules. 

 

In this study, high molecular weight of polymers of gelatine and gum arabic coacervates were 

used as the wall material. The SEM experimental observations for LC, LM and CV were not 

in agreement with their predicted morphology based solely on the spreading coefficient 

configurations, whilst the predicted morphologies of HS, CD and LL microcapsules were in 

consistent with their corresponding SEM observations. However, it is notable that the 

microcapsule morphological characterisation by SEM was based only on the selected 

individual microcapsule, which cannot represent for the whole population. Therefore, the 

(E) (e) 

(F) (f) 
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encapsulation efficiency for each oil was also measured to validate the microcapsule 

morphology predictions, since the predicted dissociation (between core and aqueous phase) 

and acorn morphology will lead to an oil encapsulation efficiency of 0%, and core-shell 

morphology (with core oil encapsulated) can result in an encapsulation efficiency that is much 

higher.  

5.3.3. Encapsulation efficiency and polarity 

The encapsulation efficiency for each oil is summarised in Table 5-4. The EEs range from 

2.64 % for LL to 46.61 % for HS, although each oil was encapsulated into the same shell 

materials. 

Table 5-4. Encapsulation efficiency of each oil in GA-GE coacervates shell (mean ± 

2×St.Err) 

Oil  LC LM HS LL CD CV 

Encapsulation efficiency 

(%) 

5.4 ±

0.1 

18.7 ± 

1.6 

46.6 ± 

2.2 

2.6 ± 

0.2 

18.11± 

1.8 

5.8 ± 

1.8 

 

The polarity of the core oil was reported significantly related to the polymer engulfing 

behaviour (Lashgari et al., 2017), thus the relation between the efficiency of oil encapsulation 

into GA-GE coacervates shell and its corresponding polarity is also investigated. The contact 

angle of each oil and water on the surface of untreated PTFE are presented in Table 5-5. 

Table 5-5. Contact angle of pure material on PTFE 

Material  LC LM HS LL CD CV GG Water  

Contact Angle 

(m) 
63.57 ° 34.15 ° 44.40 ° 49.65 ° 67.59 ° 64.07 ° 91.98 ° 105.22 ° 

 

Surface polarity of liquid (100% 𝛶𝐿
𝑃/𝛶𝐿 ) or polymer (100%𝛶𝑃

𝑃/𝛶𝑃 ) can be calculated by 
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substituting the surface tension of each molecule in Table 5-2 and its contact angle on PTFE in 

Table 5-5 based on Equation (5-16), and Table 5-6 can be obtained. 

Table 5-6. Percent surface polarity and their corresponding EEs 

Material 𝜰𝑳 

(mN/m) 
𝜰𝑳

𝑷 
(mN/m) 

𝜰𝑷 
(mJ/m) 

𝜰𝑷
𝑷 

(mJ/m) 

Polarity 

(%) 

EE (%) 

LC 33.0 12.2 - - 36.9 5.4 

LM 28.7 3.5 - - 12.2 18.7 

HS 35.4 1.7 - - 4.8 46.6 

CD 47.8 7.9 - - 16.5 18.1 

CV 33.0 12.4 - - 38.0 5.8 

LL 29.4 7.9 - - 26.9 2.6 

GA-GE 

mixture 

solution 

44.0 27.5 - - 62.5 - 

Solid 

coacervates 
- - 55.3 13.3 24.0 - 

Water 72.8 46.4 - - 63.7 - 

 

The aqueous GA-GE mixture solution had similar polarity with water. HS is the most non-

polar oil and CV is the most polar oil, the relation between their surface polarity and 

corresponding encapsulation efficiency is presented in Figure 5-9.         

    

Figure 5-9. Relation between each oil surface polarity and its corresponding 

encapsulation efficiency within the GA-GE coacervated shell. 
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The results reveal that the encapsulation efficiency decreases with the increasing surface 

polarity of the core oil on average. Although all oils are hydrophobic, the cores with high 

polarity closer to water are more relatively hydrophilic and compatible with GA-GE mixture 

solution (surface polarity 62.45%). The affinity between them can cause increased oil 

solubility in the aqueous phase, droplet coalescence and phase separation (Chanamai et al., 

2002), and therefore leading to difficulties in core-shell formation and ultimately low 

encapsulation efficiency (Szczotok et al., 2018). From the thermodynamic perspective, core 

oil with a lower polarity will result in a higher interfacial tension with polar continuous phase, 

causing an increase in the total free energy in the system, thus the complete engulfing of 

nonpolar cores within polymer is able to achieve a reduction in the free energy for the system 

and therefore favourable to encapsulation (Rulison, 2000; Szczotok et al., 2018). In addition, it 

is worth noting that LL is an exception as LL has the lowest encapsulation efficiency (2.64 %) 

while its surface polarity (26.94%) is lower than LC (36.92 %) and CV (37.96 %). Such 

exception can be attributed to the morphology of LL microcapsules, which is predicted as 

dissociation where LL and aqueous phase are completely separated based on the spreading 

coefficient theory. Notwithstanding, the encapsulation efficiency of LL is 2.64 %, indicating 

some amounts of LL were still encapsulated, which is not fully consistent with the predicted 

dissociation. Similar discrepancies were also found for LC, LM and CV as acorn structure 

were predicted for their microcapsules based on the spreading coefficient theory, for which the 

encapsulation efficiency should also be 0 %, while 5.35%, 18.68% and 5.77% encapsulation 

efficiencies were obtained for LC, LM and CV respectively, evidencing the presence of some 

core-shell structured microcapsules. The higher encapsulation efficiency of LM can be 
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attributed to the lower value of surface polarity (12.23%) compared to LC (36.92%) and CV 

(37.96%). CD is predicted to have core-shell structured microcapsules, while its encapsulation 

efficiency (18.11%) is similar to LM microcapsules with a predicted acorn structure (18.68%), 

which can be due to its higher surface polarity (16.54%) compared to that of LM (12.23%).  

The results of all the core oil encapsulation efficiency data suggest that the spreading 

coefficient theory did not give an exactly accurate prediction for the GE-GA coacervated 

microcapsule morphology. However, it still provides an insight for the engulfing behaviour of 

coacervates to core oil in aqueous phase, as the predicted microcapsule morphologies 

correspond with their actual ones holistically, which can be reflected by the values of each oil 

encapsulation efficiency (i.e., core-shell morphology is predicted for HS and CD, with 

relatively higher EE at 46.61% and 18.11%; acorn morphology is predicted for LC, LM and 

CV, with the corresponding EE at 5.35%, 18.68% and 5.77% respectively; dissociation 

morphology is predicted for LL, with the lowest EE at 2.64 %). Therefore, in order to have a 

better understanding of whether different oils can be encapsulated using the same process and 

shell material, the impacts of both the thermodynamic spreading coefficients theory and the 

surface polarity of each core oil on the formed microcapsule morphology and encapsulation 

efficiency should be considered.   

5.4. Conclusions 

Microcapsules containing various flavour/fragrance oils with different surface polarities were 

fabricated using GA and GE by complex coacervation. The physical properties (including 

surface polarity and the spreading coefficients) of core oils were examined in order to evaluate 

their effects on the capsule morphology and encapsulation efficiency. By both SEM 
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experimental observations and encapsulation efficiency measurements for each oil 

microcapsules, the thermodynamic spreading coefficients theory did not give an exactly 

accurate prediction for capsule morphology using high molecular weight biopolymer 

coacervates as the wall material in this work. Notwithstanding, the morphology predictions for 

different oil microcapsules are holistically consistent with their real encapsulation efficiency. 

The microcapsules with the predicted core-shell morphology had relatively high values of 

experimental EE (HS at 46.61%, CD at 18.11%), while the microcapsules with the predicted 

dissociation morphology had the lowest value of EE (LL at 2.64%), and those with the 

predicted acorn morphology capsule had the EE in between (LC at 5.35%, LM at 18.68% and 

CV at 5.77%). Since the EE of core oil can be significantly influenced by the structural 

morphology of microcapsules, the spreading coefficients theory can be still used for the 

evaluation of capsule morphology. Also, it has been found that the encapsulation efficiency 

increased with the decreasing surface polarity of the core oil holistically.  

Overall, the effects of both the thermodynamic spreading coefficients theory and the surface 

polarity of each core oil on the formed microcapsule morphology and encapsulation efficiency 

are all important, and should be simultaneously taken into consideration to determine whether 

different oils can be encapsulated successfully for a given encapsulation technique and same 

shell material to be used.  
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CHAPTER 6. Overall Conclusions and Future work 

Flavour/fragrance oils often required to be encapsulated into microcapsules/microspheres to 

maintain their functional properties and achieve controlled release for industrial applications.  

However, the microencapsulation of these materials is challenging since there are lacks of 

biodegradable microcapsules with desirable properties for various end-use applications, and 

simple, cheap and scalable encapsulation methods to fabricate high-quality microcapsules. 

Although spray drying is the most widely used encapsulation method in industry, this method 

can readily lead to the evaporation and/or deterioration of core ingredients. Other approaches 

(e.g., solvent evaporation, polymerisation and complex coacervation) often raised some 

concerns about either the safety of some shell polymers and their non-biodegradability or the 

resulting microcapsules from relatively safe materials do not possess all the desirable 

properties for a given industrial application. 

This project aimed at developing novel microencapsulation techniques for different flavours 

and fragrances using wax melt dispersion and gelatine-gum arabic coacervation followed by 

spray drying/coating respectively, and systematically charactering their physical, mechanical 

and structural properties, as well as exploring the impact of core oils on resulting microcapsule 

characteristics. In this chapter, the work that was conducted to meet these objectives in this 

PhD project is summarised and recommendations for future work are also given. 

6.1. Overall conclusions  

6.1.1. Fabrication and characterisation of wax microspheres by melt dispersion  

Natural waxes are biodegradable and exhibit good chemical and mechanical stability at 
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different pH and moisture levels. Due to their chemical compositions, they can readily 

encapsulate hydrophobic materials when waxes are at liquid phase under heating. The 

temperature required for melting wax is lower than that normally used for spray drying, which 

can effectively reduce the deterioration of core ingredients. Wax microspheres were prepared 

by a simple melt dispersion method due to its readily availability for large industrial scales and 

very low environmental impacts, using L-carvone and hexyl salicylate as model flavour and 

fragrance compounds. Three different types of waxes (i.e., carnauba wax, candelilla wax and 

beeswax) as well as different oil to wax ratios (i.e., 1:1, 1:5 and 1:10 wt/wt) were investigated. 

It was found that the highest encapsulation efficiency (83.7 ± 1.2%) was obtained from 

candelilla wax encapsulating hexyl salicylate at 1:1 oil to wax ratio, which is similar to the 

value previously reported by Milanovic et al. (2010) using carnauba wax encapsulating ethyl 

vanillin (86.5 ± 5.6%), and higher than the reported encapsulation efficiency (47 ± 11%) by 

Baiocco et al. (2021a) using fungal chitosan and gum arabic coacervates as shell materials. It 

is notable that the highest encapsulation efficiency of beeswax microspheres and carnauba 

wax microspheres are 75.7 ± 2.7% and 76.9 ± 2.1% respectively, which are similar to the 

result obtained from formaldehyde-based microcapsules (75%) (Long et al., 2009). 

Notwithstanding, the retention of L-carvone using each wax by melt dispersion was relatively 

low, with EE ranging from 15.3 ± 0.3 % for beeswax at 1:1 oil to wax ratio and < 1% for 

carnauba wax at all oil loadings, which could be resulted from the poor barrier property of 

wax for low molecule aromas as well as the evaporation of L-carvone due to the heating 

during preparation of microspheres. Due to the low payload of L-carvone within each type of 

wax microspheres, the core leakage tests were conducted only for wax microspheres 
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containing hexyl salicylate in a dry state, which did not show any significant leakage over 30 

days. The micromanipulation studies revealed that there was no typical rupture behaviour for 

wax microspheres under compression for the experimental conditions investigated. The 

Young’s modulus for each wax microspheres was determined by the Hertz model, ranging 

from 28.3 ± 1.4 to 40.2 ± 1.1 MPa for LC and 31.3 ± 0.9 to 41.3 ± 1.7 MPa for HS in beeswax 

microspheres, 59.3 ± 2.6 to 270.9 ± 7.5 MPa for LC and 47.6 ± 2.1 to 228.93 ± 7.76 MPa for 

HS in carnauba wax microspheres and 112.6 ± 2.8 to 390.7 ± 15.9 MPa for LC and 98.3 ± 2.7 

to 357.23 ± 9.43 MPa for HS in candelilla wax microspheres, which depended on the oil to 

wax ratios. Except beeswax microspheres, the Young’s modules values of the other 

microspheres can be similar to that of gelatine-gum arabic based microcapsules (287 ± 38 to 

390 ± 41 MPa) (Yu et al., 2021) and higher than that of chitosan/gum arabic microcapsules (95 

± 41 MPa) (Baiocco et al., 2023). The Young’s modulus of wax microspheres was also found 

to decrease with increasing of oil to wax ratios regardless of core oil types or wax types. Thus, 

depending on the end applications of wax microspheres, the desirable properties could be 

controlled by selecting a certain oil to wax ratio. Overall, although each type of wax 

microspheres did not give satisfactory EEs for the encapsulation of LC, the performances of 

HS laden wax microspheres looked promising. 

6.1.2. Fabrication and characterisation of flavour/fragrance microcapsules using 

complex coacervation followed by spray drying/coating  

L-carvone is highly volatile and was poorly encapsulated by waxes using the melt dispersion 

method. Baiocco et al. (2021b) fabricated L-carvone laden microcapsules based on the 

complex coacervation between fungal chitosan and gum arabic, and achieved 29 ± 4 % 



148 

 

encapsulation efficiency. Such coacervating system also demonstrated the feasibility of 

encapsulating another flavour oil limonene (Baiocco & Zhang, 2022) and fragrance oil hexyl 

salicylate (Baiocco et al., 2021a). However, this process based on coacervation of fungal 

chitosan and gum arabic still did not give satisfactory encapsulation efficiency of costly 

flavours and fragrances. Comparatively, gelatine is 1/5 cheaper than chitosan (Ji et al., 2020), 

and has good emulsifying and gelling properties. Gelatine-gum arabic coacervated 

microcapsules to encapsulate fish oil were reported to have high EE and good mechanical 

properties (Yu et al., 2021).  In the current project, gelatine-gum arabic coacervated 

microcapsules were prepared using complex coacervation followed by spray drying, with L-

carvone, limonene or hexyl salicylate encapsulated as a model flavour or fragrance oil. The 

influences of different types of core oil and further treatments including maltodextrin coating 

or glutaraldehyde crosslinking on size, morphology, payload, encapsulation efficiency and 

mechanical strength of the resulting microcapsules were investigated. It was observed that 

micro-size spherical microcapsules were obtained and they had polynuclear core-shell 

structure, with an average size of 10.7 ± 0.1 μm. The encapsulation efficiency ranged from 5.0 

± 0.4 to 89.0 ± 1.2% for different core oils and 21.1 ± 0.1 to 89.0 ± 1.2 % after the further 

treatments to freshly coacervated microcapsules. The highest EE of 89.0 ± 1.2 % was obtained 

for encapsulating hexyl salicylate with a harden process by glutaraldehyde crosslinking, which 

was higher than that of chitosan/gum arabic microcapsules (47 ± 11%) (Baiocco et al., 2021a) 

or formaldehyde-based microcapsules (75 %) (Long et al., 2009). However, L-carvone laden 

microcapsules exhibited a lower encapsulation efficiency of 5.0 ± 0.4%, compared to 29 ± 4 % 

EE of chitosan/gum arabic microcapsules (Baiocco et al., 2021b). The difference in EE might 
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be attributed to their differences in coacervation conditions including pH adopted interactions 

between the coacervate (fungal chitosan and gelatine) and the oil. Micromanipulation tests 

revealed that gelatine-gum arabic microcapsules exhibited typical rupture behaviours under 

compression. The rupture force increased with microcapsule diameter, with an average value 

of 2.0 ± 0.6 mN for the mean diameter of 14.4 ± 2.0 µm. The nominal rupture stress and 

toughness decreased with the increase of microcapsule size, and the nominal rupture tension 

was independent of diameter, which were consistent with chitosan-gum arabic based 

microcapsules (Baiocco et al., 2021a), gelatine-gum arabic based microcapsules (Yu et al., 

2021) and melamine formaldehyde-based microcapsules (Long et al., 2009). The apparent 

Young’s modulus of whole microcapsules was determined by the Hertz model. The mean 

Young’s modulus of GG-HS-GT was 668 ± 165 MPa, which was significantly higher than that 

of HS laden chitosan/gum arabic microcapsules (95 ± 14 MPa) (Baiocco et al., 2023). The 

intrinsic Young’s modulus of shell was determined by finite elements analysis and the mean 

value of GG-HS-GT was 6.2 ± 1.0 GPa (with the corresponding mean h/r of 0.132 ± 0.009), 

which was also significantly higher than that reported by Mercadé-Prieto et al. (2011) for 

melamine formaldehyde shell (1.6 ± 0.3 GPa), chitosan-gum arabic coacervated shell (1.0 ± 

0.1 GPa) reported by Baiocco et al. (2023) and glassy polymer shell (0.6 -1.8 GPa) reported 

by Yap et al. (2008), indicating gelatine and gum arabic coacervates crosslinked by 

glutaraldehyde had greater mechanical strength. Nevertheless, the ratio of the apparent 

Young’s modulus of the whole microcapsules to the intrinsic Young’s modulus of 

gelatine/gum arabic coacervate shell was 0.09 ± 0.02, which was statistically similar to the 

coefficient 0.085 ± 0.002 reported by Baiocco et al. (2023) for chitosan/gum arabic 
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coacervated capsules. Besides, the additional processing by either the maltodextrin coating or 

glutaraldehyde crosslinking significantly enhanced the mechanical strength of the 

microcapsule shell. The core oil also played an important role in affecting the mechanical 

properties of microcapsules.  

6.1.3. Impact of core oils on microcapsule morphology and encapsulation efficiency  

L-carvone and hexyl salicylate were encapsulated by either a wax melt dispersion systems or 

gelatine-gum arabic coacervating system. It was found that their encapsulation efficiencies and 

the corresponding microcapsules payloads varied significantly although they were prepared 

following the same experimental procedure and material formulations. The effect of core oil 

type on encapsulation efficiency was also reported for chitosan-gum arabic coacervated 

microcapsules and melamine-glutaraldehyde-formaldehyde microcapsules (Baiocco & Zhang, 

2022; Luo et al., 2022). In this work, the morphology and encapsulation efficiency of 

gelatine/gum arabic coacervated microcapsules with L-carvone, limonene, linalool, carvacrol, 

cinnamaldehyde or hexyl salicylate encapsulated as a core were investigated by combining the 

spreading coefficient and two component surface energy theory. Surface tensions of core oils, 

interfacial tensions between each core oil and aqueous phase, contact angles of cores and a 

standard reference liquid (diiodomethane) on flat surface of dry gelatine/gum arabic 

coacervates as well as contact angles of cores on the standard reference solid 

(polytetrafluoroethylene) surface were firstly measured. The equilibrium spreading coefficient 

configurations of the three phases (oil phase, aqueous phase and gelatine/gum arabic 

coacervated polymer) for each oil were then calculated which were compared with the 

corresponding experimental morphologies. It was found that the thermodynamic spreading 
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coefficients theory did not give an exactly accurate prediction of capsule morphology using 

gelatine and gum arabic coacervates as shell. The discrepancy between the predicted and 

experimental morphologies may be attributed to the high molecular weight biopolymers 

(gelatine and gum arabic) used in this work, and consequently the thermodynamic equilibrium 

was difficult to be realised due to the decreased mobility of GA and GE complexed molecules 

upon interaction bonding. Nevertheless, the morphology predictions for different oil 

microcapsules are holistically consistent with their encapsulation efficiency. The 

microcapsules with the predicted core-shell morphology had relatively high values of 

experimental EE (HS at 46.61%, CD at 18.11%), while the microcapsules with the predicted 

dissociation morphology had the lowest value of EE (LL at 2.64%), and those with the 

predicted acorn morphology capsules had the EE in between (LC at 5.35%, LM at 18.68% and 

CV at 5.77%), supporting the feasibility of using the spreading coefficients theory to evaluate 

capsule morphology. In addition, it was found that the encapsulation efficiency increased with 

the decreasing surface polarity of the core oil holistically. The core oils with high surface 

polarity are relatively hydrophilic and the affinity between these oils and aqueous phase can 

lead to higher oil solubility in the aqueous phase. This, in turn, speeds up the migration of the 

oil molecules to the aqueous phase, ultimately resulting in low encapsulation efficiency. In 

contrast, core oils with lower surface polarity result in relatively higher interfacial tensions 

with polar aqueous phase, and the complete engulfing of the core oil by the coacervate phase 

is thermodynamically favourable to reduce the total free energy in the system. Overall, the 

effects of both the thermodynamic spreading coefficients theory and the surface polarity of 

each core oil on the formed microcapsule morphology and encapsulation efficiency are all 
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important, and should be simultaneously taken into consideration to determine whether 

different oils can be encapsulated successfully using a given encapsulation technique and same 

shell material. 

6.2. Future work 

Wax microspheres or gelatine-gum arabic coacervated microcapsules exhibited high 

encapsulation efficiency and strong mechanical properties compared to chitosan/gum arabic or 

formaldehyde-based microcapsules when encapsulating hexyl salicylate. Nevertheless, the 

encapsulation of L-carvone by either wax melt dispersion systems or gelatine-gum arabic 

coacervating system had relatively low encapsulation efficiency. Since FTIR results elucidated 

there was no chemical interactions between L-carvone molecules and GE/GA complexes or 

waxes molecules, this phenomenon can be attributed to the physical properties (e.g., volatility, 

chemical structure, molecular weight, solubility in water) of L-carvone or the poor barrier 

properties of waxes and gelatine/gum arabic coacervates for the small molecule compounds.  

Seeing the promising results obtained with β-cyclodextrin (Partanen et al., 2002), it may be 

helpful to initially form the complexes of L-carvone in β-cyclodextrin, and subsequently 

encapsulated them within waxes or gelatine/gum arabic coacervates, where the complexes will 

have a decreased mobility, and ultimately an improved retention of L-carvone molecules. It 

was also highlighted in Chapter 4 that adding an extra layer of maltodextrin (MD, DE16.5–

19.5) coating significantly enhanced the encapsulation efficiency of hexyl salicylate from 21.1 

± 0.1 to 54.0 ± 2.0 %. Besides, improved encapsulation efficiency and lower particle porosity 

were also reported using starch (tapioca starch) as a filler for the encapsulation of essential oil 

(Cortés-Camargo et al., 2023; Lozano-Vazquez et al., 2015). Therefore, treatments including 
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an initial molecular inclusion of L-carvone by cyclodextrin and/or further layer-by-layer 

coating to the freshly fabricated wax microspheres or gelatine/gum arabic microcapsules using 

water soluble biopolymer (e.g., maltodextrin, pectin, starch derivatives, tamarind seed 

mucilage) could have a good potential to improve the encapsulation efficiency for L-carvone.  

Baiocco et al. (2021b) reported an encapsulation efficiency of 29 ± 4 % for L-carvone using 

fungal chitosan and gum arabic coacervates, which was higher than the reported encapsulation 

efficiency (5.0 ± 0.4 %) using gelatine and gum arabic coacervates as shell. Gelatine used in 

this work has a molecule weight of 500 kDa, compared to the fungal chitosan (150 kDa) used 

in the work of Baiocco et al. (2021b). The results indicated that the lower molecule weight of 

wall material can be more efficient when encapsulating small molecule core material (L-

carvone, 150.22 g/mol; hexyl salicylate, 222.28 g/mol). If this speculation can be validated, 

other polymers (including gelatine (Kim et al., 2021), pea proteins (Archut et al., 2023), soy 

proteins (Nishinari et al., 2014), lentil (Saricaoglu, 2020) or wheat proteins (Voci et al., 2021)) 

of low molecule weight can be used as wall material in order to improve the encapsulation 

efficiency of L-carvone.  

Besides, for each type of wax microspheres, the oil encapsulation efficiency and payload were 

found to increase with the increasing of oil weight ratios, further investigation about the 

molecular structural binding between oil and wax after crystallisation might offer an insight to 

understand the encapsulation mechanism of these oils using matrix carriers. In addition, the 

relation between the Young’s model of each type of wax microspheres and their payloads was 

investigated based on a proposed equation using the lg values of normalised Young’s modulus 

and lg payload. However, the experimental samples were limited in numbers, further 
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investigation including more wax or oil types, more sets of oil to wax ratios, should be 

undertaken to validate the dependency of Young’s modulus on payload. Also, wax 

microspheres were characterised, and they showed good barrier properties for HS during 

storage. It would also be helpful to carry out the release tests for HS laden wax microspheres 

in aqueous medium. Additional studies addressing both the storage stability and the release 

profiles of core oil from GE/GE coacervate in an aqueous medium would be useful to 

investigate the quality and performance of these microcapsules for such end-use applications.   

Finally, although the equilibrium spreading coefficient configurations of the three phases (oil 

phase, aqueous phase and gelatine/gum arabic coacervated polymer) calculated for each oil 

did not give an exactly accurate evaluation of the resulting microcapsule morphology, the 

predicted morphologies for different oil microcapsules were holistically consistent with their 

encapsulation efficiency. Hofmeister et al. (2015) mixed a pinene (low surface polarity) with 

β-damascone or ionone at 1:1 (weight ratio) respectively, and found the encapsulation 

efficiency of β-damascone was increased from 57 to 80% and that of ionone from 46 to 69%. 

A similar approach can be taken by introducing a mediator to the core oil, which can either 

decrease the surface polarity of core oil or alternatively maintain a relatively high positive 

value of polymer spreading coefficient to confirm the general applicability of the theories 

reported in Chapter 5. In addition, the investigation of core oil impact on microcapsule 

morphology and encapsulation efficiency by combining the spreading coefficient and two 

component surface energy theories focused on only gum arabic and gelatine coacervating 

system, future works including synthetic polymers (e.g. melamine formaldehyde) as a shell 

prepared by polymerisation, chitosan/gum arabic polymers prepared by complex coacervation 
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as well as wax systems by melt dispersion can be utilised to examine the applicability of this 

evaluation with different wall material chemistries. Core oils (including functional oils, 

vegetable oils) apart from flavour/fragrance oils can also be tested for their influences on 

microcapsules characteristics. It was also notable that the encapsulation efficiency of hexyl 

salicylate using gelatine/gum arabic (89.0 ± 1.2%) as wall material was higher than that of 

chitosan/gum arabic coacervate shell (47 ± 11%) (Baiocco et al., 2021a), suggesting a higher 

retention efficiency of HS by gelatine/gum arabic coacervate molecules, even gelatine has a 

higher molecule weight than fungal chitosan and theoretically diffuse more slowly than the 

latter. Exploring the kinetic impact, including the underlying mechanism governing the 

retention of core molecules by polymer molecules of varying sizes with different diffusion 

rates, would be valuable in understanding the influence of polymers on microcapsule 

morphology and encapsulation efficiency. It would be useful to further investigate the kinetic 

influence of polymer molecules with different molecular weights on the resultant 

microcapsule morphology and encapsulation efficiency, including the mechanism underlying 

the retention of core molecules by the polymers. 
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Appendix A. UV calibration curves of core oils in solvents   

 

Figure A-1. UV calibration curve of HS in 36% 1-Prapanol 

 

 

Figure A-2. UV calibration curve with LC in ethanol 
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Appendix B. GC calibration curves of LC and LM in ethanol 

 

Figure B-1. GC calibration curve with LC in ethanol 

 

 

Figure B-2. GC calibration curve with LM in ethanol 
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Appendix C. GC temperature programs  

Table C-1. GC temperature programs for each oil. 

Core oil LM LC LL CV CD 

Initial 

temperature (°

C) 

50 100 70 100 100 

Temperature 

increasing rate  

(°C/min) 
10 10 10 10 10 

Holding 

temperature (°

C) 

180 230 200 240 235 

Holding time 

(min) 
2 5 2 5 10 

Temperature 

increasing rate 

(°C/min) 

5 10 5 5 10 

Holding 

temperature 

(°C) 

200 240 220 245 245 

Holding time 

(min) 
1 1 1 2 2 

Detector 

temperature 

(min) 

250 250 250 250 250 
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Appendix D. GC calibration curves of reference oils in solvents  

 
Figure D-1. GC calibration curve with LL in ethanol 

 

 

Figure D-2. GC calibration curve with CV in Hexane 
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Figure D-3. GC calibration curve with CD in Hexane 
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