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Abstract 

 

 

Microencapsulation is a highly effective technology to deliver value-added actives at end-use 

applications, such as in food, personal care, and detergent products. The goal of the present 

research was to develop a novel microencapsulation system to encapsulate perfume/flavour 

oils by complex coacervation using plant-based biopolymers. Complex coacervation entails the 

electrostatic interplay between pairs of polymers carrying opposite charges. Specifically, this 

research was aimed towards: (i) investigating the feasibility and the experimental conditions 

required to induce complex coacervation between fungal chitosan (fCh) and gum Arabic (GA); 

(ii) determining the optimum fabrication conditions of fCh-GA complexes including pH and 

the weight ratio of GA-to-fCh based on their electrokinetic charge and turbidimetric analysis; 

(iii) developing methodologies for encapsulating  perfumes (i.e. hexylsalicylate) and food 

flavour (i.e. L-carvone) oils within a safe fCh-GA shell via complex coacervation; (iv) 

understanding the physico-chemical, structural, surface topographic, mechanical, and barrier 

properties of the resulting plant-based microcapsules using several analytical techniques, such 

as scanning (SEM) and transmission electron microscopy (TEM), micromanipulation, UV-

Visible spectrometer, and Fourier-transform infrared spectroscopy (FT-IR).  The electrokinetic 

analysis of fCh and GA revealed that complex coacervation was optimised at a GA-to-fCh 

weight ratio approximately equal to 7:1. The interactions of the biopolymer pair was examined 

as a function of pH (1.0~8.0), which enabled to identify their complex coacervation comfort 

zone (CCCZ) as well as critical turbidity zone (CTZ). The optimised pH was 3.4, which 

triggered the strongest electrostatic attraction between fCh and GA. The stability of oil-in-water 

emulsions was investigated via interfacial tension analysis, which included the use of sorbitan 

esters (Spans), polysorbates (Tweens), and their combined adducts as the stabilising agents. 

Under the above conditions, microcapsules with a plant-based shell and a core of value-added 

oil were produced. Elongated as well as spherically shaped microcapsules could be fabricated 

conditionally upon the stirring rate during coacervation. Surface topography by SEM revealed 

well sealed microcapsules with a core of oil. The mechanical properties of microcapsules were 

determined via a micromanipulation technique.  



The rupture force and nominal rupture stress of perfume oil microcapsules were 2.0±0.1 mN 

and 3.6±0.3 MPa, respectively, which are comparable to those of commercially available 

melamine formaldehyde (MF) based microcapsules. In-depth shell thickness analysis on the 

resulting microcapsules was performed by TEM. The results were used to validate the predicted 

shell thickness of microcapsules using experimental micromanipulation data combined with 

the simulation results of finite element analysis (FEA), which also enabled to quantify the 

intrinsic material property parameter (i.e. Young’s modulus of the shell material). The oil 

leakage tests were carried out to assess the barrier properties of the microcapsules. 

Furthermore, the oil leakage data were fitted to a solute-diffusion model, which allowed to 

estimate the shell permeability.  

As a further step towards developing highly versatile cutting-edge microencapsulation systems 

with a potential application in food industry as well, several formulation modifications were 

made to encapsulate L-carvone. The introduction of a two-stage microencapsulation process 

(i.e. complex coacervation followed by spray drying) allowed to achieve food grade free-

flowing powders with a load of L-carvone, which proved stable for over a month.  

Overall, the results evidenced that perfume/flavour oil microcapsules within a safe plant-based 

shell could be fabricated via complex coacervation. Moreover, the fCh-GA system has shown 

to be a promising carrier for the encapsulation of fragrance/flavour ingredients, which presents 

a new opportunity to globally overcome cultural and religious concerns associated with animal 

sourced products. 
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Chapter 1 Introduction 

With rising consumer awareness, market trends are shifting towards functionalised fast-moving 

consumer goods (FMCG), such as health-promoting bioactives in foods and long-lasting 

fragrances in detergent products [1, 2]. In recent years, there has been a growing need to deliver 

functional actives onto solid surfaces [3]. Therefore, these actives are being incorporated into 

many FMCG [4]. Among all, a broad range of readily available products from personal and 

health care, household and cleaning products [5] to nutraceuticals and pharmaceuticals have 

been targeted [4, 6]. Specifically, the sustained release of functional actives at end-use 

applications has drawn more and more attention over the years, with particular emphasis on 

perfume molecules onto fabrics to aid the consumer perception of cleanliness and freshness, as 

well as encouraging consumer to repeat purchase [4, 7]. Similarly, flavours have become 

popular in food products as well, which has enhanced consumers’ food experience [3]. 

However, fragrances are volatile organic compounds (VOCs) which may be thermally sensitive 

and/or chemically reactive [8]. Thus, they are prone to evaporating during storage and/or react 

with other formulated ingredients, if incorporated into a formulated product as such [9]. 

Moreover, fragrances may be highly susceptible to variations in the pH and temperature, as 

well as external factors including light, oxygen, and airborne pollutants [10, 11]. Therefore, 

strategies to inhibit fragrance evaporation and chemical degradation in formulated products are 

desirable, leading to a reduced amount of costly fragrances required in the product. Therefore, 

this would reduce the overall cost of manufacture, as well as enhancing the consumer 

experience, thereby generating an increasing revenue. To this end, microencapsulation, first 

pioneered by Bungenberg de Jong [12], has been used to encapsulate value-added actives, 

including VOCs. Interestingly, microencapsulation can suppress the volatility of VOCs in 

formulated products, as well as partitioning VOCs from the rest of the formulation, hence 

reducing cross-reactivity with other formulated ingredients [3]. 



2 Introduction 

 

Ghosh [13] has outlined the rationale behind microencapsulation, which consists in the process 

of entrapping micro-scaled solid materials or liquid droplets or gas within an inert wall which 

segregates the active load from the external environment. Therefore, microencapsulation has 

enabled a dramatic reduction of the active required in product formulation, with particular 

emphasis on perfume and flavour oils at laundry [14] and food [15] end-use applications, 

respectively. In addition, this has also enhanced the shelf-life of the resulting detergent/food 

products [16]. At laundry applications, the microcapsules entrapping the perfume oil act as 

delivery vehicles, by physically attaching themselves to fabrics during a wash cycle [17]. Such 

microcapsules in a dry state are designed not to release the perfume until external mechanical 

action breaks them, e.g. caressing clothing, wearing of a garment or running fingers through 

fabrics, which thus results in a much enhanced customer experience of long-lasting cleanliness 

and freshness up to days post-wash [18].  

 

Similarly, food microcapsules can rupture upon chewing, thereby leading to consumers’ 

enhanced taste experience [3]. Alternatively, they can provide food products with higher 

stability when exposed to adverse conditions. Food and nutraceutical microcapsules can 

preserve temperature and pH-sensitive compounds [19], such as probiotics, enzymes and 

essential oils, to reach the lower gastrointestinal tract undamaged, which is crucial to exert their 

health-promoting effects [20]. Notably, microcapsules’ effectiveness is conditional upon the 

nature of the shell, as well as its physical and mechanical properties to inhibit undesired active 

leakage [17]. Accordingly, the selection of the shell precursor materials is strictly related to the 

desired end-use applications of the microcapsules [21].  

 

Academic as well as industrial research has evidenced that many polymers have been employed 

as shell materials depending on their physico-chemical properties to form engineered 

microcapsules with an active load [22]. Reported shell materials have included urea 

formaldehyde [23, 24], melamine formaldehyde [25-28], polyurea [5, 29], polyamide [30], 

poly(methyl methacrylate) [31], and polyvinyl-polyacrylate [32]. The aforementioned 
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materials are fairly inexpensive and have proven effective in a significant number of detergent 

products [6, 33-35]. However, environmental, health & safety (EHS) regulations against the 

use of synthetic polymers as the microcapsule shells have arisen recently, which contribute to 

the accumulation of persistent microplastics in the environment. Moreover, formaldehyde has 

become an important object of concern due to its multiple drawbacks including carcinogenic 

effects [36, 37], poor indoor air quality [38], and negative environmental impact once released, 

although still within the legal limit [39].  

 

Alternative coating materials, such as polysulfone [40], polyurethanes-urea [5], and polyesters 

[41] have proven thermally stable, as well as promising mechanical properties [42], which may 

thus have a potential for detergent/textile industry [40]. However, outstanding concerns around 

their safety and suitability at a large-scale have recently arisen [43]. Specifically, the high cost 

of raw materials and their processing [44], their non-biodegradability, as well as the content of 

respiratory-toxic and/or asthma-inducing isocyanates have drastically reduced their potential 

[45]. For this reason, innovative hazard-free materials as potential shell materials for the 

encapsulation of perfumes/fragrances are eagerly being sought.  

 

When dealing with the food industry, gelatine as a shell material has largely dominated the 

scene over the last decades owing to its unique physico-mechanical properties [46-48]. 

Although gelatine has been recognised as one of the best performing encapsulating materials 

in food industry, hence leading to pretty strong microcapsules [15, 49, 50], serious consumer 

alerts around the safety of animal-sourced products, dietary habits, religious restrictions, and 

personal beliefs have emerged worldwide [51]. These shortcomings dramatically limit the 

portion of individuals to potentially benefit from these products due to the animal-derived 

ingredients. Therefore, great efforts have been launched to cut out animal derivatives (e.g. 

chitosan from the hard outer skeleton of shellfish, including crab, lobster, and shrimp ) [52-54] 

in favour of plant-based alternatives as encapsulating materials [9]. To date, very little has been 
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reported on this topic, and no plant-based ingredients for microencapsulation have exhibited 

desirable properties and performance comparable to animal-sourced materials [9, 55].  

 

As a step towards all-in-one tackling the EHS and the non-biodegradability issues associated 

with formaldehyde and other microplastic-releasing synthetic polymers, as well as complying 

with the recently enforced regulations on food safety against animal-based ingredients (e.g. 

pathogenesis of prion disease) [56], and fulfilling personal and religious beliefs (e.g. 

vegetarianism and veganism), pioneering attempts have been undertaken in order to develop 

safe and animal-free microcapsules with desirable properties at least comparable to those of 

their animal-based competitors [9]. Among all the microencapsulation techniques, complex 

coacervation has proven relatively time effective and suitable for emulsified fragrance oil 

droplets to get encapsulated into a biopolymeric shell [15, 57]. In addition, complex 

coacervation may produce microcapsules with promisingly high payloads, and remarkable 

mechanical properties [58].  

 

Coacervation is one of the most preferred methodologies for microencapsulation of 

hydrophobic ingredients such as inks, flavour and perfume oils [6]. This dates back to the fifties 

following the introduction of ink-loaded microcapsules via coacervation for carbonless copy 

paper. Interestingly, this method was first proven suitable for laboratory production, and 

feasible for a systematic industrial scale-up [59]. However, scale-up of complex coacervation 

driven systems is typically not trivial as both microcapsules morphology and size are greatly 

affected by the processing conditions. The turbulence level is often referred to as the key scale-

up criterium to affect the level of production scale, and its control is imperative to avoid 

aggregation or clustering among microcapsules [60]. Additionally, industrial manufacturing 

criteria face high capital and production costs, which makes industrial scale-up extremely 

challenging. Therefore, a technoeconomic process analyses of industrial scale 

microencapsulation should be conducted carefully [61].  
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1.1 Aims and Objectives of the Research Project 

Based on the above, the primary focus of this research was on the feasibility of encapsulating 

key fragrance ingredients with a potential for detergent (e.g. hexylsalicylate) and food industry 

(e.g. L-carvone) via complex coacervation, utilising safe plant-based biopolymers as the shell 

precursors (i.e. fungal chitosan and gum Arabic). Formulation and microcapsule fabrication 

conditions (e.g. weight ratio between the biopolymers and pH) were investigated by 

electrokinetic and turbidimetric analyses of the biopolymers. Accordingly, a comprehensive 

characterisation of the resulting plant-based microcapsules was performed for an in-depth 

understanding of their structural, surface topographic, mechanical, barrier, and adhesion 

properties.  

 

More specifically, the goal of this work was to assess whether plant-based microcapsules could 

be fabricated with desirable mechanical, barrier and surface properties, possibly comparable to 

those of commercially available ones (e.g. melamine-formaldehyde). To this end, 

characterisation of the mechanistic properties (i.e. rupture force, nominal rupture stress, 

displacement at rupture, and Young’s modulus) of plant-based microcapsules with a potential 

for detergent industry is vital.  Microcapsules for such applications need to be sufficiently 

strong to withstand washing and drying cycles, and capable of fracture to release the fragrance 

on-demand [6]. Similarly, food microcapsules should either rupture on chewing or stay intact 

to reach the inner gut, conditionally upon their end-use applications. However, no report on the 

mechanical properties of plant-based microcapsules has been made available in the public 

domain so far, where only synthetic polymer systems [25, 31, 62], or food formulation of an 

animal origin [63] have been addressed. In addition, understanding of the surface topographic 

and shell thickness of fungal chitosan derived microcapsules or quantification of their barrier 

properties is completely lacking.  
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Therefore, an important aspect of research presented in the present thesis aims to determinate 

the mechanical property parameters (i.e. rupture force and the displacement at rupture) of the 

resulting plant-based microcapsules, which were determined via a micromanipulation 

technique [64, 65]. In addition, the intrinsic material parameter (i.e.  Young’s modulus) and 

the shell-to-radius ratio of microcapsules were determined via the implementation of a model 

resulting from finite element analysis (FEA) by Mercadé-Prieto et al. [17a, 66], which had 

never been utilised on plant-based microcapsules before [18].  

 

Furthermore, an experimental methodology combined with mathematical modelling [16b] has 

enabled to quantify the barrier properties of the resulting  microcapsules. The shell permeability 

of model oils (e.g.  hexylsalicylate and L-carvone) into specific receptor media from plant-

based microcapsules was thus estimated, which had not been hitherto reported in literature. 

Overall, versatile plant-based microcapsules may contribute to a step change towards the next 

generation of microcapsules, which have an innovation potential at end-use applications of 

multiple bespoke industrial sectors [67]. 

 

1.2 Thesis Overview 

A summary of this thesis is outlined as follows:  

 

Chapter 2 provides a fundamental literature review on microcapsules and their applications. 

An overview on the main microencapsulation processes is included. Several characterisation 

techniques are also reviewed. Readily available models for the quantification of the intrinsic 

material property parameters of microcapsules, such as the elasticity modulus, are presented. 

A brief survey on the mechanism of deposition, adhesion, and retention of microcapsules onto 

model fabric surfaces at potential end-use applications is also conducted.  
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Chapter 3 introduces the materials, equipment tools, and devices used for the synthesis and 

characterisation of microcapsules. The experimental protocols including the relevant technical 

background, and processing conditions are also described.  

 

Chapter 4 focuses on investigating complex coacervation under different experimental 

conditions. The feasibility of fabricating fungal chitosan – gum Arabic complexes is defined 

based on pH, zeta potential, turbidity, and electrokinetic considerations. Data analysis has 

helped to determine the key process conditions, which has led to a comprehensive 

understanding of the process. Novel concepts of pH-dependent Complex Coacervation 

Comfort zone (CCCZ) and Critical Turbidity zone (CTZ) are herein introduced, and utilised. 

Besides, interfacial tension and optical density studies towards producing stable emulsions 

suitable for the coacervation process are presented. 

 

Chapter 5 describes the fabrication of animal-free perfume oil (hexylsalicylate) microcapsules 

with a potential for detergent industry using a safe biopolymeric pair (i.e. fungal chitosan and 

gum Arabic). Both experimental procedures and conditions are detailed. The physico-

chemical, structural, surface topographic, barrier, and mechanical properties characterised 

from the resulting microcapsules were characterised and are extensively discussed. This 

chapter also gives an insight into the adhesion properties between plant-based perfume 

microcapsules and model fabric films using a microfluidic flow chamber technique. 

 

Chapter 6 investigates the feasibility of adapting the encapsulation process previously 

developed to food-grade systems. Since such technology initially failed to produce acceptable 

microcapsules with a content of peppermint oil (L-carvone), the formulation was modified, and 

a two-stage procedure (i.e. complex coacervation followed by spray drying) was adopted. An 

extensive characterisation of two-stage microcapsules made from safe ingredients (i.e. fungal 
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chitosan, gum Arabic, and maltodextrin) is presented, with particular emphasis on the 

morphology of the microcapsules and their barrier properties. A micromanipulation technique 

was employed to determine their mechanical properties. Moreover, a fluorescence-sensing 

method was utilised to assess the effective presence of peppermint oil within the microcapsule 

shell. 

 

Chapter 7 goes further by determining the intrinsic material properties of fungal chitosan and 

gum Arabic based microcapsules. The compression data of individual microcapsules were 

fitted to models in order to evaluate their Young’s modulus. Specifically, the Hertz model and 

a Finite Element Analysis were employed independently. Interestingly, the results highlighted 

a strong relationship between the two Young’s moduli which led to a new correlation. 

Moreover, these results led far beyond to establish a theoretical relationship between the two 

models, which is reported herein. Moreover, additional investigation on the barrier properties, 

such as shell permeability, was conducted via an experimental methodology combined with 

mathematical modelling. 

 

Chapter 8 outlines the key findings and the overall conclusions of this project, followed by 

recommendations towards new horizons and potential future explorations.  
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Chapter 2 Literature Review 

 

2.1 Introduction 

In this chapter, literature on microencapsulation technologies, their experimental 

methodologies, and related theoretical frameworks and modelling are presented herein. The 

end-use applications of microcapsules in industry are also outlined. The overall literature 

survey consists of six main sections. In the first area, an introductory overview on 

microcapsules and their typical structural configurations are provided. The second section deals 

with the most relevant industrial applications of microcapsules with potential connections with 

this project. In the third section, a concise up-to-date summary on the available 

microencapsulation technologies for flavour microcapsules is given, with particular emphasis 

on complex coacervation. The fourth section provides a quick-take overview of emulsion and 

emulsification, with attention to homogenisation. In the fifth section, a brief introduction to the 

shell materials preferred in industry is provided, with great focus on safe animal-free 

alternatives, such as fungal chitosan. The last section pertains to the experimental methods and 

analytical techniques to characterise microcapsules. Several theoretical models to determine 

barrier, intrinsic material, and adhesion properties of the microcapsules are reviewed.   
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2.2 Microencapsulation 

2.2.1 Overview 

Microencapsulation is the technology to entrap micron-sized solid materials [68] or liquid 

droplets [69] or gas [70] within an inert shell consisting of natural [3, 71] or synthetic materials 

[72], which is apt to segregate as well as preserve the active load from adverse conditions [3, 

13]. Although microencapsulation was originally developed to produce carbonless copying 

paper (CCP) systems during the first half of the twentieth century [59], it has been applied to 

several industrial areas over the years [73]. Different microencapsulation technologies have 

been employed for the encapsulation of living mammalian cells [74] and enzymatic 

formulations [75], with particular focus on their pharmaceutical/biomedical use [76]. Similarly, 

microencapsulation has played a proactive role to preserve value-added flavours in food 

products [77], including essential oils [78] and vitamins [79]. Alternatively, 

microencapsulation has helped masking undesirable off-flavours in nutraceutical/dietary 

supplements [80], which are frequently due to bitter-tasting flavonoids, such as quercetin [81]. 

Furthermore, microcapsules may act as protective and delivery vehicles of liquid bioactives 

within solid shells [82], which can be handled more safely and functionally  than using the 

liquid ingredients as such [83]. This also facilitates the deposition of functional actives onto 

the required site-specific solid surface, such as fabrics [84], plants [85], biomedical substrates 

[86], and edible films [87]. Overall, when compared to their liquid form, multiple benefits 

associated with encapsulated actives have been evidenced [3]. These advantages include 

chemical inertness [13] via segregation of chemically reactive compounds [3, 88], enhanced 

storage stability [31] and protection of the encapsulated active ingredient against adverse 

environmental conditions [83], sustained release at end-use applications [21], masking 

unpleasant tastes/odours [89], as well as facilitation in handling [33], dispensability [90], 

dispersibility [91], free flowability [92], and suspensibility [13]. 
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2.2.2 Microcapsules 

Intense endeavours towards developing suitable microencapsulation systems have been 

undertaken over the past years. Several techniques have been developed to assure that valued-

added actives can be effectively preserved during all stages of manufacturing products [40]. 

One methodology is to entrap active substances firmly within a shell, hence forming a 

microcapsule. Microcapsules can occur with different structures and mechanical properties, 

conditionally upon their intended end use [93]. The active substance is the core material, 

whereas the encapsulating material is the shell, which is the backbone of the microcapsule [94]. 

The material to be encapsulated is often referred to as the core, load, fill, active, kernel or 

internal phase, while the shell is the wall, encapsulant, carrier, membrane, coating or shield. 

The shell can be single-layered or an arrangement of multiple layers, where each layer may 

have a different composition [95]. Shell materials determine the structural scaffolding of the 

microcapsules, hence are responsible for the storage stability and chemical inertness of the 

core. The formation of a microcapsule strictly depends on the amount of both core and shell 

materials, which is referred to as core-to-shell ratio [96]. The appropriate core-to-shell ratio is 

crucial to determining the shell thickness, which in turn affects the sustained release of the 

microcapsule and its end-use performance [97]. High core-to-shell ratios may result in 

undesirable active leakage from the microcapsules, thus a reduced shelf life. In contrast, 

excessively low core-to-shell ratios may involve excess encapsulating materials, hence extra 

costs, which is commercially not appealing [98]. Therefore, an optimum core-to-shell ratio is 

desirable in order to fabricate microcapsules with specific structural, barrier, and mechanical 

properties [99]. Microcapsules can be categorised based on their size and/or configuration. 

Generally, microcapsules range between a few micrometres (≥ 1 µm) and one millimetre (≤ 

1000 µm) [100]. In a simplistic approach, they can be divided into four classes: (i) core-shell 

(also reservoir/single-core), (ii) multiple-core, (iii) matrix-type, and (iv) multiple-shell. 

Accordingly, core-shell structures (Figure 2.1A) possess a lone reservoir chamber within the 

shell whose thickness depends on the methodology and processing conditions [101]. Multiple-

core microcapsules exhibit several cores possibly with variable size [93]. Matrix-type 

microcapsules (Figure 2.1B) have infinitesimal hearts of active integrated within the 
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microcapsule network/shell [102]. Multiple-shell microcapsules exhibit a combination of 

concentric shells usually made up of different ingredients [21]. Figure 2.2 displays the most 

common microcapsule configurations.  

 

 

 

 

Figure 2.1– 3D-Configuration of a core-shell (A) and active matrix-integrated microcapsule 

(B). 

 

 

Active 

Shell A B 
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Figure 2.2– Different types of microcapsules: reservoir-type (A), multiple core (B), matrix-

type (C), and multiple-shell microcapsule (D). Adapted from  Trojanowska et al. [103], 

Jurkowska and Szczygieł [104] and Shishir et al. [105]. 

 

 

 

2.2.3 End-use Applications of Microcapsules 

Microcapsules with a core of chromogenic material were first employed in pressure-activated 

carbonless copying paper in early 1950s. Specifically, dye microcapsules were designed to 

fracture, as well as triggering a chromogenic reaction with the paper substrate below when 

pressure upon writing/typing was exerted onto, resulting in a permanent coloured mark [106]. 

From that time onwards, noteworthy efforts have been undertaken towards developing medical 

and non-medical microcapsules with potential end-use applications. Over the years, industries 

have shown strong interests in microcapsules owing to their unique characteristics, which have 

A B 

C D 
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led to extended storage stability of many products, thereby facilitating their marketability. 

Specifically, microcapsules have found extensive applications in pharmaceuticals [107] with 

antimicrobial activities [108] or for diabetes treatment [109]. Biotechnology industry has 

employed microcapsules for controlled delivery of specific proteins and DNA-targeting 

vaccines to enhance the immunogenicity of certain individuals [110]. When dealing with 

agrochemical applications, pesticide-loaded microcapsules have been formulated to minimise 

the quantity of insecticide required [111]. In addition, pesticides have also been encapsulated 

within biodegradable carriers to develop environmentally safer products [112]. Pertaining to 

food industry, many flavours, essential oils, vitamins, and probiotic agents have been 

encapsulated to formulate fortified edibles [113], and controlled-release agents for cooking or 

baking [7]. Microcapsules have also gained interest in cosmetics and personal care products 

[8]. They have enabled many chemo/thermo-sensitive bioactives from a natural source to stay 

stable for an extended timeframe [114]. Other uses of microcapsules have included functional 

coating and spray-painting with the encapsulation of inorganic substances acting as pigments 

[115]. Furthermore, self-healing systems in construction industry, such as surface varnishing 

and corrosion-protection materials have relied on microencapsulation techniques [116, 117].  

  

2.2.4 Fragrance Ingredients in Industry 

Nowadays, many key ingredients in detergent as well as food industry are being delivered by 

microencapsulation [118]. Fabric detergents and conditioners are enriched with perfume oils, 

which consist of a complex blend of functional chemicals, such as aldehydes, ketones, ethers, 

and aliphatic hydrocarbons [119]. Similarly, fortified nutraceuticals and edibles enriched with 

essential oils are manufactured to include dietary supplements and delightful aromas, 

respectively. Essential oils are chemically constituted by esters, alcohols, terpenes, amines, 

ketones and aldehydes [120]. Therefore, these chemicals are responsible for the occurring 

fragrance, which is commercially attractive, thereby encouraging end-use consumers to repeat 

purchase [7]. However, perfumes, scents, aromas, and flavours are typically the costliest  

materials in laundry detergents [121], and food formulations [122] respectively. Therefore, 
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there is a growing need to minimise any waste/loss of fragrances, while promoting their 

delivery. Generally, massive losses of volatile fragrances are experienced during 

manufacturing, storage, freight, and handling prior to being purchased [123]. Fragrance losses 

may be due to natural evaporation and oxidative reactions, side interactions with exogenous 

ingredients contained in the formulation, as well as adverse environmental conditions (i.e. 

oxygen, UV light exposure, humidity, and sudden pH variations) [2, 11]. The key fragrance 

loss factors are summarised in Figure 2.3. 

   

 

Figure 2.3– Independent factors likely to provoke depletion/loss of the fragrance during the 

production chain. 

 

2.2.5 Perfume Molecules 

Liquid perfumes may be washed off promptly upon contacting aqueous surfactant-rich media 

during a washing cycle [87]. Besides, they may quickly evaporate during cloth drying, leading 

to no perfume impregnation onto the fabric fibres [88]. Therefore, hydrophobic perfume oils 
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are typically retained by microcapsules, which are added to functional laundry garments, 

detergents, and conditioners [31, 89-92].  Microcapsules for such applications typically possess 

a core-shell structure [93, 94], as displayed in Figure 2.1A and Figure 2.4A-B. They can be 

fabricated by dispersing and then emulsifying perfume oils to generate small droplets to be 

coated by a shell (Figure 2.4C). The shell provides the scaffolding of the whole microcapsule 

and is responsible for its structure, integrity, and mechanical properties [95]. 

 

 

 

Figure 2.4– SEM micrographs of core-shell perfume microcapsules. Foreground image of a 

self-isolated microcapsule (A); poly-dispersed formation of microcapsules (B); cross-sectional 

image of the shell thickness [40]. 

  

 

Melamine-formaldehyde (MF) has long been a preferred shell precursor to produce perfume 

microcapsules [26]. Oil-in-water (o/w) emulsion droplets need to be followed by in-situ 

polymerisation of MF pre-condensate, which occurs at the oil droplet interface, hence forming 

the microcapsules [124]. It is imperative to achieve stable (non-coalescing) oil droplets, whose 

size distribution will roughly reflect that of the resulting microcapsules. Stable emulsions can 

be produced using a surfactant via vigorous agitation [125], homogenisation [126], and 

membrane emulsification [46]. Former literature has reported quality microcapsules with 

remarkable mechanical properties, great stability and durability, leading to a longer lasting 
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impregnation on fabrics [6, 27, 28, 35, 84]. Accordingly, such microcapsules are engineered 

for a gradual or burst perfume release, which can be triggered by mechanical action, such as 

rubbing [16].  

   

 

2.2.6 Microcapsules with Food-Grade Actives 

With enhanced consumer self-awareness, food industry markets have shifted towards edibles 

with extra health-promoting nutrients, referred to as functional foods [127]. Specifically, 

everyday functional foods may not only boost health, but also reduce or even prevent the risk 

of chronic diseases [128]. These functional ingredients can target and improve human 

physiological processes, and include natural extracts, nutraceuticals, and flavours [94]. Among 

them, essential oils are extracted naturally from different plant/shrub, such as rosemary, 

eucalyptus, and peppermint (leaves), roses (flowers), clove (seeds and stem), ginger (roots), 

orange (peels), lime (zest), and cinnamons (barks) [11]. In recent years, these extracts have 

gained more and more attention owing to their important biological, antimicrobial, and 

antibiotic activities [129]. Interestingly, peppermint oil has been of high interest due to its 

multiple beneficial effects against different conditions, such as irritable bowel syndrome (IBS), 

nausea, gastrointestinal disease and other digestive complications, as well as treating the 

common cold, headaches, and muscle pain [130]. However, essential oils are volatile, prone to 

oxidisation and degradation, which is analogous with perfume oils. To circumvent these 

shortcomings, essential oils have been encapsulated. Accordingly, former contributions have 

evidenced that microcapsules with monoterpene-rich essential oils, such as oregano [78], 

rosemary [131], ginger [132], lemon [133], orange [71], cinnamon [123], and peppermint [134-

136] can be fabricated (Figure 2.5). Methodologies to fabricate food microcapsules have been 

reviewed by Madene et al. [3] . Among all, spray drying has been reported as the preferred 

technique to achieve free-flowing powders of microcapsules from food emulsions at a reduced 

cost [11]. Alternatively, coacervation has proven effective for the microencapsulation of food 

flavour oils leading to high payloads and promising mechanical properties of the resulting 
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microcapsules [9, 58]. Over the last few decades, gelatine has been the preferred shell 

ingredient to encapsulate food flavour oils [47, 50]. Although gelatine has been a cornerstone 

to food industry, noteworthy efforts towards developing non-animal alternatives have been 

undertaken, with particular heed to gum Arabic, soybean protein isolate, pectin, and xanthan 

gum [137]. Overall, health-beneficial actives together with safe and plant-based shell materials 

may help to develop globally accepted products. However, they are still at their very early 

stages [3].  Therefore, more research is required in order to develop new microcapsules and 

understand their various properties and performance at their end-use applications.  

 

 

Figure 2.5– SEM micrographs of core-shell microcapsules encapsulating essential oil. 

Foreground image of a self-isolated (A) and an incomplete microcapsule with its shell 

thickness (B) [9]. 

 

    

2.3 Up-to-date Encapsulation Technologies 

2.3.1 Overview 

Encapsulation refers to the process enabling actives to be caught into a polymeric matrix 

(coating), which can be subsequently dried to achieve a free-flowing powder [138]. Capsules 

fall into three size categories: (i) macro-capsules when their size is of the order of millimetres, 
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(ii) micro-capsules when their size is in the order of microns, and (iii) nano-capsules when 

dealing with submicron sizes [139]. Their morphology could be spherical, elliptical or 

irregular. [3]. Morphology and mechanical properties of capsules depend on the choice of the 

materials, the encapsulation method, and the process conditions [60]. According to Finch and 

Bodmeier [140], encapsulation technologies can be also grouped based on the nature/phase of 

the reaction/suspending medium. When dealing with microencapsulation, liquid systems are 

typically preferred. Specifically, emulsification of two or more non-miscible phases is often 

performed to break the active into droplets, which are the core of microcapsules. Alternatively, 

vapour-suspended media involve the atomisation/nebulisation of a liquid formulation to 

fabricate microcapsules. Generally, microencapsulation methodologies can be classed into 

mechanical, physico-chemical, and chemical processes [141], which are outlined in Table 2.1.
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Table 2.1 – Mechanical, physico-chemical, and chemical microencapsulation methods cross-checked with the nature of the suspending medium. 

 

Type 

 

Overview Technique 

(particle size) 

Process Summary Suspending 

medium phase 

 

Applications Reference 

M
ec

h
an

ic
al

 p
ro

ce
ss

es
 

 

Polymer-based 

constituents are 

generally 

employed in 

physical processes 

involving no 

chemical reaction. 

 

Fluidised bed coating 

 

Core particles are suspended by 

an air stream, moved around in 

the fluidised bed, and 

simultaneously sprayed with the 

film-forming coating liquid. 

 

 

Vapour 

 

Probiotics 

 

[142] 

Spray-drying/  A core-shell emulsion is 

atomised to allow wall 

constituents to harden.  

Vapour Lipids/ 

Flavours 

[134, 143] 
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Spray-chilling (5-5000 

µm) 

Spinning disk (5-1500 

µm) 

A core-shell emulsion is laden 

onto a rotary disk. The 

suspension separation 

mechanism drives the wall 

materials onto the core 

ingredient.  

 

Liquid Flavours/ 

Fragrances 

[58] 

Vibrating jet nozzle/ 

Prilling  

Microencapsulation is 

accomplished by extruding the 

liquid through a jet nozzle 

vibrating at specific frequencies, 

and thus causing break-ups i.e. 

spherical droplets.  

 

Liquid Cells/ 

Microbes 

[144] 

Centrifugal Extrusion/ 

Dripping 

(0.25-2.5 mm) 

Liquid active and shell 

constituents are forced through 

the centre orifice and the 

external annulus concentric to 

the orifice, respectively.  

Liquid Flavours/ 

Fragrances 

[13, 145] 
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P
h
y
si

co
-c

h
em

ic
al

 p
ro

ce
ss

es
 

 

The generation of 

the shell is driven 

by pH and 

temperature 

variations, or by 

the addition of 

electrolytes. 

Solvent evaporation  

(<1-1000 µm) 

A polymeric material is 

dissolved in an appropriate 

immiscible aqueous solvent in 

which and the active is 

dispersed. As solvent 

evaporation progresses, 

microspheres harden up. Free 

flowing powder may be obtained 

upon filtration and drying. 

Liquid Drugs [73, 146] 

Supercritical fluid (SC-F) 

precipitation 

The SC-F technology uses the 

solute effect of supercritical 

carbon dioxide (SC-CO2) to 

trigger the precipitation of the 

substrate which had been 

initially dissolved in a polymer. 

Supercritical Drugs/ 

Proteins 

[147] 

Ionotropic gelation/ Involves the electrostatic 

interaction of a cation/anion with 

an ionic polymer under specific 

Liquid / 

Vapour 

Core drug/ [99, 148, 

149] 
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Polyelectrolyte 

complexation 

conditions to generate highly 

crosslinked structures. At least 

one of the species needs to be a 

polymer. 

Antibodies 

(Ig) / Plant 

bioactives 

Simple/Complex 

Coacervation (2-1200 

µm) 

Wall is formed by adding 

hydrophilic salts leading to 

salting-out of the biopolymer 

(simple); Electrostatic 

interactions between a pair of 

oppositely charged biopolymers. 

Liquid Perfumes/ 

Fragrances/D

yes 

[53, 150] 

C
h
em

ic
al

 p
ro

ce
ss

es
 

The shell is 

formed from 

chemical 

precursors to 

typically react at 

the interface of 

emulsions, 

suspensions, and 

dispersions. 

Molecular inclusion (5-50 

µm) 

Entrapment of non-polar 

molecules by means of 

cyclodextrins having a lipophilic 

centre.  

Liquid Flavours/ 

Fragrance 

[151] 

Interfacial cross-linking A membrane is formed upon 

contacting   a   polymer-rich 

aqueous phase with an organic 

phase containing a highly 

crosslinking agent.  

Liquid Plant 

derivatives 

[152] 

Interfacial 

polymerisation/ 

Apolar polymerisable monomers 

together with the core ingredient 

are suspended in a polar phase, 

and polymerise at the interface 

Liquid Lipids [111] 
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polycondensation (<1-

1000 µm) 

of the emulsion droplets. 

Polymerisation may be catalyst 

driven.  

In-situ polymerisation Based on the polymerisation 

reaction of precondensate with 

acrylic copolymers precipitating 

onto the core particles. May be 

heat/catalyst assisted. 

Liquid Perfumes/ 

Fragrances 

[34] 
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2.3.2 Microencapsulation by Coacervation 

Among all microencapsulation techniques detailed in Table 2.1, coacervation has been long 

adopted to encapsulate volatile organic compounds (VOCs), such as fragrances and flavours 

[153]. Coacervation has proven effective, leading to microcapsules with high payloads and 

mechanically tuneable [3, 58]. Microencapsulation via coacervation refers to the self-assembly 

of macromolecules at an oil-aqueous interface to give colloidal systems (colloidosomes) [154]. 

More specifically, suspended biopolymer-based solids combine into a concentrated colloidal 

phase, the coacervate (biopolymer-rich phase), which is separated out of a very diluted 

colloidal system (biopolymer-poor phase) [53]. Non-soluble biopolymer-derived complexes 

naturally settle down within the medium, thereby resulting in a phase-separated mixture [52].  

 

Following Bungenberg De Jong’s [12] pioneering studies, it was proven that a biopolymer-

abundant phase can act as an encapsulating agent around a non-miscible core (oil), thereby 

leading to the formation of the capsule walls. This phenomenon relies on the free interfacial 

energy balance among the three phases (oil/solvent/polymer-rich phase). The interrelationship 

of the three-phase interfacial energy balance must be such that the polymer-rich phase can 

rearrange towards its lowest possible energy level (thermodynamically spontaneous process), 

which is likely at the oil-water interface. This phenomenon enables the polymer-rich phase to 

wet and then assemble around the oil droplets (exergonic coating process) resulting in a 

suspension of oil cores contained within larger networks of phase-separated polymer [155]. 

 

The phase separation, as well as the ensuing dynamic deposition of the colloidosomes layering 

up around a non-miscible core, can be triggered either by a single colloidal species or multiple 

biopolyelectrolytes consisting in simple or complex coacervation, respectively [156]. 

Conditionally upon the hydration level of the reacting medium, simple coacervation (SC) can 

be physically developed when a single-colloid solution is enriched with a very hydrophilic 

ingredient [154, 157]. This results in two separated phases, which are the colloidal-abundant 
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and colloidal-depleted ones [12]. Alternatively, complex coacervation (CC) refers to systems 

including more than one colloidal ingredient [158]. Specifically, CC consists in a naturally 

occurring phase conversion into two immiscible phases being the biopolymer-rich phase and 

biopolymer-poor (solvent) phase with precipitated biopolymer. As reported by Bruyninckx and 

Dusselier [6], CC has long proven effective to entrap many value-added actives, thereby 

leading to microcapsules, whose shell is formed by the coacervated biopolymers indeed [154]. 

Therefore, CC may be employed to pair biopolymers around the desired actives safely, 

resulting in novel and more consumer-friendly microcapsules [6]. To this end, CC is the key 

methodology adopted in this project, hence only a concise discussion on SC is provided herein.   

2.3.2.1 Simple Coacervation 

SC requires the use of a single biopolymer, which can form as the shell around an immiscible 

core. Phase separation is typically triggered by pH/temperature adjustments [157] or by the 

addition of a salt [159]. The separation of the polymer from its solvent can be also promoted 

by the addition of a highly hydrophilic coacervating agent [160]. Specifically, sodium sulphates 

and hydro-alcoholic solutions [161] have proven effective to induce biopolymer salting-out 

phenomena [162]. Over the years, SC has proven beneficial for the encapsulation of fish [163] 

and tea tree oils [164], and antipyretic drugs within a gelatine matrix [165]. To date, the 

research on SC has been limited which has mainly addressed animal-derived biopolymers 

[162]. No extensive contribution has arisen around the encapsulation of hydrophobic cores 

using plant-based derivatives except for soy glycinin [166] and gliadin [167]. Key steps of 

microencapsulation by SC are displayed in Figure 2.6. 
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Figure 2.6– Simplistic quick-take of microencapsulation by SC. 

 

 

2.3.2.2 Complex Coacervation 

CC occurs when two suitable biopolyelectrolytes (e.g. proteins and polysaccharides) carrying 

opposite charges combine together into complexes. Accordingly, complexes forming around 

non-miscible oil droplets could result in the shell of the ensuing microcapsules [168]. 

Successful microencapsulation via CC has been formerly reported employing gelatine-gum 

Arabic for peppermint oil [15] and chitosan-gum Arabic for a blend of triglycerides [169]. 

Furthermore, novel CC systems pairing chitosan with xanthan gum [170], soybean protein 

isolate [171], and silk fibroin [172] have arisen in recent years. Generally, microencapsulation 

via CC consists of three crucial steps:  
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(i) development of complexes, which relies on the attractive electrostatic 

interaction between the two oppositely charged biopolyelectrolytes;  

(ii) dynamic deposition of a layer around a lipophilic core ingredient under 

specific processing conditions (temperature and  pH) [173];  

(iii) hardening (also solidification/reticulation) of the mobile coating material 

into a firm shell, which is obtained by chemical crosslinking, heat, and/or 

spray drying [174].  

Importantly, it is critical to ensure complex coacervation to occur spontaneously at non-cold 

temperatures to avoid gelling, which thus requires the use of thermostated baths. Moreover, the 

viscosity of the whole system is crucial to stabilise the formulations; accordingly, drag reducing 

agents such as gum Arabic have been extensively used [175]. Overall, high payload and cost-

effectiveness are the main advantage of CC, yet processes may be highly system-specific [7].  

 

 

2.3.2.2.1 Development of Complex Coacervates 

Complex coacervation deals with the two-phase separation of a polymer-rich phase forming 

complexes, and a polymer-poor phase being the solvent [161]. Complexes develop due to the 

mutual (attractive) interaction between a pair of biopolyelectrolytes bearing opposite charges 

[53]. Biopolyelectrolytes can be polysaccharides and proteinaceous compounds, which 

naturally occur in living organisms [176, 177]. Interestingly, polysaccharide-protein 

interactions have often resulted in complexes with enhanced functional properties, which have 

been of significant interest in industry over the last decades [178]. Conditionally upon solvent, 

biopolymer, as well as processing conditions, there may be different CC-related scenarios, as 

displayed in Figure 2.7. Highly to infinitely dilute solutions may result in solvent-suspended 

co-soluble biopolymers, which exhibit little or negligible interaction (Figure 2.7A). Non-

compatible pairs of polysaccharides/proteins bearing similar charges would electrostatically 
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repel each other, resulting in a thermodynamic phase separation, referred to as depleted 

interactivity or segregation. Therefore, a suspension consisting of two separated-out phases 

with similar charges would occur, one being protein-rich, whereas the other polysaccharide-

rich only (Figure 2.7B). Alternatively, when biopolyelectrolytes with oppositely charged 

moieties occur, the electrostatic attraction may result in the interaction between the protein-

polysaccharide pair. This phenomenon would thus lead to the formation of nil net surface 

charge structures, namely complex coacervates. The formation of coacervates is also evident 

macroscopically with the phase separation into biopolymer-abundant and solvent-rich phases, 

being the coacervates and the supernatant, respectively (Figure 2.7C). Both phases remain in 

equilibrium with each other [159]. Besides, the formation of coacervates (liquid-liquid phase 

separation) is followed by their precipitation (liquid-solid phase separation), which is referred 

to as associative phase separation [161]. The electrostatic status of a biopolymer pair can be 

‘perturbed’ following the increase of their total biopolymer concentration (ctot). This modifies 

the overall balance of charged ions in solution, which can then lead to enhanced attraction 

between the biopolyelectrolytes. This phenomenon is also conducive to the configurational 

entropy of the biopolymeric system, transitioning from a low entropy (segregated molecules) 

to a high entropy state due to the coacervate formation [159]. Accordingly, the gain in the 

entropy of the system is associated with the increased charge density of polyions which bind 

to their counter-polyions, thereby reaching the electro-neutrality [172]. Despite multiple 

attempts towards understanding the rationale behind complex coacervation, the biopolymer-

to-biopolymer interaction is still poorly understood, nor has an electrostatic interpretation of 

the associative/segregative mechanism been provided yet [179]. Bungenberg de Jong (1929) 

first advocated that CC is likely ascribable to the achievement of a zero-surface charge of the 

biopolymers within a continuous medium. Subsequently, the ensuing electroneutral complexes 

separate out from the solvent [12, 161, 180, 181]. Overbeek and Voorn [182] have stated that 

CC is a spontaneous process under certain conditions. Specifically, the researchers first 

proposed a model on the total surface charge density (σx) of a biopolymer system, which has 

proved important to drive CC effectively. The model focuses on the charge density in relation 

with the critical number of sites activated by the biopolymers (rc) which basically corresponds 

to their molecular mass [162]. Specifically, the empirical condition σx
3rc≥φ (where φ is a 
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critical CC parameter)  should be met to facilitate coacervation, with the proviso that  φ≥φcc 

(φcc=0.53) [182]. More recently, the applicability of the model was investigated by Dubin et 

al. [183] and Bohidar [159]. It was found that high molecular mass and large charge density of 

biopolyelectrolytes with opposite charges actively promote coacervation.  Additional 

investigations around CC were conducted by Veis et al. [184-188]. Particular emphasis was 

placed on the two-phase transitioning, as well as the development of complexes, prior to the 

critical threshold (φc).  It was inferred that attractive interaction between the biopolyelectrolytes 

gradually begins at φ<φc, which becomes more evident at φ≥φc. Similarly, extra endeavours 

were undertaken by Nakajima and Sato [189] to identify the induction point of CC on a 

theoretical basis. According to Tainaka [190], CC between two compatible biopolymers can 

be induced within a specific charge density zone, outside of which the biopolymers are co-

soluble, resulting in no/hindered coacervation. Although noteworthy efforts towards 

understanding CC have been developed over the years, the theoretical models still cannot 

address all parameters playing a role for CC. CC develops under a strongly attractive 

interaction between biopolyelectrolytes bearing opposite charges, which leads to new chemical 

bonds between the biopolymers, as well as their electro-neutralisation. When binding to each 

other, the overall polarity of polysaccharide-protein based complexes drops. Therefore, the 

solubility of complexes is dramatically depleted as nil surface charge is attained, hence phase 

separation is triggered.  

 

Once complex coacervates have formed, the whole system reaches a new equilibrium towards 

the state with the minimum energy. If a lipophilic (water insoluble) active is emulsified into 

the system, the resulting oil-in-water droplets may get coated with a thin film of coacervate 

under specific conditions. However, the dynamic deposition of the coacervates onto the surface 

of the oil droplets may not be spontaneous (i.e. pH-driven coacervation) which is conditional 

upon the nature and affinity of coacervates to adsorb onto the oil-water interface [191].  
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To date, the mechanism by which complex coacervates move to the oil-water surface is still 

not fully understood. When coacervation is triggered, the two biopolymers likely begin 

bonding to each other in bulk to possibly form nanoscaled coacervates. Tentatively, the 

mechanism of interfacial coacervation seems to be similar to that of Pickering emulsion [192]. 

Accordingly, the oil-water interfaces may be stabilised by adsorption of the preformed 

nanocoacervates from the continuous aqueous phase onto the surface of the oil droplets. This 

eventually strengthens the oil-water interface by lowering the interfacial energy of the system. 

Subsequently, the coacervates (with a higher molecular weight than that of the individual 

precursors) continue to accrete around the oil droplets, hence generating a more and more stable 

system, and eventually the microcapsule walls. 
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Figure 2.7– Schematic diagram on the possible outcomes resulting from the combination of 

proteins and polysaccharides. Adapted from Weinbreck [176].  
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2.3.2.2.2 Parameters Involved in Complex Coacervation 

As reported in literature, several parameters affect the development of coacervates [176]. CC 

is likely to progress when two biopolymers with opposite charges bind to each other. When 

dealing with polysaccharide-protein systems, their functional branches can get ionised 

depending on their own dissociation constants, proteins’ isoelectric point, and the pH of their 

medium. Therefore, amine (-NH2) and carboxylate groups (-COOH) along the backbone of 

proteins and polysaccharides, respectively, can extend into cations and anions, which enables 

their electrostatic interaction. Accordingly, their net charge can be adjusted by varying the 

biopolymer-to-biopolymer ratio, which has proven crucial to form coacervates. Besides, the 

presence of dissolved salts also affects the attractive/repulsive interaction between the 

biopolymers, hence the development of coacervates.   

  

2.3.2.2.3 pH 

Charged polymers of natural/synthetic origin are referred to as polyelectrolytes or polyions 

[176]. Attractive interaction between two polyelectrolytes is an essential requirement for 

complexes to form. Polyelectrolytes carrying positive and negative charges are referred to as 

polycations and polyanions, respectively. Moreover, proteinaceous compounds may bear both 

negative and positive branches, which are termed as polyampholytes. The ionisation yield of 

biopolymers’ functional moieties is strictly related to the pH of the medium. When no 

ionisation of amines occurs, proteins’ minimum solubility is reached [193]. In other words, if 

protein–protein interplays are favoured over protein–water interplays, no reactive 

conformation of proteins can be made available, hence no coacervates will form. This condition 

is referred to as protein’s isoelectricity point (pHi) [194]. Accordingly, both biopolymers need 

to operate at a pH enabling them to exhibit opposite charges. It is therefore vital to identify the 

precise value of the dissociation constants (pKa) of the biopolymers’ functional groups (e.g. 

carboxylates). Previous contributions have shown that CC phenomena are typically confined 

into a narrow pH region [150, 195]. As an example, biopolymer systems consisting of gelatine 
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(Gl) and gum Arabic (GA) have been intensively explored over the years. Specifically, it was 

made clear that swine-derived gelatine exhibited an electrostatic switchover from a positive to 

negative charge at pH~9, which represents its pHI [60]. In contrast, GA is negatively charged 

within solutions with a pH≥2, which is its pKa,GA. Thus, optimal CC occurs within a narrow pH 

range (Figure 2.8A). Similarly, Deveci and Basal [172] have investigated the feasibility of CC 

on another biopolymeric system (i.e. silk fibroin (sFi) and crustacean-derived chitosan (Ch)). 

sFi was found to bear negative (non-protonated) charges above its own pHI~4.2, whereas Ch 

exhibited positive (protonated) charges at pH<6.5, which is its pKa,Ch (Figure 2.8B). Similar 

work was conducted on hyaluronic acid (HA) with sFi [196], Ch with soybean protein isolate 

(SPI) [171] and GA [197], which are depicted in Figure 2.8C, Figure 2.8D, and Figure 2.8E, 

respectively. Additional studies on plant-based proteins were carried out by Ducel et al. [198], 

with emphasis on cereal (α-gliadin) and leguminous protein (pea globulin). According to Veis 

and Arany [184], benchmark pH-values around CC can be identified for specific biopolymeric 

systems. Specifically, soluble complexes are induced at pHc, whereas the phase separation and 

the subsequent dissociation phenomena of complexes occur at pHφ1 and pHφ2, respectively. GA 

and whey protein isolate (WPI) were investigated by Weinbreck et al. [52]. Considering the 

pKa of the carboxylate groups of GA (pKa,COOH~2.2) and WPI’s pHi,WPI~4.8, it was inferred 

that CC phenomena could develop only at pHφ2≥pKa,COOH and pHφ1≤pHi,WPI. GA’s carboxylates 

can be protonated at pH<pKa,COOH, where WPI also exhibits positive charges, hence only 

repulsive interaction is possible. Alternatively, no positive charge is borne by WPI at 

pH>pHi,WPI, where GA is negatively charged as well. Therefore, CC may potentially occur at 

2.2≤pH≤4.8 only, where oppositely charged GA and WPI occur (Figure 2.8F).  
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Figure 2.8– Electrostatic comparison of several biopolymeric systems: Gl-GA (A), Ch-sFi (B), 

HA-sFi (C), Ch-SPI (D), Ch-GA (E), WPI-GA (F); pHi (proteins), pKa (polysaccharides), and 

pHφ2≤pH≤pHφ1 windows are displayed along with their charge switchover. 

 

2.3.2.2.4 Ionic Strength 

Former literature has investigated the effect of the ionic strength on the CC phases, including 

pHφ2, pHφ1, and pHc [199]. Generally, high ionic strength (electrolyte/salt concentrations in the 

order of tenths of mM) may result in a depletion of CC [176]. This phenomenon is likely due 

to the salt dissociating into its own ions, which may generate a screen around the 

biopolyelectrolytes which are thus inhibited to attractively interact [199]. The screening effect 

associated with high ionic strength was also reported by Jun-xia et al. [9] and Kayitmazer et 

al. [200] for SPI-GA and HA-Ch systems, respectively.  
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In contrast, low ionic strength may pair up with the protainceous scaffolding, modifying its 

conformation into an extended structure, thereby exposing additional charged moieties to react 

via CC [199].  

 

2.3.2.2.5 Biopolymer-to-Biopolymer Ratio 

When there is an attractive interaction between biopolymers carrying opposite charges, CC 

occurs. However, whether high CC yields can be achieved depends on the biopolymer-to-

biopolymer ratio, which needs to be optimised. This is possible when opposite charged 

biopolymers combine into perfectly electroneutral complexes. Proteinaceous compounds and 

polysaccharides possess net opposite charges at a given pH, which determines an electrostatic 

gap [201]. Therefore, it is essential to neutralise this electrostatic gap by identifying the 

optimum biopolymer-to-biopolymer ratio to balance the net opposite charges, thereby resulting 

in electroneutral complexes.  

 

2.3.2.2.6 Functional Analysis of Coacervates 

The development of protein-polysaccharide complexes is influenced by the spatial 

conformation of the proteinaceous structure. An extended conformation will better expose the 

protein’s charged moieties, hence their reactivity towards the counter-polyions. CC between 

proteins and polysaccharides not only leads to the re-arrangement of the reacting structures, 

but also to a new chemical species being the complex [202]. Although the physico-chemical 

properties of the new species may differ from those of the simple protein, some multiple 

protein-related functionalities, such as foamability can even be enhanced by the complexes.  

When contacting a given solvent, protein’s solubility is conditional upon the stability of its 

conformational state (folded/aggregated/extended) [203]. Spatial conformation, surface 

charge, and hydrophobicity of a protein at a given pH and temperature determine the solvent-

protein equilibrium [204]. High temperatures trigger the irreversible denaturation of proteins 
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and their reactive sites, which should be avoided [205]. When dealing with the pH, the further 

away a protein is from its pHi, the higher its resulting net charge. Therefore, the solubility of a 

charged protein is enhanced due to its non-folded conformation. This generates an increased 

protein-water interaction, which better exposes the protonated branches of the protein towards 

the counter-polyions of the polysaccharide [206]. Following CC, some specific properties of 

the protein, such as its conformational extensibility, are likely reflected onto the coacervate 

scaffolding too. This may provide the coacervates with extra functional properties, such as 

foamability, which is defined as the capacity of particles to produce and stabilise foams  [207]. 

Overall, this structure-functional interrelationship among proteins, polysaccharides, and their 

ensuing complexes may be of interest in many industrial processes, such as emulsification and 

emulsion stabilisation, which are discussed as follows.    

  

2.4 Emulsification 

2.4.1 Emulsion Stability 

An emulsion typically consists of a fine dispersion of tiny droplets of a liquid which is not 

soluble/miscible in another, which is the ‘hosting’ liquid (continuous phase). Emulsions are 

formed by supplying energy to at least two non-miscible liquids in order to get the dispersed 

phase broken down into small droplets. Particularly, emulsions can be generated mechanically,  

by inducing high turbulence via specific emulsification techniques, such as energy-intensive 

homogenisation [208]. Alternatively, other techniques including micro-fluidics devices [209] 

and pressure-driven membranes can generate emulsions of highly monodisperse droplets 

without significant turbulence [210]. 

Conditionally upon the selected liquids, simple emulsions can be divided  into categories i.e. 

oil-in-water (o/w) and water-in-oil (w/o) [211]. In addition, it is important to appreciate that 

spontaneous liquid-liquid phase separation may also trigger water-in-water (w/w) emulsion 

droplets provided that two immiscible water phases are contacted, which may occur when the 
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relative viscosities of two aqueous phases are significantly different [212]. However, the 

droplets formed following emulsification are thermodynamically unstable and prone to 

regressing into two split phases [213].  

 

When new interfaces of one phase form into another phase, a greater surface area is achieved. 

Consequently, the corresponding free surface energy (droplets) is greater, which requires a  

considerable energy input to disperse one phase (disperse phase) into the other one (continuous 

phase) effectively [214]. This can be accomplished via homogenisation where external energy 

can be provided chemically (i.e. chemical potential of the system) or more often mechanically 

(e.g. rotor-stator homogeniser). Since emulsions are unstable, the energy input is also related 

to the ‘over-processing’ of emulsions, which refers to the re-coalescence of new droplets, and 

their subsequent re-homogenisation during high-energy emulsification [215].  

 

Figure 2.9 shows the phenomena possibly occurring within non-stable emulsions, 

encompassing creaming, sedimentation, coalescence, flocculation, Ostwald ripening [216]. As 

a step towards enhancing the stability of emulsions, surfactants (also  emulsifying agents or 

emulsifiers) and co-polymers are included prior to emulsification [217]. Emulsifiers consist of 

amphipathic protein-based segments, which direct towards the biphasic interface, thereby 

reducing the interfacial tension. Specifically, they are substances with a hydrophilic head (ionic 

or strongly polar groups e.g. polyglycols) and a hydrophobic tail (a linear/branched 

hydrocarbon). Interestingly, the balance between the head and tail groups determines the 

configuration of the surfactant, namely a positive or negative curvature. This is associated with 

its amphiphilic structure, and its corresponding capability for micellisation, which is described 

by the Hydrophilic Lipophilic Balance (HLB). 

 

In o/w emulsions, a protein should unfold and be promptly adsorbable at the biphasic interface 

in order to generate a cohesive film around the oil droplets [218]. However, the effectiveness 
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of an emulsifier is very system specific. For this reason, emulsifiers may provide short-, mid- 

or long-term stability of an emulsion depending on their diffusion rate towards the interface 

and the strength of the viscoelastic film formed around the oil droplets [219]. Under given 

circumstances, emulsion stability is improved employing non-soluble lipophilic/amphiphilic 

colloidal particles, namely Pickering nanostructures (e.g. nanoparticles and nanocomposites) 

[220]. Pertaining to protein-polysaccharide dispersions as the precursors to CC, emulsion 

stability can be enhanced by the biopolymers themselves, which naturally reduced the 

interfacial tension [158]. As an example, GA has long been known for its superb emulsifying 

properties, and reduced viscosity at moderate concentration. Biopolymers are usually added to 

the continuous/disperse phase prior to emulsification. Specifically, emulsions for 

microencapsulation via CC can be stabilised to a specific HLB using a combination of 

hydrophilic polysorbates (Tweens) and hydrophobic sorbitan esters (Spans) as the surfactants 

(steric stabilisation) [7]. The technique used to input energy to a system with a specific pH and 

temperature has a key role in determining the stability of the emulsion.   
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Figure 2.9– Mechanisms triggering emulsion instability. 

 

2.4.2 Homogenisation 

One of the most popular approach to produce emulsions in industry is homogenisation. There 

are two types of homogenisation, namely primary and secondary. The former refers to 

emulsions directly generated from separate liquids, whereas the latter occurs when existing 

droplets are broken down into smaller ones [221]. Homogenisation is mechanically performed 

by a high pressure homogeniser (HPH) or high shear rotor-stator homogeniser (HSRSH), which 

is typically employed to produce nano-scaled [222] and micro-scaled emulsions [223], 

respectively. HSRSH is equipped with a metal-based membrane (stator) around the impeller 
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blades (rotor), (Figure 2.10). The high stirring rate of the blade first generates a coarse emulsion 

that is, in turn, homogenised through a fine emulsion screen (emulsor). Specifically, the liquids 

are forcibly passed through the membrane stator under the action of continuous centrifugal 

forces, which break down the immiscible phase into small droplets. At increasingly high 

stirring rates, the droplets are deformed into ellipsoids and then into smaller droplets due to the 

interfacial tension. Conditionally on the turbulence and dissipation rate of the energy in the 

system, the mean droplet size can be controlled. The relationship between the Sauter/surface-

based diameter (d [3,2]) of the droplets produced by emulsification and the rotational speed 

(Equation (2.1)) was proposed by Calabrese et al. [224] 

    

 𝐷[3,2] = 𝑠0𝜔
𝑚 (2.1) 

 

where s0 and m are proportionality parameters and ω is the rotational speed (rpm). Recently, 

this heuristic relation has been adapted to investigate the influence of the agitation rate on thin-

shelled microcapsules by homogenisation [62].  

Since homogenisation is a key technique in microencapsulation, it is therefore crucial to 

understand its implications. The droplet size of the disperse phase strictly depends on the 

amount of energy absorbed by the system during emulsification. Accordingly, the higher the 

stirring rate, the higher the energy inputted, the lower the size of the droplets [214]. 

Interestingly, the size distribution of the encapsulates is likely similar to that of the oil droplets 

since the shell forming around the oil droplets are typically very thin.  

Homogenisation is relatively cost-effective and can be scaled up, since the droplets mean size 

is correlated to the energy dissipation rate (energy input per volume/weight) to determine the 

agitation speed required.  
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Figure 2.10– High shear rotor-stator homogeniser equipped with a mid-positioned 4-blade 

impeller (90°blade angle, ⌀ 1.2″) encircled by a metal membrane-like cylinder (⌀ 1.4″) 

possessing homogeneous meshes (Model L4RT, Silverson Ltd, UK) 2.0. 

 

2.4.3 Extra Emulsification Techniques 

Several novel methodologies to form homogeneous emulsions have recently arisen within the 

scientific community. Homogeneous emulsions of very narrow droplet size distributions can 

be achieved by cross-flow membrane systems [225], system-specific gauges including 

microchannels [226] and one-step microfluidic [227], flow-focusing [228] and microchipped 

devices [229]. 
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2.5 Selection of the Ingredients for Encapsulation 

2.5.1 Overview 

The fabrication of microcapsules is performed following emulsification of a lipophilic phase, 

namely the active ingredient, within an aqueous polymeric phase, which is the shell precursor. 

Two oppositely charged biopolymers are required for CC. Thus, biopolymeric complexes 

dynamically layer up at the o/w interface around the oil droplets to form the shell. Since the 

freshly formed shell is still mobile, spray/freeze drying techniques are exploited to reticulate 

the cohesive film, and also to attain free-flowing powder of microcapsules. The amount of oil 

retained, namely payload or loading efficiency, (i.e. the ratio between retained active to the 

microcapsules) is affected by the shell/core materials, and their total concentration. 

 

2.5.2 Core-to-Shell Ratio 

The core-to-shell (CTS) ratio is a critical parameter, which helps to maximise the encapsulation 

efficiency (EE) of the core within the shell. Moreover, an optimal CTS ratio is conducive to 

the physico-mechanical stability of the shell, hence the whole microcapsule. Madene et al. [3] 

have reported that the stability of microcapsules via spray drying is influenced by the nature of 

the shell precursors, and the CTS ratio. Hogan et al. [230] have shown that the stability of 

microcapsules via spray drying was depleted at high CTS ratios. When dealing with CC, a high 

EE (~90%) of vanilla oil microcapsules with a Ch-GA shell was attained with a CTS weight 

ratio of 2:1 approximately [7]. Alternatively, Junyaprasert et al. [231] have reported the highest 

EE of vitamin-A-palmitate within a Gl-GA-based shell by CC at a CTS weight ratio of 1:2. 

Besides, the EE of peppermint oil microcapsules with a Gl-based shell by CC was much 

improved when the CTS weight ratio was increased from 1:2 to 4:1 [232]. However, it was 

also proven that both size and shell thickness of microcapsules depend on the CTS ratio [15]. 

For this reason, it is not possible to determine a generally valid CTS ratio, which is system-
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specific, and should be determined experimentally based on the end-use applications of 

microcapsules.  

2.5.3 Total Biopolymer Concentration 

Total biopolymer concentration (cTOT) represents the amount of biopolymeric materials 

potentially available as the shell precursor, which therefore influences the viscosity of the 

biopolymer-rich phase. Weinbreck et al. [150] have advised that extremely high cTOT should 

be avoided since high viscosity may hinder well mixed conditions, possibly inducing the 

separation of oil-free coacervates. Therefore, cTOT should strike the right balance to enable the 

separation of the phases appropriately during microencapsulation, which can lead to 

coacervates forming around oil droplets, hence microcapsules. Conditionally upon cTOT and 

CTS ratio, thin/thick shell microcapsules may be fabricated, which has great influence on the 

microcapsule barrier properties towards a quicker/slower oil release. Orange oil microcapsules 

via CC were synthesised by Jun-xia et al. [9] at a cTOT of 7.5% (w/v) with a high EE (~93%), 

which was different from that reported by Weinbreck et al. [233]. Surprisingly, the latter 

researchers evidenced that only ~5% oil was encapsulated at an optimal cTOT of 0.5–1.0% 

(w/w). Yang et al. [7] encapsulated vanilla oil within Ch-GA shell, which resulted in an EE of 

62.4% at a CTS ratio of 4:1. Alternatively, Huang et al. [171] suggested that the maximum CC 

yield for a SPI-Ch system may be independent of cTOT. Overall, there appears to be 

controversial information on cTOT and EE, which seems to suggest that an optimal cTOT (only 

based on the amounts of polymers required for CC) might not directly result in a maximised 

EE.       

 

2.5.4 Shell Ingredients 

Microcapsules fabricated via CC consist of protein-polysaccharide pairs. Under given 

conditions, both biopolymers possess gel/film-inducing properties enabling them as suitable 

shell-forming materials. Proteins are large biomolecules which are built upon their structural 

sub-units (aminoacids). Owing to their amphipathic nature, proteins may also exhibit 
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emulsifying properties conducive to emulsion stability [234]. In contrast, polysaccharides 

comprise of long linear and/or branched chains of carbohydrates. A broad variety of collagen-

rich materials have been used to obtain gelatine, such as porcine skin [15], bovine hide [235], 

and fish flesh [46]. Gelatine has long been paired with other polysaccharides including 

crustacean chitosan and gum Arabic to fabricate food and textile microcapsules [7, 169]. 

However, outstanding health & safety concerns against animal-sourced products have arisen 

worldwide, with emphasis on the potential transmission of the prion disease [9, 51]. Therefore, 

these shortcomings together with the recently enforced regulations on food products have 

shifted industrial markets towards new animal-free horizons. Importantly, non-animal products 

would be beneficial to more and more communities, including individuals with special dietary 

requirements (e.g. vegan and allergic/intolerant individuals), as well as overcoming religious 

beliefs. In this scenario, plant-based biopolymers with an industrial potential may thus play a 

vital role.  

In this research, fungal Chitosan (fCh) and GA were therefore selected as the encapsulating 

ingredients. Preliminary studies by Mint et al. [236] have suggested that fCh have promising 

physico-chemical properties (e.g. degree of deacetylation (78%-86%) and molecular weight 

(50-190 kDa)), similar to animal chitosan [237]. To the best of the author’s knowledge, there 

has been no published report on fCh as a potential encapsulating ingredient together with GA. 

GA carboxylates have not only proven excellent emulsifying properties but may also bind to 

the amines of fCh. For this reason, this novel, safe, and animal-free opportunity to form 

complexes using plant-based biopolymers should be extensively investigated [238]. 

 

2.5.5 Well Established Ingredients in Detergent Industry: a Need for 

Change 

Melamine-formaldehyde microcapsules have been actively employed in textile/detergent 

industry [35] owing to their remarkable properties [6]. Notwithstanding, formaldehyde is 

linked to health & safety hazards due to its carcinogenic effects [36, 37], poor indoor air quality 



2.5 Selection of the Ingredients for Encapsulation 

 

[38], and negative environmental disadvantages once released although its residue in products 

is within the legal limit [39]. As a step towards complying with the enforced regulations against 

cancer-causing materials, new coating materials being polysulfone [40], polyurethanes-urea 

[5], poly(methyl-methacrylate) [31], and polyesters [41] have been recently attempted for 

textile applications. They provide several desirable features, such as thermal stability [42, 239, 

240] and mechanical stability [40]. However, their poor biodegradability, high cost of 

processing [44], and suspected asthma-inducing effects [45, 241] make them industrially 

unappealing [43]. Therefore, there has been a growing interest towards safe, non-toxic, 

biocompatible, and environment-friendly biomaterials for microcapsules to fulfil the needs of 

modern fast-growing industries.  

 

2.5.6 Suitable Biopolymers for Complex Coacervation 

2.5.6.1 Gelatine 

Gelatin (Gl) is a water-dissolvable protein obtainable by an incomplete hydrolysis of animal-

based collagenous tissues such as skin, bones, and ligaments under specific processing 

conditions [187]. Specifically, the terms type-A and type-B connote swine-derived Gl and 

bovine bone/hide-based Gl, respectively [46]. After drying, Gl is whitish, and tasteless. It has 

played a primary role as a thickening agent for processed food, pharmaceuticals and cosmetics 

products [7, 195]. Other than mammalian sourced Gl, fish gelatine (fGl) has attracted more and 

more attention [242]. fGl can be derived from marine residues (e.g. fishbone, scales, and fins). 

Interestingly, fGl has proven many microencapsulation-friendly features, such as jellification, 

emulsification, foaming and film-forming properties [243]. Although fGl has partially 

overcome some pending safety concerns associated with mammalian derivatives, it is still 

ineffective to meet all people’s dietary requirements globally. To date, no gelatine is vegan. 

Thus, its inclusion in products may be a drawback to vegans. Several seaweed- and vegetable-

extracted ingredients including agar-agar, carrageenan, pectin, and cellulose gum have lately 

arisen [244], as potential replacement to Gl. As a further step to fulfilling worldwide demands, 
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the present research focuses on non-animal derivatives (e.g. fCh and GA) to use for 

encapsulating flavour/perfume oils by CC. 

 

2.5.6.2 Gum Arabic 

Owing to its desirable physico-chemical properties (e.g. superb emulsifying activity, high 

solubility, and moderate viscosity at high concentrations), Gum Arabic (GA) has gained 

attention in recent decades [245]. GA is naturally secreted as a gummy glue-like exudate from 

Acacia Senegal and other plants native to the Leguminosas family. Raw GA is then dried to 

use in foods, nutraceuticals, and pharmaceuticals. GA is a biopolysaccharide with excellent 

emulsifying properties, which has found broad applications in microencapsulation [245]. GA 

is a branched anionic arabinogalactan, which is arranged into different segments [53]. 

Specifically, its galactose, rhamnose, arabinose, and glucuronic acids provide important 

features for the encapsulation of hydrophobic ingredients [6]. Furthermore, the polypeptide 

backbone naturally occurring in GA contributes to providing good viscoelastic and film-

creating properties [154], as well as potential antioxidant activity [246]. Zeta-potentiometry 

has proven that GA carries negative charges when dissolved from powder into aqueous 

environments at pH≥1.8~2.2 [154, 197], which corresponds to the pKa,GA of its carboxylates 

[60]. 

 

2.5.6.3 Chitosan 

Chitosan (Ch) can be obtained by partial/complete alkaline [247] as well as enzymatic [248] 

deacetylation of chitin, which  is largely available from the exoskeletons of arthropods e.g. 

crustaceans, molluscs, and insects [249]. Chitin is a fibrous material consisting of 

polysaccharide chains. After cellulose, it is the second mostly bioavailable polymeric material 

on earth [250]. Ch can be classified according to its degree of deacetylation (DDA). When 

dealing with Ch as a biomaterial for encapsulation, Ch with a DDA<70% is rarely employed 
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[250]. Several microencapsulation research teams have used Ch with DDA of 75-85% [169, 

172], 79% [197], 90% [7], 92.2% [154], 93.3% [171], and 95.2% [251]. DDA greater than 95% 

may require complex and costly biological procedures [252]. Owing to its glucosamine 

segments rich in protonable amines (–NH2), Ch has proven effective to electrostatically interact 

via CC with other polyelectrolytes carrying opposite charges [253]. Espinosa-Andrews et al. 

[154] have reported that the pKa of Ch’s amines is 6.3-7. Therefore, positive charges likely 

occur in slightly/highly acidic admixtures (pH<pKa,Ch) [254]. Owing to its versatility, Ch has 

gained importance, over the years, in multiple industrial applications encompassing cosmetics, 

pharmaceuticals, nutraceuticals, and food [255, 256]. Although animal chitosan is still 

commercially valid, intense efforts have been made towards novel animal-free chitosan. 

Interestingly, the cell walls of filamentous fungi (e.g. Aspergillus niger) are chitin-based [257]. 

Thus, deacetylation can be performed via solid-state fermentation to achieve vegan Ch for 

industrial applications [236]. Fungal Ch (fCh) possesses a chemical structure with glucosamine 

and N-acetylglucosamines (Figure 2.11), which is similar to that of animal Ch. In addition, fCh 

is non-allergenic, non-GMO, gluten-free, non-toxic, and fully biodegradable. To the best of the 

author’s knowledge, no microencapsulation work has been conducted with fCh. Therefore, fCh 

has been selected as the key ingredient of this project. 
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Figure 2.11– Deacetylation of animal/fungal chitin into chitosan via alkaline 

hydrolysis/enzymatic extraction and solid-state fermentation.    

 

 

2.5.6.4 Maltodextrin 

Maltodextrin (MD) is a polysaccharide consisting of carbohydrates combined into a chain. MD 

is a food-grade tasteless whitish powder, largely used in industry. Owing to its unique physico-

chemical properties and high water dissolvability, MD is used as a food additive to enhance 

the texture of many edibles [258]. It can be obtained from many botanical starchy sources, such 
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as wheat, corn, potato, rice, and tapioca. MD is industrially produced by partial 

enzymatic/acidic hydrolysis of vegetable starch yielding small sugar molecules. Hydrolysis is 

followed by purification and spray drying to achieve a hygroscopic free-flowing powder [259]. 

MD comprises of D-glucose segments arranged into chains of variable length (between 3 and 

17 glucose subunits), connected through α(1→4) glycosidic bonds. Therefore, MD is referred 

to in terms of dextrose equivalent (DE 3-20), which represents the degree of hydrolysis of the 

starch. High DE index indicates highly hydrolysed starches [260]. The greater the DE, the 

shorter the glucose chains, resulting in higher sweetness and solubility. Other than food 

industry, MD has proven effective in many other industrial fields, including textiles and plastics 

to enhance the stiffness of materials. In addition, MD has been used effectively in 

microencapsulation to enhance performance and quality of microcapsules [9, 63]. MD as well 

as sucrose has been employed in flavour microencapsulation via spray drying as a 

strengthening agent [6]. Specifically, such ingredients are successfully used as drying aids to 

facilitate drying, hence fabricating more robust microcapsules apt to resist the shear stress 

[261]. MD-assisted processes were proven effective to build up a secondary layer around 

coacervate shells. Interestingly, gelatine-gum Arabic microcapsules with a double shell made 

of maltodextrin were achieved by Yu et al. [63], which had proven a greater average rupture 

force (0.58±0.10 mN) than that of the primary microcapsules  (1.73±0.27 mN). 

 

2.5.7 Industrially Relevant Oils as Core Ingredients 

Biopolymers (e.g. Gl, GA, Ch, SPI, etc.) exhibiting oppositely charges have extensively been 

employed to encapsulate fragrances via CC [7, 15]. Flavours and perfumes are typically oil-

based, which form the core of microcapsules. Being hydrophobic and volatile, they are 

emulsified and then caught into polymeric shells, which prevents their degradation [262]. 

Generally, real perfumes are blends of ingredients. Since it is hard to quantify multiple 

ingredients, thus, a single-molecule fragrance oil was selected as the model active for this 

project.  
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2.5.7.1 Hexyl-Salicylate 

Hexylsalicylate (HS) is a fragrance ingredient employed in decorative cosmetics, personal care 

products, and other toiletries, as well as household cleansing agents [238]. It has been estimated 

that roughly 106-107 kg/annum are globally used in industry [263]. HS is a single-molecule 

organic compound (C13H18O3) belonging to the benzoic acid esters family (Figure 2.12A). HS 

was previously used with MF-microcapsules by Mercade-Prieto et al. [16]. HS is fairly 

inexpensive and can provide hazard-free floral scents, which is attractive at end-use 

applications [119]. HS is easy to handle due to its moderate volatility [264]. At ambient 

temperature it has a very low water solubility (~6·10-6 g·mL-1) and specific density greater than 

water (~1.04 g·mL-1) [16, 263]. Previous literature has evidenced that HS can be effectively 

encapsulated in a melamine-formaldehyde shell [18, 265, 266], hence has been herein utilised.  

 

2.5.7.2 Carvone 

Carvone is an EO belonging to the family of terpenoids. It is extracted from the seeds of 

spearmint and caraway [267]. Two enantiomers of carvone are known: L-carvone (LC) has a 

sweetish minty aroma (Figure 2.12B), whereas its mirror image, D-carvone, has a strong spicy 

smell [268]. Although both are employed in industry, LC is used in many sectors including not 

only food  but also hygiene products, sunscreens, and depilatory formulations [269]. However, 

the LC’s high volatility negatively affects the shelf-life of its resulting products. Thus, 

microencapsulation technologies have been exploited to prolong its shelf-life in products. 

However, mainly animal-based encapsulation solutions have arisen so far [15, 50, 232, 270]. 

Therefore, a novel food-grade animal-free microencapsulation system for LC has been 

attempted in this thesis.   
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Figure 2.12– Chemical structure of hexylsalicylate (A) and L-carvone (B). 

 

2.5.8 Cross-linking Agents 

2.5.8.1 Industrially Relevant Cross-linking Agents 

Freshly formed shells via CC are mobile, hence further processing is required to harden them 

[271]. Crosslinking (CL; also hardening/curing stage) enables the reticulation of the shell in 

order to achieve microcapsules with better structural and mechanical properties [272]. CL is 

performed using chemicals or enzymatic preparations [53]. Although chemicals such as 

formaldehyde can crosslink  microcapsules for detergent effectively, there is a rising need for 

safer and consumer-friendly CL agents [238]. When dealing with food industry, stringent rules 

on the selection of the ingredients are imposed by the governments and the joint panel of Food 

and Agriculture Organisation (FAO) of the United Nations and the World Health Organisation 

(WHO) [273, 274]. Food control must assure: (i) safety (toxicological/microbiological 

hazards); (ii) nutrition (formulations with healthy nutritional profiles); (iii) quality (high-profile 

sensory and organoleptic properties); (iv) prolonged shelf-life of food products, especially 

those containing flavour microcapsules. To this end, CL is essential to prevent taste/aroma 

depletion. However, very few CL agents as food additives have been declared safe by the Food 

and Drug Administration (FDA).  

 

A B 



56 Literature Review 

 

2.5.8.1.1 Cross-linking Agents for Detergent Industry 

As such, microcapsules fabricated via CC are mechanically weak due to the ionic nature of the 

electrostatic interaction which binds oppositely charged biopolymers [275]. Therefore, 

crosslinking is an important step to attain stronger shells [276]. Microcapsules used in detergent 

should be stable throughout the shelf life and the washing cycle, hence resisting challenging 

conditions, such as high shear stress and elevated temperatures (~65 oC) inside the washing 

machine and/or tumble dryer [6]. Such microcapsules have long been crosslinked using 

aldehydes, with particular attention to formaldehyde (HCHO) which has proven highly 

effective [26]. Although its residue in detergent products is within the legal limit, formaldehyde 

should best be avoided due to environmental and human health issues.  

Alternatively, the biological acceptance of glutaraldehyde (GLT) is greater, which is used as a 

cold sterilising agent for heat-sensitive medical, surgical and dental equipment. Although large 

amounts may result in respiratory sensitisation, it is considered safer than formaldehyde [277]. 

GLT is a larger molecule than HCHO, hence its diffusion through the tissues is depleted [278]. 

As for formaldehyde, GLT reacts with proteins’ free amines forming irreversible covalent 

bonds [279]. For this reason, GLT has been used in textile industry as a finishing agent for 

cotton fabric [280], and as a CL agent for  microcapsules used in detergent [6]. Following 

crosslinking, microcapsules’ shells are thus stronger against adverse conditions of 

pH/temperature [271]. In addition, GLT is unlikely to bioaccumulate in fatty tissues of aquatic 

organisms, resulting in more eco-friendly wastewater [281]. 

 

2.5.8.1.2 Cross-linking Agents for Food and Healthcare Industry 

Although the GLT toxicity is dose-related, human exposure to GLT must never be direct [271], 

which precludes its employment in food products [282]. Therefore, endeavours have been 

undertaken by researchers to identify safe and cost-effective CL alternatives for food 

microencapsulation [169]. Among all, sodium tripolyphosphate (NaTPP) [283], 

glyceraldehyde [282], tannic acid (TA) [275], oxidised TA [279] and polyphenols [284], 
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genipin [285], transglutaminase enzyme (TG) [279, 286] have been used as CL agents. 

Specifically, TG is an enzyme naturally occurring in humans, animals and plants, which has 

been intensively adopted in food processing. TG promotes proteins to bind covalently. Thus, 

protein binding leads to the formation of intra- and intermolecular ε-(γ-glutamyl) lysine bonds 

[287]. Interestingly, TG has also been exploited as a CL agent. More specifically, Dong et al. 

[15] have proven TG effective to achieve thermal resistant microcapsules with reduced active 

leakage. In contrast, Grosso et al. [288] and [289] have reported that the barrier properties of 

TG-crosslinked microcapsules can be much worse when compared to GLT-crosslinked ones. 

To date, the above mentioned CL agents have been applied to Gl-GA systems, which are 

animal-sourced. In this research, TG has been applied to a non-animal system (fCh-GA) to 

encapsulate peppermint oil, for which no study in literature has been reported.  

 

2.6 Characterisation of Microcapsules 

The performance of microcapsules for a given application can be assessed via rigorous 

characterisation of their relevant properties. Many parameters should be then investigated to 

understand microcapsules’ performance, with attention to size, sphericity, mechanical 

resistance, and shell permeability. Due to the commercial interest of many microcapsules, 

information on their characterisation is not available in the public domain. As an example, 

sensory analysis techniques used by companies for quantifying the effectiveness of an 

encapsulated fragrance are kept confidential. Therefore, the present section describes non-

confidential techniques to characterise microcapsules.   

 

2.6.1 Size and Size Distribution 

Size and size distribution of emulsified droplets and then microcapsules are important. Several 

techniques are reported in literature, with emphasis on microscopy image analysis (MIA) [290], 
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size sieving [291], and static light scattering (SLS) or laser diffraction [17, 21]. MIA via bright-

field or scanning electron microscopy (SEM) is helpful to investigate the morphology and 

surface topography of microcapsules. Although precise, this technique is time-consuming if a 

significant number of microcapsules are required to be measured. Similarly, sieving has been 

used for the separation and sizing of wet/dry particles; however, it is not suitable for emulsified 

droplets. In contrast, SLS is relatively fast for measuring the size and size distribution of 

droplets and microcapsules [292]. The majority of SLS devices are capable of measuring many 

thousands of droplets/microcapsules within a few seconds, covering a broad size range (20nm–

2mm), with high resolution, reliability, and repeatability [293]. SLS has been utilised in 

research and industry to measure the size of droplets [294], hydrocolloids [126], and 

microcapsules fabricated with plant-based biopolymers [238] . The working principles are 

detailed in Chapter III. 

2.6.2 Mechanical Strength of a Microcapsule Population 

Several characterisation techniques to investigate the mechanical properties of a microcapsule 

population are reported in literature. Among all, three methodologies have drawn attention: (i) 

‘sandwich’ compression of a given amount of microcapsule slurry between two plates [295] or 

onto a non-movable balance [296], (ii) shear breakage of  a microcapsule slurry within a turbine 

reactor [297], and (iii) osmotic pressure shocks against a microcapsule population [298]. 

However, these techniques cannot provide any information on single microcapsules, which is 

a limitation to understanding their variations with a sample.  

 

2.6.3 Mechanical Strength of Single Microstructures 

Information on the mechanical properties of individual microcapsules is crucial. Over the 

years, several techniques for the mechanical characterisation of microstructures have arisen 

around the scientific community, such as strip and ring extensiometry for hydrogels [299], 

microinjection technique for biological cells [300], optical tweezers for human red blood cells 

and cell lipid membranes [301], microfluidic channels for artificial liquid-loaded capsules 
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[302], and microelectromechanical systems (MEMS) for investigating the biophysical 

properties of human breast cancer cells [303]. Notwithstanding, the above mentioned 

techniques are bespoke, which makes setups and calibration difficult. Another technique is 

micropipette aspiration, which was initially developed to quantify the elasticity of cells [304], 

and then adapted to measure the deformability of single microcapsules [305]. However, the 

drawback of micropipette aspiration is the stress concentration at the micropipette edges, which 

results in extra friction against the testing samples. Besides, texture analysers have validly 

emerged for compressing/stretching samples by operating a mobile piston [306]. 

Unfortunately, this technique can be applied only to microcapsules with a diameter between 

several hundred microns and a few millimetres [307]. The microcapsules fabricated for this 

research project are much smaller, hence different approaches were sought for.   

  

2.6.3.1 Atomic Force Microscopy 

Atomic Force Microscopy (AFM) is a scanning probe microscopy technique, where a colloidal 

probe/tip is capable of mapping the contours of the sample [266]. The colloidal probe was 

originally used to measure the adhesive force of self-isolated colloidal particles on a planar 

surface [308]. As a further development, particles with a large radius of curvature (e.g. glass 

spheres) were employed to compress smaller particles onto a flat surface [309]. This variant 

allows measurements of small and large deformations, in the size range of shell thickness and 

microcapsule, respectively. The tip is coupled with a cantilever and scanned over the surface 

of the testing sample, thereby generating a weak repulsive force between the testing sample 

and the tip [310]. The deformation of polyelectrolyte microcapsules under compression has 

been previously investigated by Lulevich et al. [311]. Similarly, the loading/unloading force 

applied to other types of microcapsules was studied via the deflection of cantilever [309]. 

Depending on the sensitivity of the cantilever and the nature of microcapsules, the forces 

resulting from the shell deformation can range from tens of pN to several tens of µN [312]. 

However, AFM is cumbersome, and time-consuming especially for highly deformable 

microcapsules [313]. Moreover, it is difficult to maintain the alignment between the AFM 
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colloid probe and spherical capsules following the initial contact point, thus the microcapsules 

can easily slip away [266]. 

 

2.6.3.2 Micromanipulation 

Some limitations associated with the above mentioned techniques were overcome by a novel 

micromanipulation technique [314]. This technique was first attempted to characterise 

individual MF microcapsules. These microcapsules were successfully compressed between 

two small parallel surfaces (a flat-tip glass probe against a flat glass substrate). The thin glass 

probe was connected to a force transducer to record compression forces at given times. Time 

was converted into displacement basing on compression speed and transducer compliance [64]. 

Many types of microparticles/microcapsules have been tested over the years in order to 

characterise their mechanical properties, such as urea-formaldehyde [29] and coacervates 

[238], micro-beads [99], pollen grains [315], hydrogels [316], pharmaceutical powder 

excipients [317], and yeast cells [318]. Parallel compression via micromanipulation has proven 

effective for characterising microparticles mechanically owing to its high adaptability, system-

versatility, and the wide range of applicable loads [101, 266]. When compared to AFM, 

micromanipulation covers a broader force range (100 nN-1.0 N). Micromanipulation allows 

displacements greater than the object of study (e.g. microparticle size) following compression 

between parallel plates at a pre-set speed [29, 265, 319]. Moreover, micromanipulation datasets 

can be processed by modelling to quantify the intrinsic material properties, such as elasticity 

modulus To this end, Hertz’s [320] and finite element analysis (FEA) models [18, 66] were 

introduced for solid particles and core-shell microcapsules, respectively. The disadvantages 

associated with micromanipulation include slow testing process and incapability of measuring 

submicron particles. 
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2.6.3.3 Nanomanipulation 

Since micromanipulation allows to measure microparticles no smaller than 1-2 µm [64, 314], 

a nanomanipulation technique was later developed by Liu et al. [321] for measuring the 

mechanical properties of single nanoparticles (~0.5-0.9 µm) via ultra-high vacuum SEM. 

Interestingly, the research team have validated this technique using benchmark microparticles 

between 1 and 3 µm. Negligible differences were observed from the comparison between 

micro- and nanomanipulation techniques. Thus, nanomanipulation has proven effective for 

characterising the mechanical properties of submicron particles.  

 

2.6.4 Mechanical Strength of Microcapsules 

Consistent performance of microcapsules is essential. Microcapsules are required with specific 

size and mechanical properties at end-use applications. It is important that microcapsules 

remain intact throughout manufacturing, processing, and storage; however, they should get 

ruptured to release their load on-demand [16]. Specifically, perfume microcapsules (PMCs) 

should resist through several steps (i.e. manufacturing, formulation with detergents/softeners, 

washing as well as tumble drying cycles) before they are deposited onto fabrics [35]. Later, 

PMCs should rupture by mechanical rubbing/caressing of dry fabrics for an improved customer 

experience. In order to achieve this goal, the size distribution of PMCs has to be narrow. Hu et 

al. [62] have evidenced that a narrow size distribution of MF PMCs led to a narrow rupture 

strength distribution. Thus, understanding the correlation between microcapsule size and their 

rupture strength is vital to formulate PMCs with the desired properties.  
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2.6.5 Elastic Properties of Microcapsules by Modelling 

Several researchers have exploited the compression data related to the elastic deformation of 

microparticles/capsules to implement suitable mathematical models [66]. The most relevant 

models are presented.  

 

2.6.5.1 Hertz Model 

Hertz’s elastic theory has been extensively utilised to investigate the elastic behaviour of 

solid particles. As reported by Dintwa et al. [322], the assumptions underlying the Hertz 

model are herein summarised, namely:  

(i) The contacting surfaces are continuous and smooth (no friction effects 

included); 

(ii) The material of the contacting bodies is isotropic and homogeneous; 

(iii) The deformations are minute (infinitesimal strains with geometric non-

linearity due to large deformations neglected); 

(iv) The material is linearly elastic, which behaviour is described by Hooke’s 

law; 

(v) The radii of curvature of the contacting bodies are much larger than the 

contact radius (elastic half-space or semi-infinite sphere); 

(vi) The dimension of the contacting surface is much lower than that of the 

bodies. 

 

The apparent Young’s modulus of a solid sphere is classically described by the following 

equation (Equation (2.2)) [323]: 



2.6 Characterisation of Microcapsules 

 

   

 
𝐸𝐻 =

𝐹

𝛼
(1 − 𝜈2)𝑟−1/2 (

𝛿

2
)
−3/2

 (2.2) 

 

where F is the compression force, α=4/3 is the spherical shape coefficient,  is the Poisson ratio 

(=0.5 for non-compressible polymeric rubber-like materials), r is the initial radius, δ is the 

compressive axial displacement. Previous literature has suggested that micromanipulation data 

of microparticles can be fitted to the Hertz model. Specifically, the elastic deformation of 

pollen [315], gelatine-based [324], and pharmaceutical microparticles [317] was investigated 

up to a nominal deformation of 10%. Accordingly, this assumption will apply to the 

microcapsules fabricated for this project.    

 

 

 

2.6.5.2 Tatara Model 

The Hertz model is restricted to minute nominal deformation (up to 10%), linear, and elastic 

deformations only. As a step forward to describe larger elastic deformation of particles, 

Tatara’s model has arisen as an extension to the Hertz model [325]. This model has been 

demonstrated to show consistent fittings to the experimental compression data of elastomeric 

particles at deformations higher than 10% [326, 327]. However, complex numerical methods 

were required to solve the constitutive equations, which is the main disadvantage of the model.   
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2.6.5.3 Finite Element Analysis (FEA) 

Over the years, efforts have been made to produce accurate information on the intrinsic material 

properties of microcapsules by processing the experimental micromanipulation data. The 

deformation of spherical gas-inflated membranes between two twin rigid plates was 

investigated by Feng and Yang [328], which was proven nonlinear elastic. It was described by 

Mooney-Rivlin’s model for rubber-like materials. Subsequently, extra endeavours were 

undertaken by Lardner and Pujara [329] to adapt Feng-Yang’s model to biological cells laden 

with non-compressible liquid. More recently, the least squares method was utilised to fit the 

experimental compression data of microparticles to specific constitutive equations [330]. A 

novel finite element analysis (FEA) approach to quantify the viscoelastic properties of alginate 

microspheres was used by Nguyen et al. [331]. FEA can takes into account geometric 

irregularities of the sample (e.g. non-sphericity), which was not possible before [17]. Later, a 

novel FEA method was developed by Mercadé-Prieto et al. [66] to characterise the elastic 

properties of core-shell microcapsules. This model was validated on MF PMCs [18], and their 

Young’s modulus was evaluated. A similar approach has been used in this thesis.   

 

 

2.6.6 Morphological Properties and Shell Thickness of Microcapsules 

Efforts have been made by researchers to evaluate the intrinsic material properties of 

microcapsules via numerical simulations. As a step forward to better understand the structure 

of microcapsules, Mercadé-Prieto et al. (2011b) have developed a novel model to estimate not 

only the Young’s modulus of microcapsules but also their shell thickness directly from the 

micromanipulation compression data. This model was validated using the conventional image-

analysis techniques for the shell thickness, which are described as follows.  
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2.6.6.1 Optical Microscopy 

Reported in literature, a technique to study the shell thickness of microcapsules is optical 

microscopy (OM). Yuan et al. [332] utilised OM to investigate urea-formaldehyde 

microcapsules. A rigorous procedure was followed to prepare the sample of microcapsules, 

which were embedded in a resin-based matrix, cured, and razor-sectioned prior to observation. 

Although the shell thickness imaging was successful, microcapsule shadowing and overlapping 

effects were inevitable. This noise leads to imprecise measurements since the edges of the shell 

may not focalise properly. Moreover, any shell thickness thinner than 1 µm cannot be 

measured.  

 

2.6.6.2 Scanning Electron Microscopy (SEM) 

Depending on the nature of microcapsules, the shell thickness can also be investigated by SEM 

imaging following cryogenic rupture. Interestingly, chitosan based microcapsules were frozen 

by liquid nitrogen, and ground in an agate pestle and mortar to mechanically cause structural 

damage [238]. Similarly, Zhang et al. [125] successfully characterised the shell thickness of 

urea-gelatine capsules by crushing them with liquid nitrogen prior to SEM imaging. At least 

ten different shell locations from each randomly selected capsule were measured for 

characterisation, hence their average was used. Although cryogenically driven shell 

investigation is the straightforward, expensive cryogenic equipment and commodities are 

required [333]. Moreover, the results achievable from this technique may not perfectly reflect 

the shell thickness of microcapsules due to the breakage effects, random slicing, and orientation 

of the object imaged by SEM.   
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2.6.6.3 Transmission Electron Microscopy (TEM) 

A technique capable of accurately quantifying the shell thickness of cells/microcapsules at a 

nanoscale is TEM. Former literature suggested that microcapsules should be embedded into 

resin, trimmed, and ultra-cut prior to TEM observation [126]. Multiple essential steps are 

applied in TEM sample preparation, which makes the whole procedure costly and time-

consuming. The resin brick can take five days to form. Subsequently, trimming, sectioning, 

and ultra-cutting is required. Artefacts due to random slicing during sample preparation cannot 

be excluded but can be corrected according to Mercadé-Prieto et al. [18]. The protocol for 

preparing a TEM sample is detailed in Chapter III.  

  

2.6.7 Adhesion of Microcapsules 

Over the last decades, there has been a growing need to deliver perfume molecules to solid 

surfaces, especially to fabrics. Since perfumes are typically costly and volatile, 

microencapsulation techniques are used to entrap perfumes within a shell, thereby minimising 

the amount of perfume required in formulation [6]. Perfume microcapsules (PMCs) in 

detergent should stay intact throughout the whole wash-and-dry process in order then to adhere 

to fabrics firmly. For this reason, understanding the adhesion properties between PMCs and 

fabric surfaces under different environmental conditions is fundamentally important.  

 

2.6.7.1 Adhesion of PMCs to Solid Surfaces 

In recent years, PMCs have gained more and more interest, which have been included in many 

detergent products [16]. Specifically, PMCs are designed to get caught onto fabrics during 

washing. Their deposition onto fabrics allows delightful scents to release for several weeks 

[238]. Thus, understanding the rationale behind the mechanisms of deposition (impregnation) 

and adhesion (retention) of PMCs onto fabric is crucial. Adhesion between two items relies on 
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their mutual molecular interaction [334]. Adhesion plays a key role in biological phenomena, 

such as cell-to-cell and cell-to-tissue interaction [335]. Similarly, PMC-to-fabric interaction is 

originated in liquid suspensions based on the nature of PMCs and the substrate of interest. For 

this reason, it is vital to understand the nature of the interaction to enhance the delivery of 

PMCs to fabrics. Although natural cotton-based and synthetic fabrics are popular in industry, 

they are coarse with ridges/wrinkles, hence may not be ideal for conducting adhesion tests. 

Therefore, a smooth model fibre substrate is essential to exclusively mimic the adhesion of 

PMCs in order to disregard any possible physical entrapment of PMCs due to steric effects. 

Interestingly, polyethylene terephthalate (PET) films are transparent, amorphous and isotropic, 

which makes them an ideal candidate to exclusively investigate the adhesion and retention 

properties of PMCs onto such PET films. Thus, they have been used along with HS PMCs 

fabricated for this research. 

 

2.6.7.2 Principles of Contact and Adhesion: Modelling 

Laundry PMCs should rupture on-demand at end-use applications. When depositing onto 

fabrics, PMCs burst to release their perfume when exposed to external forces, such as caressing 

and rubbing of fabrics themselves.  Available theories and modelling describe the principles 

and mechanics of adhesive contact between particles and flat surfaces. Specifically: 

 

(i) Bradley’s rigid-body theory deals with Van-der-Waals forces in solid beads 

[336];  

(ii) Hertz’s purely elastic deformation model (no adhesion effect) was modified by 

Johnson-Kendall-Roberts (JKR) [337] to describe the effect of the adhesion on 

the elastic deformation of spherical particles adhering to a flat surface, with 

attention to the forces around the particle-surface area (Figure 2.13A);  
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(iii) Derjaguin-Muller-Toporov (DMT) theory focused on the adhesion forces of 

elastically deformable spheres onto elastic surfaces [338], with attention to the 

VdW forces outside the particle-surface contact area (Figure 2.13B);  

(iv) Tabor [339] theory claimed that the pull-off adhesion force of a particle could 

be described by a parameter μT, which should return to Bradley rigid-body & 

DMT model at μT = 0 (lower bound), and to JKR model at μT → ∞ (upper 

bound);  

(v) Maugis proposed an advanced application to the model by Dugdale [340], in 

which plastic deformations of particles are considered as well (JKR and DMT 

only focused on elastic deformation).  

 

 

Figure 2.13– Traction force distribution in JKR/DMT models. (A) JKR: adhesion surface 

traction forces (compressive/tensile) are confined within the particle-surface contact area; (B) 

DMT: adhesion surface traction forces are confined outside the particle-surface contact area. 
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2.7 Conclusions 

 

2.6.7.3 Operative Method of Adhesion 

Previous literature has proven that direct measurement of the adhesion properties between 

particles and solid surfaces is feasible. Therefore, investigation at a microscale can help to 

quantify the local adhesion force/energy between single microcapsules (e.g.  PMCs) and a 

specific substrate (e.g. PET film). Several system-specific techniques, such as flow chamber, 

surface force apparatus (SFA), and atomic force microscopy (AFM) have arisen recently. Flow 

chamber devices are powerful platforms to investigate the adhesion properties of microcapsules 

onto a surface in a liquid environment under given hydrodynamic conditions. Parallel-plate 

flow chambers were employed to measure the adhesion of yeast cells [341], and particles onto 

different substrates [342]. Moreover, the degree of microcapsule removal (pull-off) from a 

solid substrate is conditional upon the system hydrodynamics and its flow velocity, hence the 

shear stress generated [28]. Particles/PMCs facing shear stress and torque may experience 

lifting, sliding, dragging, and rolling phenomena due to which adhesion is impaired. In 

addition, a flow chamber technique offers statistically significant data on a population of 

particles/PMCs within a reasonably brief timeframe.    

 

2.7 Conclusions   

Chapter II highlights the compositions and manufacturing methods of microcapsules which 

have been reported in literature, as well as their end-use in industry, such as in detergent and 

food products. Key encapsulation methodologies are detailed, with attention to the aspect of 

emulsification and processing. The main analytical techniques to characterise microcapsules 

are also introduced, with emphasis on their principles, merits, and drawbacks. Specifically, the 

micromanipulation technique has proven effective to determine the mechanical properties of 

particles based on parallel plate compression.  

Nowadays, microcapsules used in detergent are being fabricated using formaldehyde-based 

ingredients. Similarly, food industry has long adopted gelatine-based microcapsules in edibles 
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and nutraceutical products, which are animal-sourced. Although these capsules can be 

produced effectively, the industrial market urges for hazard-free microcapsules relying on safe, 

naturally derived, and plant-based ingredients to meet both regulatory standards and 

consumers’ needs. For this reason, plant-based ingredients with a potential for 

microencapsulation via coacervation are detailed.  

To the best of author’s knowledge, fungal chitosan-gum Arabic oil-entrapping microcapsules 

fabricated via complex coacervation have not been reported in literature, which is one 

important goal of this project. Moreover, in-depth understanding of the effect of formulation 

and processing conditions on the mechanical strength of plant-based microcapsules is 

completely lacking. Thus, mechanistic studies on plant-based microcapsules have been 

conducted in this research. Overall, such PMCs should release their actives on-demand 

following mechanical action, such as rubbing and crushing, thereby delivering the perfume for 

an improved consumer experience. Moreover, cost-effective fragrance delivery at end-use 

applications is also essential, especially in detergent industry. For this reason, 

adhesion/deposition mechanisms of PMCs onto fabrics have also been investigated.  

 

Similarly, food microcapsules embedded in edible matrices should be ruptured upon chewing 

or crunching to release their flavour for an enhanced consumer experience. However, 

understanding towards the performance in relation to their relevant properties of microcapsules 

is still in its infancy. To this end, systematic characterisation of their mechanical properties is 

thus vital in order to achieve consumer-friendly microcapsules suitable for the intended use. 

Therefore, another goal of this work is to investigate the mechanical properties and intrinsic 

material properties of plant-based microcapsules, which has been accomplished using bespoke 

modelling.  

 

 



2.7 Conclusions 

 

2.7.1 Key Objectives of this Research 

 

Overall, the key objectives of this research can be summarised as follows: 

(i) Assessing the feasibility of driving complex coacervation on a novel plant-

based biopolymeric (fCh-GA) system; 

(ii) Developing a safe and robust microencapsulation process to fabricate core-

shell microcapsules; 

(iii) Investigating the feasibility of entrapping a model perfume oil (HS), and 

providing a comprehensive characterisation of the resulting microcapsules 

with a potential use in detergent, with emphasis on their morphological, 

structural, mechanical, and barrier/leakage properties; 

(iv) Mimicking the adhesion of plant-based microcapsules with a core of perfume 

oil onto model fabrics in real washing by using a flow chamber technique, 

and processing data via ImageJ; 

(v) Extending the novel microencapsulation process via coacervation to 

encapsulate food-grade  peppermint oil (LC), and investigating the physical, 

mechanical and barrier properties of the resulting microcapsules with a 

potential application in food  industry; 

(vi) Utilising the Hertz model and FEA simulation results to: (a) quantify the 

intrinsic material property parameters (e.g. Young’s modulus) of whole 

microcapsules and their shell materials respectively, (b) establish a 

relationship between the aforementioned two the Young’s modulus values, 

(c) evaluate the shell thickness of microcapsules to be validated 

experimentally by TEM-imaging, and (d) determine the shell permeability of 

microcapsules in given liquid environments. 
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3.1 Introduction 

 

Chapter 3 Materials & Experimental Methods 

3.1 Introduction 

This chapter focuses on the materials, techniques, and experimental methods utilised in this 

research project. It is divided into three main sections. The first section deals with all materials 

and formulations developed for this work. Specifically, all the ingredients adopted for the 

development of coacervates and the encapsulation of model perfume and food oils (i.e. HS and 

LC, respectively) are herein detailed. The second section concerns the experimental methods 

and setups to identify the optimal conditions to form microcapsules via complex coacervation. 

This section particularly emphasises on the conditions adapted for the fabrication of 

microcapsules in suspension, as well as the further processing required to achieve 

microcapsules in their powdered form. The third section encompasses all analytical techniques 

used to characterise the physio-chemical, morphological, structural, surface topographical, 

barrier, mechanical properties of the resulting microcapsules conditionally upon their end-use 

applications. Therefore, particular emphasis is also laid upon the adhesion properties of 

perfume oil (HS) microcapsules onto solid surfaces (e.g. fabrics), whose analysis is not 

essential for food oil (LC) microcapsules. 

3.2 Materials 

The key materials employed in this project include the chemicals to synthesise and characterise 

the different types of microcapsules, and the model fabric films for the adhesion studies. 
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3.2.1 Perfume Microcapsules 

Plant-based microcapsules with a core of perfume oil were synthesised via coacervation, and 

the experimental details are provided later. Gum Arabic (InstantGum Acacia AA) and fungal 

Chitosan, fCh, (molecular weight <190 kDa, degree of deacetylation (DDA) 80%, KiOsmetine-

Cs®) were provided by Nexira Food (Rouen, France, EU) and Kitozyme S.A. (Herstal, 

Belgium, EU), respectively. All other analytical grade chemicals including hexylsalicylate 

(HS; specific gravity at 25oC ~ 1.04 g·mL-1, CAS number: 6259-76-3), sorbitan triolate 

(SPAN85, CAS number:26266-58-0), triethanolamine (TEA; CAS number:121-44-8), 50% 

(w/w) aqueous glutaraldehyde (GLT; CAS number:111-30-8), 36% (w/v) fuming hydrochloric 

acid (HCl; CAS number:7647-01-0), and potassium bromide (KBr; CAS number: 7758-02-3), 

were purchased from Sigma-Aldrich (Dorset, UK), stored in agreement with the Safety Data 

Sheet (SDS) guidelines, and utilised without additional purification. All the 

solutions/suspensions were prepared employing demineralised water (MilliQ, 18.2 MΩ·cm at 

25oC). Liquid Nitrogen (ℓ-N2) was generously donated by the Birmingham Centre for Energy 

Storage (BCES, Birmingham, UK).  

 

3.2.2 Food-grade Microcapsules 

In addition to fCh and GA mentioned above, vegan Activa® TI microbial Transglutaminase 

(TGase) as the crosslinking agent was obtained from ModernistPantry (ME, USA). Food-grade 

Kosher Tween®80 (Polysorbate80) as the emulsifier (0.1% w/w) was bought from Fluka, UK. 

All food-grade reagents including L-Carvone (LC; 𝜌LC=0.96 g·mL-1) as the core ingredient, 

maltodextrin (MD; dextrose equivalent 16.5-19.5), glacial acetic acid (𝜌CH3COOH=1.05 g·mL-

1), diluted hydrochloric acid (HCl; 5% w/w), absolute ethanol (EtOH), and sodium hydroxide 

were purchased from Sigma-Aldrich (Darmstadt, Germany, EU), stored as per Safety Data 

Sheets (SDS), and used without further purification. Nile red (NR) dye for fluorescence 

microscopy (purity ≥ 99%) was bought from Acros Organics (Geel, Belgium, EU). White 
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acrylic London Resin (LR) was obtained from Agar Scientific Ltd (Essex, UK). All the 

solutions were prepared using MilliQ water. 

 

 

3.2.3 Adhesion Substrates 

The Polyethylene Terephtalate (PET) films employed for investigating the adhesion properties 

of perfume microcapsules were obtained from Goodfellow Cambridge Limited (Huntingdon, 

England, UK). The selected PET film as a model was transparent, amorphous, and isotropic 

with a thickness of ~0.25 mm, which was cut into the required size (17±0.4 cm × 3.5±0.2 cm) 

and used without any surface modification.  

 

3.3 Experimental Procedures to Fabricate Microcapsules 

3.3.1 Dispensing and Dissolvability of fCh and GA 

Chitosan is a weak base with glucosamine units along its backbone. It is non-soluble in 

water/organic solvents. However, it can turn soluble in acidic solutions at pH<5.5-6.0, which 

converts its glucosamine units into their extended soluble form [343]. Therefore, the pH of 

chitosan-based media is important. Gum Arabic is fully soluble in hot and cold water, yielding 

a viscous solution, independently of the pH. GA as well as fCh powders should be dispensed 

slowly into the required medium because aggregate grains are likely to form at the air-water 

(a-w) interface if added rapidly. Overall, dispensing conditions and dissolvability of 

biopolymers play a crucial role in the process.   
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3.3.2 Preparation of Stock Solutions 

Aqueous fCh-based stock solutions (100 mL, 2.0 % w/w) were prepared by adding fCh (2g) 

into water under stirring (400 rpm) with a Rushton turbine (ϕ~38 mm) mounted on an overhead 

stirrer (IKA, Germany) at 400 rpm. Addition of aqueous HCl (0.1 N, ~3 drops) was followed 

to adjust the pH from 6.0 to 4.0 (pH probe in solution). Stirring was continued for 30 min to 

afford a slightly turbid dispersion. Aqueous GA stock solutions (100 mL, 1.0 % w/w) were 

prepared over 20 min by adding the GA (1g) into deionised water, with stirring as for fCh, to 

afford a clear solution (pH~6). Solutions were thermostated at 25±0.3°C using double-glazed 

jacketed reactors (250 mL) each equipped with 4 baffles and connected to a circulating water 

bath (Grant R-1, Grant Instruments, UK).  

 

3.3.3 Preparation of Coacervate Beads 

Oil-free coacervate beads (CBs) were synthesised as a proof of concept to investigate the 

feasibility of coacervation between fCh and GA. CBs were fabricated according to the 

following protocol developed for microencapsulation via CC (§3.3.4.3), provided that neither 

oil-in-water emulsification nor any surfactant required. Benchmark CBs were used to compare 

their structural and mechanical properties with those of fCh-GA microcapsules by CC. 

 

3.3.4 Perfume Microcapsules via Coacervation 

3.3.4.1 Dispensing 

fCh (2.25 g) was added into water (130 mL) under stirring (400 rpm). Stirring was continued 

for 25 min, after which a turbid dispersion resulted. GA (15.0 g) was added under stirring 

(ωRD=400 rpm), which was continued for 45 min. The resulting dispersion (RD) with a GA-to-

fCh weight ratio of 6.7 was turbid, and acidified down to pH 1.95 (Figure 3.1–  Step1) by 
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adding HClaq (36% w/v, (~0.6mL)). Acidification resulted in a reduction in turbidity leading 

to a clear solution. The solution was stirred (400 rpm) for 30 min, at which point a foam at the 

air-water interface was obvious. Stirring was stopped. Subsequently, ~0.4mL of 1-octanol 

(defoaming agent) was added to deplete the foam. The resulting solution (RS*) was left to rest 

for 15 min.  

 

 

3.3.4.2 One-Step Emulsification 

HS (40g) was added to the RS* (Figure 3.1– Step2) forming two phases. Sorbitan triolate 

(Span85, 0.8g) as the emulsifying agent was added via a 5-mL disposable syringe (Emerald, 

Becton Dickinson, Spain, EU) in order to achieve a kinetically stable oil-in-water (o/w) 

emulsion (Span85-to-oil weight ratio 0.02(g-Span85)·(g-oil)–1). The mixture was homogenised 

(ωo/w=1000 rpm; 30 min) with an overhead stirrer (Microstar7.5, IKA, Germany, EU) equipped 

with a six-blade Rushton turbine (ϕ~38 mm) to generate an o/w emulsion (Figure 3.1– Step3) 

within a pilot plant cylindrical jacketed vessel (liquid Height (H)/Tank diameter (T) = 1; 

Clearance (C)/Impeller Diameter (D) ~3/4) with four baffles (baffle width (b)/Tank diameter 

~0.1) and thermostated at 25±0.1°C (Model F33-HL, Julabo GmbH, Germany, EU). The size 

of the resulting emulsified droplets, which is directly related to the stirring rate [62, 224], was 

measured with a particle sizer (Mastersizer2000, Malvern, UK). Oil droplets with a volume-

based mean size of ~30 µm were formed under stirring (1000 rpm). They were allowed to 

stabilise (30 min) to lower the interfacial tension and the resulting interfacial energy, hence 

increasing the stability of emulsion [344]. No variation in the droplet mean size (~30 µm) was 

detected by particle sizer after 30 min [345]. The stirring speed was progressively reduced to 

0 rpm over 5 min. The o/w emulsified mixture was found to form a whitish froth at the air-

water interface, due to pockets of air naturally entrapped into the liquid phase during 

emulsification. 1-octanol (~0.2 mL) as a defoaming agent was spread onto the air-water 

interface using the tip of a transfer pipette to reduce/eliminate the froth.  
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3.3.4.3 Fabrication of Microcapsules via Complex Coacervation 

The emulsified RS* was transferred into a double-glazed jacketed 2L-reactor (equipped with 

4 baffles and connected to a temperature-controlled water circulator thermostated at 25±0.3°C 

(Model F33-HL, Julabo GmbH, Germany, EU) containing water (600 mL) at pH 1.95, which 

had been pre-acidified via dropwise addition of HClaq (36% w/v). At this point, CC phenomena 

between fCh and GA were induced under stirring (ωCC~400 rpm/1000 rpm) by addition of 

TEAaq (2% w/w, 160 mL) using a motorised syringe pump (Harvard Apparatus, US) at a 

controlled flowrate (2mL·min–1). The infusion TEAaq was carried out slowly (80 min) because 

clusters of coarcevates would occur if the pH was increased rapidly. Therefore, the pH was 

increased gradually (Figure 3.1– Step4). The progression of CC (i.e. the formation of the walls 

via CC around the oil droplets) was monitored using an optical microscope (Leica DM500, 

USA) by taking out samples at every 0.1 pH-unit increase of the medium (probe-in-solution 

pH meter resolution of ±0.01, FP20, Mettler Toledo, UK)). The infusion of TEAaq was stopped 

once the CC wall encircling each oil droplet had become visible by optical microscopy. The 

stirring rate was gradually reduced (300 rpm), which was then maintained for further 20 

minutes. At this point, the resulting microcapsules were inspected again by optical microscopy 

to check for the successful formation of the shell around the oil droplets.  

3.3.4.4 Microcapsule Shell Hardening: Cross-linking 

GLTaq (5.0 g) was added to allow the freshly formed microcapsules to crosslink for ~20 hours 

at 40±0.3oC under continuous stirring (ωCL=300 rpm) (Figure 3.1– Step5). GLUaq can be used 

at 40-45oC to crosslink the shell materials of the microcapsules obtained by CC [346]. This 

temperature range seemed to trigger a more irreversible polymer bonding, thereby promoting 

the hardening stage (crosslinking (CL)). However, GLUaq seems to lose efficacy above 50°C 

from a thermal stability standpoint [347]). The whole microencapsulation process is displayed 

in Figure 3.1. Subsequently, the microcapsules were washed off thoroughly using deionised 

water on filter paper (mesh size 2 µm, Whatmann, diameter 80mm) and separated by vacuum 

drying (KNF Laboport N938, Germany, EU).  
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Figure 3.1– Schematic diagram of the encapsulation process of HS via CC within a fCh-GA 

based shell: biopolymeric dispersion (GA-to-fCh weight ratio of 6.7 and pH 1.95) (Step 1); 

gradual addition of HS with the emulsifier (Span85) (Step 2); emulsification step (1000 rpm; 

30 min) to form o/w droplets (Step 3); gradual infusion TEAaq 2%(w/w) into the emulsified 

RS* at 25±0.3°C to induce CC phenomena (Step 4); crosslinking via addition of GLTaq at 

40±0.3°C (Step 5). Top/Bottom rectangles (▭) represent the inlet/outlet of the jacketed reactor. 

Vertical grey bars represent the baffles. Red and blue dashes represent fCh and GA in solution, 

respectively (Step 1-2-3); yellow spheres represent the emulsified oil droplets (Step 3); dashed 

orange and solid red annuli represent the freshly formed and crosslinked shells, respectively 

(Step 4-5).  
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3.3.5 Food-Grade Microcapsules 

3.3.5.1 Preparation of Biopolymer Solutions 

All biopolymer solutions were prepared by dispensing fCh (0.5% w/w), GA (2.0% w/w), and 

MD (1.25% w/w) into an aqueous solution (720 mL) acidified to pH 2 by dropwise addition of 

HClaq. The solution was contained within a double-glazed jacketed 2ℓ-reactor equipped with 

four baffles and connected to a programmable temperature-controlled water circulator (Model 

F33-HL, Julabo GmbH, Germany, EU). The solution was homogenised (5000 rpm; 20 min) 

using a high shear mixer equipped with a 4-blade impeller (rotor) and a fine emulsor screen 

(stator; mesh ~800 μm) with a diameter of 25.4 and 28.2 mm, respectively (Model L4RT, 

Silverson, UK) (Figure 3.2A). Following homogenisation, the temperature of the solution 

increased (~50oC) due to energy dissipation, thus the solution was left to cool to the 

thermostated temperature (25±0.3 oC). Also, any supernatant froth formed following 

homogenisation was removed manually with a lab scoop.  

 

3.3.5.2 Emulsification with Fluorescent Dye 

A fluorescence sensing method may help to assess the effective entrapment of volatile 

substances (e.g. LC) within a shell.  Nile red (~10mg) as the fluorescent dye was dissolved into 

LC (40g) via ultrasonication (Kerry KC3, Guyson Ltd, UK) for ~20 min which afforded a clear 

red solution. Polysorbate 80 as the emulsifier (0.8g) was added together with the NR-dyed LC 

into the 2ℓ-reactor containing the biopolymeric solution (720 mL), affording two phases 

(Figure 3.2B). Subsequently, homogenisation (8000 rpm, 30 min) was used to achieve oil-in-

water (o/w) emulsified droplets of approximately 30 µm (Figure 3.2C) measured via laser 

diffraction (Mastersizer 2000, Malvern, UK) coupled with a continuously stirred (2000 rpm) 

sample dispersing unit (Hydro2000SM, Malvern, UK). Following the emulsification, a pink 

emulsion was obtained. The emulsified solution was left to cool to 25±0.3oC. 
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3.3.5.3 Two-Stage Microencapsulation 

Complex coacervation was induced under stirring (350 rpm) using a Rushton turbine (ϕ~38 

mm) fitted to an overhead stirrer (IKA Eurostar20, Germany, EU) by increasing the pH 

gradually up from 2.0 to 3.4 using an infusion pump loaded with NaOHaq (0.1M) at a flowrate 

of 0.06 ℓ/h (Figure 3.2D) with the pH monitored by a bench-top pH meter (FP20, Mettler 

Toledo, UK).   Subsequently, coacervate layers were crosslinked enzymatically (Figure 3.2E), 

through the addition of TGase (80mg TGase/g·biopolymer) to catalyse the cross-linking 

between fCh-GA which forms the shells of microcapsules [348]. The temperature of the 

suspension of microcapsules was raised (40±0.3 oC) to initiate the enzymatic cross-linking 

reaction [349] under stirring (350 rpm, ~15h). As reported by Shi et al. [350], both cross-

linking and immobilisation activity of transglutaminase was found to enhanced at such 

temperature.  

 

 

3.3.5.4 Free-Flowing Powders 

The maltodextrin-rich suspension of LC-microcapsules was naturally cooled for 40 min, and 

fed (0.25 L/h) to a spray-dryer (Mini B290, Büchi, Switzerland) operating at 0.6 MPa (Stage 

Two; Step 6), with an inlet temperature of 160 oC (Figure 3.2F). The outlet temperature was 

70 oC with an air feeder pump flowrate of 35 m3/h. Suspended LC-microcapsules were sprayed 

into the cylindrical chamber through a 1.5-mm nozzle (atomiser), where they were dried. Free-

flowing powders of microcapsules were collected from the bottom collector and stored within 

an airtight glass container until further analysis. 
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Figure 3.2– Schematic diagram of the two-stage encapsulation process of LC via complex 

coacervation (Stage One) followed by spray drying (Stage Two) within a fCh-GA based 

shell. Stage two enables to achieve free-flowing powders of microcapsules. 
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3.4 Characterisation Techniques 

3.4.1 Laser Diffraction Particle Size Analyser (LDPSA) 

Laser diffraction enables to determine the volume-weighted mean size and size distribution of 

emulsified droplets and suspended microcapsules. It relies on Mie theory, which deals with the 

angular intensity and absorption of laser light scattered by moving particles. Light scattering 

patterns are originated from the interaction between particles and a laser beam. Specifically, 

incident light can be refracted/diffracted or pass through without any interaction. Information 

on the particle nature is required, such as its refractive index. A Malvern Mastersizer LDPSA 

(M2000, Malvern Instruments Ltd., UK) is capable of detecting particles from 20 nm to 2mm, 

with high resolution and repeatability. It is equipped with a continuously stirred (2000rpm) 

sample dispersing unit (CSSDU) (Hydro2000SM, Malvern Instruments Ltd., UK) in which a 

microparticle suspension (~5 mL) is added to deionised water (~120 mL) inside the CSSDU. 

Once the measurement has started, the sample suspension is circulated throughout the system, 

where the light sensor detects the scattered light due to particles at a fixed wavelength (633 

nm). The results are the average of five consecutive measurements, with two-minute intervals.  

In this research, the instrument was aligned using an effective refractive index (𝑅𝐼̃=1.482) 

resulting from the weighted average (Equation (3.1)) of the individual RI of GA (RIGA~1.476) 

and fCh (RIfCh~1.521). The refractive indices of oils (HS and LC) were 1.505 and 1.481, 

respectively. RI of water was 1.332. D[3,2] is the Sauter mean diameter (Equation (3.2)), 

whereas a size distribution is characterised by the SPAN value (Equation (3.3)) [31, 62]: 

 

 𝑅𝐼̃ = 𝛽 · 𝑅𝐼𝐶ℎ + (1 − 𝛽) · 𝑅𝐼𝐺𝐴 (3.1) 
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𝐷[3,2] =

∑ 𝑑𝑖
3𝑁

𝑖=1

∑ 𝑑𝑖
2𝑁

𝑖=1

 (3.2) 

 

 
𝑆𝑃𝐴𝑁 =

𝑑90% − 𝑑10%
𝑑50%

 (3.3) 

 

where β represents the biopolymer weight fraction (fCh-to-GA); di represents the diameter of 

individual microcapsules, N refers to the total number of microcapsules being measured; d10%, 

d50%, d90%  are the diameter of particles when the cumulative volume fraction is caught at 10%, 

50% and 90%, respectively.  

 

 

3.4.2 Zeta-Potential 

3.4.2.1 Principle 

Particles dispersed in aqueous environments are surrounded by a double layer, which consists 

of an inner (Stern layer) and outer (diffuse-dynamic layer) region. The former is related to the 

presence of counterions firmly bound to the particle surface, whereas the latter has only loosely 

attached ions/counterions. A boundary layer (slipping plane) where ions, counterions, and 

particles are in pseudo-equilibrium also occurs within the diffuse-dynamic layer. Beyond the 

boundary layer, the ions are comfortable in the liquid bulk. The surface charge at this boundary 

is the zeta potential (ζ-P), which represents the charge difference between the double layer and 

the dispersant [351]. It is conditional upon the nature of particle and conditions of dispersant, 

such as ionic strength and pH. ζ-P is also referred to as the remote surface charge effect; 
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however, other techniques are required for measuring the actual surface charge. A schematic 

of ζ-P is depicted in Figure 3.3.  

 

 

3.4.2.2 Operational Method 

Zeta-potentiometry was employed to measure the net electrokinetic charge (NEC) of a polymer 

solution or the Zeta potential of a suspension of particles (NanoZS90, Malvern, UK) at ambient 

temperature. The equipment is capable of detecting the Zeta potential  of particles ranging 4nm-

0.1mm The equipment’s software benefitting from Smoluchowsky’s mathematical theory is 

enabled to convert electrophoresis-based measurements into NEC (soluble polymers) or ζ-

values (colloidal dispersions) [352]. Specifically, the light beam travelling throughout each 

sample detects orientation and velocity of the electrically oriented polyelectrolyte dispersions 

when an electrostatic field is being applied. 

 

3.4.2.3 Measurement 

GA (1.0% w/w) and fCh (2.0% w/w) stock solutions were stored into two separate airtight vials 

covered with aluminium foil. Subsequently, ten aliquots (3.5 mL each) were prepared from 

each stock solution. The pH of each aliquot was manually adjusted via acidic/alkaline titration 

(0.1N HClaq and 0.1N NaOHaq) to cover the pH range 1.0-8.0, which must include both pKafCh 

and pKaGA. When dealing with fCh, the pH values as measured by a pH meter were 1.12, 1.96, 

2.78, 3.01, 4.02, 4.29, 4.67, 5.67, 6.50, and 7.98. The pH 6.50 aliquot was prepared to monitor 

the behaviour of NEC of fCh around its own pKafCh (~6.0-6.5). In addition, the pH 3.01 aliquot 

was utilised 5 times, initially, as such, at pH 3.01, whose pH was then raised to 3.25, 3.42, 3.73, 

3.92 by addition of NaOH to achieve four additional NEC measurements between pH 3-4, 

where Espinosa-Andrews et al. [197] had shown the highest NEC for Ch. As for fCh, the pH 

values for GA, as measured by a pH meter, were 1.10, 1.80, 2.05, 2.23, 3.10, 4.10, 5.14, 6.32, 
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7.03, and 7.95. The pH 1.80 and 2.23 aliquots were prepared to monitor the behaviour of the 

zeta potential of GA around its own pKaGA (~1.8-2.2).  

  

3.4.2.4 Dilution 

0.5 mL from each aliquot was diluted into 4.5mL of HClaq/NaOHaq with the same pH as each 

aliquot. The folded capillary zeta measurement cell (plastic cuvette, capacity~0.8mL), 

DTS1070, Malvern, UK) was thoroughly rinsed three times with deionised water (18.2 

MΩ·cm), prior to being inoculated with any fCh/GA aliquot to be measured.  
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Figure 3.3– Schematics to elucidate the zeta potential and net electrokinetic charge (NEC). 

3.4.3 Turbidity 

The aliquots which had been previously prepared for the NEC/ζ-P analysis (1:10 dilution) were 

utilised for the turbidity measurements of fCh and GA to cover the same pH range (1.0-8.0). 

The turbidity of fCh and GA samples at different pH values was measured to investigate how 

the turbidity of fCh/GA dispersion occurs at different pHs. A benchtop turbidity meter (HI-

93703, Hanna Instruments, UK) specially designed for maintaining the required wavelength 
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(peaking at 890 nm) and passing a beam of infrared (IR) light through 25-mm round glass vials 

was calibrated with the aid of three reference standards and employed to measure each aliquot. 

The 90°-scattered light was detected by a built-in light sensor, quantified by a microprocessor 

displaying the readings in Formazine Turbidity Units (FTU), which can be converted into mg 

SiO2·L
-1 (FTU/ mg·L–1≃0.13) or into ppm (𝜌sol≃1 g·mL–1). The data collected from the 

turbidity studies were then associated with that from the ζ-potential measurements, in order to 

investigate any potential interrelationship between turbidity and the electrostatic charge of the 

biopolymers at different pHs. 

 

 

3.4.4 Ultraviolet-Visible (UV-Vis) Spectrophotometry 

UV-Vis spectrophotometry is a well-established technique to investigate and quantify the 

presence of chemicals in solution, both organic and inorganic. Basic requirements of this 

technique include an appropriate wavelength range, a known optical geometry, a specimen 

holder, and a light detector. The technique relies on Lambert-Beer’s law (Equation (3.4)), 

which focuses on the intensity of the transmittable light (iτ) over the incident light (ii): 

 

 𝐴𝑏𝑠 = −log(𝑇𝜏) = ℰ ℓ ℂ (3.4) 

 

where Abs is the specimen’s absorbance, Tτ=iτ/ii is the transmittance, ℰ  [cm-1(mol/l)-1] is the 

molar absorptivity (extinction coefficient), which is constant for a given chemical at a fixed 

wavelength; ℓ [cm] is optical path (1 cm), and ℂ [mol/l] is the concentration of the sample. 

Prior to any measurement, a standard calibration curve (Abs corresponding to known 

concentrations of the solute of interest) is needed. Therefore, the full UV-Vis pattern of the 

species of interest is scanned to identify the wavelength λ* [nm] at which the signal (Abs* ) is 
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maximised. Absolute solvent (i.e. no solute) is utilised as the baseline (blank) to zero the 

instrument at λ*. In this project, ten reference samples with increasing concentrations of the 

solute of interest were prepared, hence their absorbance at λ* was measured. Abs vs 

concentration was plotted for both HS and LC (Figure 3.4A-B). A linear regression along with 

its coefficient of determination (R2) was generated, whose slope is proportional to ℰ.  

 

  

Figure 3.4– Standard calibration curves of HS and LC. Data points display the absorbance of 

the solute at λ* at its corresponding concentrations. Best linear fittings provided 

ℰHS≃42981±284 (mol/l)-1cm-1 and ℰLC≃565±1 (mol/l)-1 cm-1 for HS (A) and LC (B), in 36% 

(w/w) 1-propanol and absolute ethanol, at λ*HS=306nm and λ*LC=320nm, respectively 

(Average ± St. Err); R2>0.98. Error bars may be smaller than the size of symbols.  

 

 

3.4.4.1 Encapsulation Efficiency and Payload 

UV-Vis measurements were performed to evaluate both encapsulation efficiency (EE) and 

payload of microcapsules via a standard calibration curve. EE deals with the amount of active 

that has been successfully entrapped/absorbed into the shell, whereas the payload refers the 
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actual active content inside the microcapsule following separation from the medium. Three 

specimens (50 mg each) of HS spray-dried microcapsules were first loaded into three different 

screw capped bottles, and then dispersed into aqueous propanol (50 mL; 36% w/w) as the 

receptor medium according to Mercade-Prieto et al. [16]. The bottles were placed in an 

ultrasonic water bath (VWR Ultrasonicator, USC100TH, UK) for 30 min at ambient 

temperature to extract the core material (HS) from microcapsules. Following the 

ultrasonication, damaged microcapsules/shell residues occurring in the aqueous medium were 

separated out by centrifugation (1900 g-force, 5 min; Hermle Labortechnik Z-180, Labnet, 

Germany, EU) to afford a clear HS-containing supernatant. The absorbance of the supernatant 

was measured by a UV-Vis spectrophotometer (CE 2021, Cecil Instruments Ltd., UK) zeroed 

with aqueous propanol (36% (w/w) as the blank. UV-Vis measurements of HS were recorded  

at λ*HS=306 nm [16]. The supernatant was diluted in a quartz cuvette 10 times using the blank 

sample prior to measurement. Thus, the amount of HS was calculated using the relevant 

calibration curve (i.e. Abs(HS) vs 36%(w/w) aqueous propanol). As for HS microcapsules, the 

same procedure was followed for LC microcapsules using absolute ethanol (EtOH) as the 

receptor medium at λ*LC=320 nm. All measurements were performed in triplicate. Both EE% 

(Equation (3.5)) and Payload% (Equation (3.6)) were evaluated with the following formulae: 

 

 

𝐸𝐸% =
𝑚𝑎

𝑚𝑇𝐿
· 100 =

𝑚𝑐𝑜𝑟𝑒

𝑚𝑠𝑎𝑚𝑝𝑙𝑒

1

1 +
𝑚𝑠,𝐸𝑁

𝑚𝑐,𝐸𝑁

· 100 
(3.5) 

 

 𝑃𝑎𝑦𝑙𝑜𝑎𝑑% =
𝑚𝑐𝑜𝑟𝑒

𝑚𝑠𝑎𝑚𝑝𝑙𝑒
· 100 (3.6) 
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where mcore represents the mass of core material in microcapsules; msample is the mass of the 

sample; ms,EN/ mc,EN is the weight ratio of the amount of shell to core materials used for 

encapsulation; ma and mTL are the actual and theoretical loadings, respectively. 

 

3.4.4.2 Release Profile of Actives 

Active release was investigated at ambient temperature by exposing microcapsules to different 

aqueous environments. When dealing with HS-microcapsules, absolute water and aqueous 

propanol (36%w/w) as an accelerated test were employed according to the solubility tests by 

Mercade-Prieto et al., (2012). Spray-dried microcapsules (2.5 mg) placed inside a dialysis tube 

(length~5 cm, internal diameter~14.3 mm, molecular weight cut-off (MWCO) 12-14 kDa, 

visking code DTV12000, Medicell Membranes Ltd, UK), which had been immersed into 

deionised water (60 oC; 3 hours), and then thoroughly rinsed with deionised water (25 oC) to 

remove the glycerol coating. The edges of each tube were folded twice, and secured by 

applying lab pegs at either end. Each tube containing HS-microcapsules was immersed in the 

selected receptor medium (50mL) being deionised water (DI-w) and 36% (w/w) aqueous 

propanol (aq-PropOH)) inside an airtight vial, and continuously stirred with a magnetic flea. 

Aliquots (3mL) were sampled every 10 minutes within the first hour; every 30 minutes within 

the second and third hour; every 60 minutes until the sixth hour. Afterwards, the release of HS 

was monitored on the daily basis within the first week, and then observed on the weekly basis 

until release plateaued. Following each withdrawn aliquot, the same volume (3mL) of fresh 

DI-w/aq-PropOH solution was promptly added to the appropriate receptor medium in order to 

assure the sink condition. UV-Vis spectra of each sample were recorded, with attention to the 

typical absorption band of HS at 306 nm. Each dataset was processed using the appropriate 

calibration curve obtained between HS and DI-w/aq-PropOH. Similarly, LC-microcapsules 

were exposed to several hydro-alcoholic environments (i.e. 0, 5, 10, 15, 20% EtOHaq w/w) as 

an accelerated test. As for HS, LC release was monitored at regular time intervals. Co-solvent 

concentrations were determined according to the solubility studies of LC in EtOHaq [353]. All 

experiments were carried out in triplicate. 
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3.4.4.3 Solubility Studies 

HS/LC (0.25g) were added to EtOHaq (10mL) at several concentrations (0-100% w/w), and 

energetically shaken by hand at ambient temperature. The concentration of the dissolved oil in 

the hydro-propanolic/hydro-alcoholic solvent was obtained by the UV-Vis spectrophotometer 

at regular time intervals until no variation of the absorbance signal was detected. Such plateau 

was the solubility concentration of the oil (cs) in the given solvent.  

 

3.4.4.4 Optical Density of Emulsion 

UV-Vis measurements were also performed to assess the kinetic stability (KS) of oil-in-water 

emulsion droplets (§2.3.1.2) via a turbidity method adapted from Song et al. [354]. 

Specifically, two wavelengths, namely λ* and λRef (λRef = 650nm is a typical reference for 

turbidity and microbiological studies in wines and bacterial cultures [355]), were used to 

measure the increase in turbidity over time of fresh emulsions (i.e. HS, LC) with or without 

emulsifiers. Sorbitan oleate (Tween 20, 60, 65, 80, 85) and sorbitan esters (Span 20, 60, 65, 

80, 85) and their combined matches (Span20-Tween20, Span60-Tween60, Span65-Tween65, 

Span80-Tween80, Span85-Tween85) with a total concentration of 0.05%(w/w) were added to 

each oil, and tested via UV-Vis in a quartz cuvette at ambient temperature. Subsequently, the 

absorbance values obtained from each oil-emulsifier combination were plotted as a function of 

time to investigate the KS of emulsions for microencapsulation. Since emulsified droplets 

naturally undergo coalescence and flocculation, it is crucial to understand how rapidly these 

phenomena may occur, which might hinder encapsulation. The KS of emulsions was evaluated 

from the resulting slope of the turbidity-time curve via linear regression. Accordingly, high 

slopes are associated with great absorbances, which are due to reduced scattered light caused 

by increased droplets size following coalescence. All measurements were performed at pH 2, 

which is suitable for the microencapsulation process by CC (§3.3.4). Overall, KS experiments 

were designed to identify: (i) the timeframe within which the stabilised emulsion droplets with 
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the desired size can stay stable for prior to inducing CC; and (ii) what surfactant could better 

stabilise the emulsion.  

3.4.5 Scanning Electron Microscopy (SEM) 

A Scanning Electron Microscope (SEM, JEOL 6060, USA) operating in dry mode and paired 

with an Electron Dispersive X-ray (EDX) spectroscopy detector (EDX-System, INCA-Oxford, 

High Wycombe, UK) was utilised to examine the morphology and surface topography of 

coacervate beads (CBs) and microcapsules. Spray-dried microcapsules/CBs (~0.1 mg) per 

sample were gently tapped onto a stainless steel stub fitted with a conductive two-side adhesive 

carbon tab as the substrate. Subsequently, the specimen was covered through gold sputtering 

(Polaron Sputter Coater SC7640 equipped with a valve-controlled argon cylinder, Quorum 

Technology Ltd, UK) to create an electrically conductive coating of gold onto the specimen 

(~8 nm). This inhibits charging effects at the specimen surface, and enables to exploit the high 

resolution features of a high-vacuum (10-270 Pa) SEM under accelerating voltages (15-30 kV). 

The thickness of the Au-coating was monitored by means of a thickness monitor coupled with 

a quartz crystal (QC) microbalance. Previous literature has suggested that melamine-

formaldehyde microcapsules stay intact when exposed to an accelerating voltage of ~20kV 

within the first sixty seconds [356]. Therefore, any structural damage associated with fCh-GA 

microcapsules by CC due to SEM-exposure should be verified in this study. For this reason, 

no more than five SEM images were acquired for each microcapsules/CB. Moreover, the shell 

thickness of microcapsules was preliminarily evaluated by SEM imaging on them which had 

been frozen by liquid N2, and ground in an agate pestle and mortar to mechanically cause their 

structural damage.  

 

3.4.6 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) was utilised to image the cross-sectional areas of 

microcapsules, thereby measuring their shell thickness. TEM specimen preparation consists of 

three main steps. Spray-dried microcapsules (dehydrated) were mixed with an equimolar 
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admixture of ethanol and hard-grade white acrylic resin (London Resin LR Ltd., UK) in a 

rotator at 5 rpm (Agar Scientific, UK). The specimen was left to set overnight in oven at 60o C 

to evaporate the supernatant (embedment). Subsequently, the polymerised specimen was sliced 

off (ultracutting) by a diamond knife ultramicrotome (UltracutE, Reichert-Jung, Austria) to 

achieve ultrathin sections (~100nm) [266, 357]. TEM micrographs of randomly selected 

ultrathin sections were acquired by JEM-2100 TEM (JEOL Ltd., Japan) at an accelerating 

voltage (200 kV). TEM artefacts during specimen preparation may occur. If any, thicker 

regions of ultrathin sections are shown darker than the thinner ones, since fewer electrons can 

pass through. Captured images were analysed via ImageJ (1.53c, National Institute of Health, 

USA). If the ultrathin cross-sectional areas (CSAs) are spherical, the resulting shell thickness 

(annulus) can be evaluated as follows (Equation (3.7)): 

 

 ℎ = 𝑟𝑜𝑢𝑡 − 𝑟𝑖𝑛 = (𝐴𝑜𝑢𝑡
1/2

− 𝐴𝑖𝑛
1/2
)𝜋−1/2 (3.7) 

 

where rout and rin are the on-screen measured outer and inner radii of the annulus, and Aout and 

Ain are the outer and inner CSAs, respectively. However, CSAs of microcapsules via CC were 

often found to be elliptically shaped. Therefore, a variant to Equation (3.7) was introduced: 

 

 ℎ = (𝐴𝑒𝑞,𝑜𝑢𝑡
1/2

− 𝐴𝑒𝑞,𝑖𝑛
1/2

)𝜋−1/2 = (𝑎 · 𝑏)𝑜𝑢𝑡
1/2
𝜋−1/2 − (𝑎 · 𝑏)𝑖𝑛

1/2
𝜋−1/2 (3.8) 

 

where ain/out and bin/out are the major and minor axis (inner and outer) of the elliptical ring, given 

that the area of an ellipse is 𝐴𝑒 = 𝜋𝑎𝑏; for simplicity, 𝐴𝑒 was considered equivalent to a 

circular area 𝐴𝑒~𝐴𝑒𝑞, when the ellipticity factor b/a is  0.75 ≤ b/a ≤ 1. Ultrathin TEM sections 

were sliced off at random distance from the equatorial plane of the microcapsule, which 

affected both apparent radius and shell thickness. This shortcoming was overcome via applying 
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the model by Mercadé-Prieto et al. [18]. This correlates the apparent (on-screen) thickness of 

microcapsules’ shells with the actual one using a correction factor of 0.86.    

 

3.4.7 Fourier Transform Infrared Spectroscopy (FT-IR) 

Fourier Transform Infrared Spectroscopy (FT-IR) spectra of all solid samples were obtained 

employing a FT-IR GX System (Perkin-Elmer, US) paired with an attenuated total reflection 

(ATR) sampling accessory (DuraSampleIR device, US). All spectra were given as an average 

of 200 scans from 4000 to 400 cm–1 (wavenumber) at a resolution of 4.0 cm–1. Solid powders 

(7.5 mg) were gently mixed and contained within an IR-transparent anhydrous KBr (0.5 g) 

based matrix acting as a window material, and then compressed (force applied 80 kN for 2 min) 

into pellets using a semi-automatic rotary tablet press equipment with a pellet-forming die 

(LFA Tablet Presses, UK). The sample-to-KBr weight ratio equal to 0.015 was selected to 

prevent the formation of opaque pellets, which may undesirably result in little IR beam passing 

throughout the pellets, hence generating poor IR response. 

  

 

3.4.8 Micromanipulation 

A well-established micromanipulation technique based on parallel plate compression of single 

particles [25, 99, 266] was employed to determine the mechanical properties of 

microcapsules/CBs. The schematic of the micromanipulation rig is displayed in Figure 3.5. 

Specifically, one plate travels downwards towards another parallel plate at a constant speed (2 

µm·s-1), whilst a voltage signal due to the ongoing compression is generated and filed.  
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Figure 3.5– Schematic of the micromanipulation rig. Both computer screen and TV monitor 

depict what is being displayed during compression of a single microparticle/microcapsule. 

 

3.4.8.1 Micromanipulation of Dry Microparticles 

Two drops of microcapsule slurry were left drying naturally in air on a thin pre-cut glass slide 

(~2.5 cm2) tightly secured on the sample stage (Figure 3.6A). The glass probe (original 

diameter~1 mm) with a tapered tip of ~70µm (total length~0.8 cm) was polished against a fine 

lapping film (1 µm) mounted on a high-speed rotary polisher (Model EG-40, Narishige, 

MicroInstruments Ltd., Long Hanborough, UK). Subsequently, the resulting probe was 

longitudinally glued (Loctite Cyanoacrylate Superglue, Henkel, Germany, EU) to the 

borosilicate output glass tube (outer diameter~1 mm, inner diameter~0.58 mm; Harvard 
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Apparatus Ltd, Kent, UK) of a selected force transducer. A force transducer (Model 400A, 

403A, 405A with operating force scale of 50 mN, 5 mN, and 10mN respectively; Aurora 

Scientific Inc., Canada) coupled with an electrically driven control box was enabled to move 

downwards by a fine micromanipulator. The force transducer was attached to a three-

dimensional micromanipulator controlled by a servomotor (Parker Compumotor, USA) 

responsible for both moving distance and speed. The system is capable of measuring forces 

with a superb resolution of ±0.1 μN and a probe displacement precision of ±0.2 µm. Former 

literature has evidenced that rupture force and displacement at rupture of MF-microcapsules 

were not influenced by the variation of compression speed between 1.0 and 6.0 μm·s-1 [99]. 

This finding suggested that the viscous effect of MF-microcapsules was not significant. Having 

said that, the descending speed for polymeric microcapsules is typically set to be 2 μm·s-1 to 

allow contact, and progressive rupture of a microcapsule [126]. Both position and focus of the 

side-view camera were adjusted to align the compressing probe with the testing microcapsule 

correctly. A self-isolated microcapsule was selected on the slide, and its size was preliminarily 

measured on-screen (LWD MPlan 40X/0.50 210; Ultramacro, UK) using a digital calliper (0-

150mm, Draper Expert, Hampshire, UK). Further image analysis was performed on side-view 

images/videos of microcapsules to determine their size accurately prior to compression. Thirty 

microcapsules/CBs from each sample were randomly selected and compressed to generate 

statistically representative results. Micromanipulation experiments were carried out at ambient 

temperature. Data was recorded as voltage versus sampling time generated from the ongoing 

compression of microcapsules. The voltage signal was then converted into force through the 

sensitivity (mN·V-1) of the transducer. Sensitivity and compliance were calculated according 

to Zhang et al. [319] and [64]. Compliance of the system was run three times prior to each test, 

and their average was used to calculate the real displacement of the force probe. Data were 

processed using the novel Micro-particle Strength Analysis software (µCAP, version 2.0.3, 

Micromanipulation and Microencapsulation Group, School of Chemical Engineering, 

University of Birmingham, 2020) developed in our group by Mr Zhihua Zhang.  

When dry micromanipulation is operated, the external temperature is not controlled. Ambient 

temperature may be a source of error, as well as the seasonal relative humidity which can be 

absorbed by the microcapsules, thereby affecting their mechanical property. Another potential 
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source of error may be associated with the number/selection of microcapsules, and what side 

of their shell is exposed for compression. 

 

3.4.8.2 Micromanipulation of Wet Microparticles 

Three drops of suspended microcapsules at the required pH were transferred into a sample 

chamber (L x w x h = 14.90 x 4.05 x 6.90 mm; thickness of quartz glass = 1.0 mm; Comar 

Optics Ltd, UK), which was secured with blue tack (BostikGlobal, France, EU) onto the sample 

stage beneath a flat-end glass probe (Figure 3.6B). As for micromanipulation of dry 

microparticles, the glass probe was connected to the selected transducer, and enabled to move 

downwards towards the air-water interface of the liquid suspension (meniscus). Once the probe 

had entered the liquid, it appeared blurred on the monitor due to the refractive index of water. 

Thus, the focus of the side-view camera onto the probe was adjusted carefully. The probe was 

slowly driven towards the bottom of the sample chamber, where the microcapsules/CBs were 

expected to settle down. Importantly, only microcapsules with a specific gravity higher than 

that of water could be tested. The compression procedure and data processing were similar to 

what described earlier.  

 

Figure 3.6– Dry (A) and wet (B) configuration of the micromanipulation rig. 

 

Flat-end glass probe 

Sample chamber Glass slide 

Meniscus 
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3.4.8.3 Statistically Representative Number of Microcapsules  

Thirty microcapsules from a given sample are typically compressed. Previous studies 

conducted by the undersigned author of this thesis on other reference samples, including 

gelatine, xanthan gum, and methycellulose microcapsules, showed no significant difference in 

the average values of  mechanical property parameters obtained between 30 and 60 tested 

microcapsules [126]. As expected, the standard errors were lower when the number of 

measured capsules was doubled.  

 

Table 3.1 –Mean values of the mechanical property parameters based on 30 and 60 

microcapsules from reference batches (gelatine, methylcellulose, and xanthan gum). The 

values are expressed as Mean ± St.Err. Δϵ (%) represents the percentage difference of 

mechanical property parameters between 30 and 60 microcapsules [126]. 

 

 

 

 

 

 

 

Number of 

capsules 

compressed 

Diameter Displacemen

t 

At rupture 

Rupture 

Force 

Deformation 

at rupture 

Nominal 

Rupture 

Stress 

(#) (μm) (μm) (mN) (%) (MPa) 

 

 

Gelatine 

30 45.4±2.2 17.2±1.6 3.07±0.26 37.3±2.7 1.92±0.14 

60 44.7±1.4 16.3±1.0 2.98±0.17 36.2±1.8 1.97±0.11 

Δϵ (%) 1.6 4.9 2.9 2.9 2.5 

 

 

Methyl 

cellulose 

30 39.7±2.0 19.1±1.6 3.07±0.23 48.2±3.3 2.66±0.19 

60 40.0±1.2 19.6±1.0 3.11±0.16 48.5±2.1 2.58±0.13 

Δϵ (%) 0.9 2.4 1.5 0.7 3.1 

 

 

Xanthan 

Gum 

30 49.7±1.5 18.3±1.2 3.20±0.17 37.2±2.5 1.77±0.14 

60 50.4±1.1 17.0±0.9 3.23±0.14 33.6±1.6 1.71±0.09 

Δϵ (%) 1.5 7.0 0.9 9.5 3.5 
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3.4.8.4 Calibration of Force Transducers  

3.4.8.4.1 Sensitivity 

The applied load and the recorded voltage output are conditional upon the sensitivity of the 

selected transducer, for which appropriate calibration is required. As an example, 403A is a 

model of force transducer that can measure up to 0.5g-force. Its calibration is conducted 

applying minute paper flaps (~0.5 cm2) with increasing weights (5mg-0.5±0.0001g; Sartorius 

Secura, Model 124-1S, Germany, EU). Therefore, the heavier the weight, the larger the voltage 

output. Ten different measurements were carried out. The gravitational forces (mN) are 

calculated (g≃9.81 m·s-2), which are plotted with the corresponding voltage (V). A linear 

regression model is applied, whose slope provides the sensitivity κS (mN·V-1) of the force 

transducer.  

 

3.4.8.4.2 Compliance 

It is important to identify correctly the effective distance travelled by the probe downwards 

through the microparticle. Accordingly, the distance travelled in air (before contacting the 

microparticle) should be discarded. Compliance (ℂk) is obtained by compressing the flat-end 

probe against an empty, hard, smooth, and fully flat surface on the glass slide or at the bottom 

of the sample chamber. The procedure is repeated three times. A typical compliance curve 

(voltage versus sampling points) is displayed in Figure 3.7 .  

The segments A-B and B-C correspond to the probe before and after contacting the hard 

surface, respectively. The slope B-C (𝑚̃B-C average of five measurements) is inversely 

proportional to ℂk: 
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 ℂ𝑘 =
𝑣𝑡𝑟𝑡𝑎
κS𝑚𝐵𝐶̃ 

 (3.9) 

 

where vtr is the compression speed (2.0 µm·s-1) and ta is the acquisition time (0.3s). 

 

 

Figure 3.7– Typical compliance curve (voltage versus sampling points). 

 

 

3.4.8.5 Preparation of Compression Probe Tips  

Borosilicate glass tubes with an initial diameter of 1.0 mm were used to produce compression 

probes. They were coil heated and stretched away using a glass puller (MicroForge, MF900, 

Japan). During compression, microcapsules may deform to a diameter around three-fold larger 

than their initial one. Therefore, the size of the glass probe needs to be at least three-fold larger 

than that of microcapsules. Freshly pulled glass probes were fitted onto a high-speed rotary 
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polisher to grind the tip to the desired size, which was monitored by optical microscopy prior 

to being glued to the force transducer.  

 

3.4.8.6 Approach to Image Analysis  

During micromanipulation, the size of a self-isolated microcapsule can be measured using a 

digital calliper on-screen, which has been calibrated with an eyepiece graticule. However, 

image analysis (IA) can provide this information more accurately via an on-screen tool 

specially designed for micromanipulation in our group. Good lighting for a clear and sharp 

side-view image of the microcapsule is crucial. IA first requires to draw a segment along the 

probe end from left to right at different travelling heights (baseline) for measuring its 

compliance (Figure 3.8A). The baselined probe is divided into vertical ‘slices’ to convert pixels 

into microns (Figure 3.8B). Subsequently, the boundaries of a microparticle are drawn freehand 

into a circular outline (Figure 3.8C). For a spherical microcapsule, the circular outline is 

obtained by clicking three points around its edges; for irregular microcapsules, the outline is 

drawn along their deformities; for ellipsoidal microcapsules (often obtained by CC), two line 

segments, namely a (major axis) and b (minor axis), are drawn (a≠b) across the microcapsule.  

  

 

Figure 3.8– Main steps of image analysis of microcapsules for micromanipulation: probe for 

measuring its compliance (A); baselined probe for converting pixels into microns (B); 

microcapsule outline drawn (C).  

A B C 
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3.4.9 Flow Chamber Technique 

3.4.9.1 Methodology 

A rectangular-shaped flow chamber consists of two parallel plates. Inlet/Outlet and inner 

passageways enable fluids to enter/exit and flow through the chamber, respectively. The wall 

shear stress (τw) represents the force per unit area exerted by a solid boundary (wall) against a 

fluid moving in a longitudinal direction to the wall. For a rectangular-shaped flow chamber: 

 

 𝜏𝑤 =
𝜇𝑣𝑣
𝜒 𝛿ℎ2

 (3.10) 

 

where μ [kgm-1s-1] is the dynamic viscosity of the fluid, vv is the flow rate set on the syringe 

pump [m3s-1], χ = 1/6 is the shape factor, δ [m] and h [m] are the inner width and height of the 

flow chamber, respectively [341, 358]. As reported in literature, the flow is expected to be 

laminar. The flow regime can be determined via Reynolds number (laminar regime: 

Re<2.1·103) for non-circular ducts: 

 

 𝑅𝑒 =

𝑤

 𝜇

𝑣𝑣
𝛿ℎ

𝐷ℎ (3.11) 

 

where w [kgm-3] is the density of the fluid, and Dh is the hydraulic diameter [m]: 
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𝐷ℎ =
2

1
𝛿
+
1
ℎ

 (3.12) 

which is derived as the ratio of cross-sectional area to the wetted perimeter of the duct. 

 

3.4.9.2 Assembly of a Flow Chamber System 

The flow chamber utilised in this study was based on a previous report by Lane et al. [358]. Its 

design consisted of two parallel-fitting metal plates (top and bottom plate), which had been 

manufactured with precipitation-hardened 6061-aluminium alloy (Poynting Physics 

Workshop, University of Birmingham, UK). A chamber window was built on each plate at the 

same position. Each window was fitted with pre-cut tempered glass (7.2±0.1cm × 2.1±0.1cm; 

thickness~0.2cm), applying cyanoacrylate glass glue (Loctite SuperBonder, Henkel Loctite, 

USA) to each edge. Silicon O-rings (BS044/046, Polymax, Bordon, UK) were mounted inside 

to seal the chamber. As detailed by Lane et al. [358], the flow chamber had length and width 

of 10.5 cm and 1.7 cm, respectively, and a flow height of 0.25-0.35 mm. A fully flat, 

transparent, smooth, and amorphous PET film (thickness 0.25 mm; Goodfellow Cambridge 

Limited, Huntingdon, England, UK) was selected as the model fabric. The PET film was cut 

out into the required rectangular shape (17±0.4cm × 3.5±0.2cm) in order to fit in between the 

top and bottom plates of the chamber, thereby covering the inner passageways completely. The 

plates were secured onto each other using ten stainless steel screws (cordless electric 

screwdriver, AS6NG, Black&Decker, USA) to assure a liquid-tight assembly. Inlet/Outlet soft 

silicone tubing (inner ⌀~3 mm) was fitted with one-/three-way stopcocks as well as 

female/male lock-ring luer connectors (Cole Parmer Instruments, England, UK). A luer lock-

tip syringe (Fisher Scientific, Loughborough, UK) was employed for sample inoculation, the 

tip of which was connected to one side of a split-end silicone tubing. The other tubing end was 

connected to a syringe (60mL; Becton Dickinson, Spain, EU) loaded with the test solution at 

the required pH. The syringe was fixed to a syringe pump (Ultra 70-3007, Harvard Apparatus, 

USA). The full schematics of a flow chamber system is shown in  Figure 3.9. 
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Figure 3.9– Schematics of a flow chamber system with a fully integrated bright-field optical 

microscope and computer workstation. 

 

3.4.9.3 Test Solution 

Test solutions at different pH (3.2; 4.2; 5.1; 6.1; 7.2) were prepared for each experiment to 

investigate the effect of pH on the retention performance of perfume microcapsules by CC onto 

PET films. Each test solution was prepared with deionised water by dropwise addition of 

aqueous 0.1N HClaq and 0.1N NaOHaq to the required pH. 

 

3.4.9.4 Specimen 

Specimens (i.e. diluted suspension of microcapsules to inoculate into the flow chamber) were 

obtained from microcapsule slurries. Each slurry (~0.05g) was weighed and added to the 
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required test solution (20 mL) with the desired pH in order to achieve a 0.25% (w/w) 

suspension of perfume microcapsules. The resulting specimens were left to rest to equilibrium 

(30 min), which is similar to the detergent dissolution at the beginning of a real washing cycle. 

Each specimen was gently shaken prior to its inoculation into the chamber. The size distribution 

of microcapsules was also measured to prove their size suitable for the height of the 

passageway (microcapsule-to-height ≤0.3) so that no aggregates formed.   

 

3.4.9.5 Investigation of Microcapsule Adhesion onto PET films 

One of the most relevant parameters is the relative density (r) of microcapsules in aqueous 

media (w). It is essential to know whether the microcapsules naturally float (r<w) or settle 

down (r>w) in order to configure the flow chamber correctly. For HS-microcapsules 

(r,HS>w), the flow chamber was positioned standardly, with the top plate upwards and facing 

the microscope lens (Figure 3.9A). Alternatively, if the relative density of the core oil is lower 

than water (r,oil<w), the flow chamber should positioned reversed, with the top plate 

downwards and facing the microscope light. The main steps of the process are summarised 

herein: 

 

i. Loading - The test solution at the required pH was infused into the chamber 

with a syringe pump (5 mLmin-1; 3 min). The outlet of the flow chamber was 

slightly tilted upwards to achieve no air bubbles within the system. The chamber 

was then secured onto the flat microscope stage, and configured according to 

microcapsules’ r (upwards/downwards);  

ii. Image focusing - The PET film was adjusted into focus on either the lower or 

the upper surface of the PET film, depending on microcapsules’ r. Specifically, 

the focus was onto the upper layer of the PET film for HS (r,HS>w) 
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microcapsules, respectively. The focus (11-14 mm) included the cross-sectional 

area of the chamber;  

iii. Deposition – A specimen aliquot (4 mL) containing suspended microcapsules 

was inoculated into the flower chamber. Microcapsules were left to rest to 

equilibrium (30 min), which was monitored via digitalised optical microscopy;  

iv. Cleaning - The test solution at the required pH and flowrate (15 μLmin-1) was 

fed into the system (5 min). This step helped to remove free oil droplets, which 

may be due to microcapsules ruptured when inoculated; 

v. Flushing - Increasing flowrates were selected, leading to a gradual increase of 

the shear stress. Each flowrate (0.065, 0.125, 0.3, 0.6, 1.2, 3.0, 4.5, 6.0, 9.0, 12.0 

mLmin-1) was held for 3 min to afford the equilibrium between microcapsules 

and the PET film. Accordingly, images of microcapsules adhering to the PET 

film were captured every 3 minutes from a fixed position. 

 

3.4.9.6 Image Analysis 

Images taken during flushing were analysed using open source image analysis (IA) software 

being ImageJ (1.53c, National Institute of Health, USA).  Ad-hoc coding was developed to 

automatically analyse the images (Appendix A), which enabled to evaluate the specific area 

(𝑎̂) occupied by HS microcapsules as compared to their background. Images were first fully 

desaturated to grey scale, and then converted into black & white to minimise any shading effect. 

Any hollow hole was automatically filled up for HS microcapsules to appear as black spots on 

a white background. The area covered by each microcapsule (Ak) was quantified by detecting 

the diameter of its corresponding black spot. The total number of spots allowed to determine 

the cumulative area (Ac) actively covered by all microcapsules on each image, hence  𝑎̂: 
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𝑎̂ =
𝐴𝑐 − 𝐴𝑏
𝐴𝑑 − 𝐴𝑏

=
1 −

∑ 𝐴𝑘
𝑛
𝑘=1

𝐴𝑏

1 −
𝐴𝑑
𝐴𝑏

 (3.13) 

 

where Ad and Ab are the maximised area occupied by microcapsules at nil shear stress and the 

baseline area of commercially available model films (where defects might occur), respectively.    

When IA is performed, the potential sources of error should be considered. Specifically, the 

surface of the PET film may not be fully homogeneous. Consequently, this may affect the 

hydrophobic interaction between the film and microcapsules, thereby impairing their retention 

performance quantified via IA.  

 

3.4.10  Dynamic Interfacial Tension 

Interfacial tension (IFT) plays an important role in multiple chemical engineering applications 

involving multiphase systems. Quantifying IFT via a pendant drop analysis (PDA) technique 

has proven effective and accurate [359]. PDA enables to measure IFT of liquid-liquid phases. 

In this study, an oil drop was obtained from a needle (capillary tube) into an aqueous bulk 

phase inside a quartz glass cell (20 × 20 × 24 mm). Since the shape of the oil drop is conditional 

upon its specific gravity and interfacial tension, it was crucial to identify a convenient 

experimental setup. Oils heavier than the bulk aqueous phase (e.g. HS) required a standard 

capillary needle (Figure 3.10A), whereas oils lighter than the aqueous bulk phase (e.g. LC) 

required a hook (J-shaped) capillary needle (Figure 3.10B) [126]. The stainless steel needle 

(capillary width ~0.5 mm) was mounted onto a 500μL dosing glass syringe (ILS, Germany, 

EU). The drop was generated at 1.0 μL·s–1 to a standardised volume (~5μL) to let air bubbles 

off. The IFT was calculated (±0.05 mN·m–1) from the digitalised shade of the oil drop captured 

by an integrated camera (DSA25, KRÜSS GmbH, Hamburg, Germany). The drop shape was 

analysed every 60s for 6 h, resulting in 360 readings. IFT was automatically calculated by an 
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integrated software package (Advanced Kruss, Germany, EU) relying on the Young-Laplace 

equation reported elsewhere [360].  

  

 

Figure 3.10– Different configurations of the IFT analyser: standard (A) and hook (J-shaped) 

needle (B) depending on the specific gravity of the two phases.  
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Chapter 4 Investigation of zeta potential, turbidity, 

and interfacial tension to enhance emulsion stability 

and drive effective complex coacervation2
† 

4.1 Introduction 

4.1.1 Overview 

In this chapter, the feasibility of inducing complex coacervation (CC) on a fully animal-free 

biopolymeric system was investigated. CC was accomplished by interacting two oppositely 

charged biopolyelectrolytes, namely fungal Chitosan (fCh) and Gum Arabic (GA), following 

the procedures detailed in Section 3.2. The experimental parameters associated with CC were 

investigated, with particular emphasis on the formulation conditions, such as zeta-potential, 

turbidity, and formulation pH. The effectiveness of coacervation was evidenced by fabricating 

pure coacervate beads based on the electrostatic, turbidimetric, and pH-related studies. The 

examination of the results contributed to understanding the key process conditions of pH-

driven CC between fCh and GA. Moreover, such results led far beyond all expectations to also 

establish novel concepts i.e. Complex Coacervation Comfort zone (CCCZ) and Critical 

Turbidity zone (CTZ), which were determined to be intimately interrelated with each other. As 

a further step towards microencapsulation via CC, oil-in-water emulsions of oil-based active 

ingredients (HS and LC) were generated with a broad range of emulsifying agents via 

homogenisation in order to investigate the kinetic stability of emulsions. The effect of the 

 

2 † Part published at Baiocco, D., Preece, J. A., & Zhang, Z. (2021), Colloids and Surfaces A: 

Physicochemical and Engineering Aspects, 126861. 
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emulsifying agent on the stability of emulsions was assessed via optical density and interfacial 

tension measurements, which are comprehensively discussed in this chapter.  

4.1.2 pH and Electrostatic Interpretation of Biopolymers  

Nowadays, biopolymer-biopolymer interplays have drawn more and more attention in multiple 

sectors, such as textile and food technologies [197]. They have proven responsible for 

influencing the microstructure of many biopolymer-based products and, in turn, their own 

appearance, texture, and mechanical properties [361]. Therefore, an extensive understanding 

of the parameters influencing the interplays among biopolymers is essential, with particular 

attention to their electrostatic nature. Conditionally upon the strength of attractive interplays 

between two different biopolymers, the formation of soluble complexes/hydrogels and 

precipitates may occur. The former are likely to occur when the electrostatic interplays are 

weak, whereas the latter are associated with strong interactions [362]. Such interplays may 

result into segregative/associative biopolymer-biopolymer interaction phenomena depending 

upon the physico-chemical characteristics of biopolymers (e.g. charge density, nature or 

distribution of reactive branches along the biopolymer backbone), and the processing 

conditions (pH, temperature, ionic strength). CC refers to the self-assembly of macromolecules 

to afford a two-phase liquid separation, consisting of solvent-abundant and solvent-depleted 

phase. The latter is made up of co-precipitates of both biopolymers, which are the coacervates 

[154]. The optimum conditions for CC have been associated with those oppositely charged 

biopolymers approaching their isoelectric point (pI). This phenomenon results in the highest 

level of oppositely charged polyions electrostatically interacting with each other, thereby 

maximising their binding via salt bridges [363].  Espinosa-Andrews et al. (2013) have 

suggested that an accurate zeta-potential analysis of the biopolymer formulations provide 

crucial information on the stability of biopolymers, as well as the pH maximising the 

electrostatic interactions between the selected biopolymers. To date, the 

associative/segregative biopolymer-biopolymer interaction mechanism is still not fully 

understood [179]. 
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4.1.3 pKa of Biopolymers 

Relying on pH control, bi-polymeric systems consisting of gelatin (Gl) and gum Arabic (GA) 

are reported in literature. The results have revealed that an effective neutralisation of the charge 

density between Gl and GA triggered the formation of strong and stable ion-counterion bonds 

[47]. Moreover, attention has recently been drawn to protein-polysaccharide systems including 

soybean/pea-protein isolate-chitosan (Ch) [171], silk fibroin-Ch, beta-lactoglobulin-Ch [364], 

whey protein-GA [156, 195], elucidating the process conditions leading to CC [53]. Moreover, 

polysaccharide-polysaccharide systems including Gl-GA and GA-Ch have been investigated 

[169]. Specifically, the former is popular and effective to fabricate coacervates with particular 

properties, whereas the latter has not been studied much [197]. GA and Ch may result in 

attractive interplays when CC is driven under specific pH conditions. Ch is a potential 

candidate for CC since it carries positive charges at acidic pH below its pKaCh (~6.2-7), which 

is associated with the deprotonation of the glucosamines along its backbone [154, 171]. GA 

has proven suitable for matching to Ch at pH values above its pKaGA (~2.2) where negative 

charges are borne by the carboxylate groups [251, 365]. Furthermore, both biopolymers are 

biodegradable and biocompatible. However, the main drawback associated with Ch, as well as 

Gl, is that it is animal sourced, at a time when consumers are demanding for solely plant-based 

ingredients [169, 250]. Animal-sourced ingredients may contain allergen proteins, heavy metal, 

and health-compromising pollutants, which are coming under regulatory control [9, 51]. 

Therefore, ambitious efforts have been recently launched to formulate animal-free alternatives 

via CC, which may pave the way to novel structures and carriers for active ingredients. In this 

chapter, the first objective was to investigate the conditions triggering the formation of the 

coacervates from a fully vegetable chitosan-GA system. For this reason, the interrelationship 

between the zeta potential and turbidity of the biopolymeric solutions (i.e. coacervate 

precursors) was examined. As a further step towards microencapsulation, the storage stability 

of two oil-in-water emulsions was also studied. 



4.2 Materials & Methods 

 

 

4.2 Materials & Methods 

In-depth description of the materials, procedure, and all experimental methodologies, including 

process schematics, can be referred to in Chapter 3, Section §3.2, §3.3.2, §3.3.3. 

 

4.3 Results & Discussion 

4.3.1 Net Electrokinetic Charge (NEC) of Biopolymers 

The trend of NEC as a function of the pH is displayed in Figure 4.1A, for both fCh and GA 

solutions. All aqueous fCh solutions/dispersions showed non-negative NEC/Zeta potential 

values over the selected pH range (1.0-8.0). The most positive value of fCh approximately 

equal to +65 mV was obtained at pH 3.4. The typical positive charge is ascribable to the 

protonation of glucosamine segments (NH2 + H+ ⇄ NH3
+) occurring at pH<5.5-6.0, which 

corresponds to its pKa,fCh [343]. Interestingly, the positive charge of fCh was found to drop 

dramatically at any pH above ~5.5-6.0 since protonation of fCh’s glucosamine segments is 

severely impaired at near-neutral pHs [366]. Particularly, this behaviour has been associated 

with the deprotonation of the ammonium groups NH3
+ ⇄ NH2 + H+ resulting in loss of positive 

charge [343]. Also, this phenomenon has been tentatively related with the coil conformation of 

chitosan, which is extended only at low acidic pHs due to strong segment-segment repulsion 

phenomena [367]. Moreover, the rotational flexibility of chitosan’s carbon rings is reduced, 

especially at pH ≥ pKaCh, resulting in a much stiffer conformation [197].   
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Figure 4.1– Net electrokinetic charge (NEC) of soluble biopolymers or ζ-potential of biopolymer 

dispersion (A) and turbidity (B) of fCh/GA solutions/dispersions with the strength of electrostatic 

interaction (SEI) (C) at different pH values. The resulting theoretical NEC/zeta-potential Complex 

Coacervation Comfort Zone (ζ-CCCZ) solely based on NEC measurements is displayed between pKa,GA 

(· — ·) and pKa,fCh (·· — ··); the operative CCCZ is displayed between pHψ (· - ·) and the left edge of 

pHτ (grey bar) since the critical turbidity zone (CTZ) occurs at pH ≥ pHτ; pHτ represents the solubility-

to-insolubility transition area of fCh. Error bars may be smaller than the size of the symbols. 
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Moderately acidic fCh-based dispersions (pH 4.3) were found to develop a slightly turbid 

appearance (Figure 4.2B), whereas highly acidic fCh dispersions (pH 1.1) turned completely 

clear (Figure 4.2A). Previous literature has suggested that chitosan solubility is conditional 

upon the distribution of N-acetyl and free amino functional groups (NH2) in the glucosamine 

units [368]. Protonation of amino groups into NH3
+ was observed at pH below 6.0 (~pKaCh) 

due to which Ch/fCh had become partly soluble [343]. Clear fCh solutions were generated, at 

highly acidic pH, by the distribution of active NH3
+ units naturally available below its own 

pKafCh, which are thus responsible for the degree of solubility of fCh in aqueous media. 

Therefore, turbid dispersions of fCh observed at pH values above its pKa,fCh (Figure 4.2C) 

would contain a large distribution of non-protonated amines leading to fCh insolubility. As for 

animal-derived Ch, no fCh is expected to electrostatically interact with any oppositely charged 

species (e.g. GA) above its pKa,fCh [369].  

 

 

Figure 4.2– Bright-field microscopy imaging of fCh-based aqueous solution/dispersion at 

different pH values: clear and translucent at pH 1.1 with fully dissolved fCh (A), slightly turbid 

with non-fully dissolved fCh at pH 4.3 (B), and highly turbid and non-translucent due to non-

dissolved fCh at pH 8.0 (>pKafCh) (C). The vials show the appearance of the fCh-based aqueous 

solution/dispersion at the pH values displayed. 

 

 

100 µm 100 µm 100 µm

A B C

pH 1.1 pH 4.3 pH 8.0
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When dealing with GA, non-positive NEC values were exhibited by GA solutions between pH 

2 and 8, whereas cautiously weak cationic charges were detected for GA at pH 1.0-2.0 (Figure 

4.1A). Previous literature confirmed that GA is always negatively charged in solution having 

pH above 2.0 [60]. The interrelationship between the charge nature of GA and the pH is 

governed by the deprotonation mechanism of GA’s carboxylic moieties (COOH ⇄ COO– + 

H+), which is associated with its pKaGA occurring at pH 1.8-2.2 [370]. Accordingly, a charge 

switchover point for GA was clearly identified at pH 2.1-2.2 where its electrostatic charge was 

found to be transitioning from a weakly positive value to increasingly negative value, as also 

reported by Dong and Hua [371]. The overall zeta charge distribution of GA progressively 

became more and more negative as the pH was increased, with a zeta value equal to –35.1 mV 

following alkalinisation to pH~8.0. The results were found to be in good agreement with the 

data previously presented for GA by Weinbreck et al. [156], Espinosa-Andrews et al. [197], 

and Dong and Hua (2016). However, several values measured for GA were determined to be 

slightly different from those provided by Jiménez-Alvarado [372]. Most likely, such 

discrepancies might result from differences in the nature, purity, ageing, chemical composition, 

and dispensing stage of the raw ingredient supplied. 

 

4.3.2 Strength of Electrostatic Interaction (SEI) of Biopolymers 

Strength of Electrostatic Interaction (SEI) is displayed in Figure 4.1C. SEI is a parameter 

derived as the absolute value of product between the zeta potential values of both oppositely 

charged polyelectrolytes taken at a specific pH (Weinbreck et al., 2004, Espinosa-Andrews et 

al., 2013). As such, SEI values are pH-dependent and meaningful over the pH range where 

biopolymer pairs only exhibit opposite charges, and hence attractively interplay with each other 

[156]. As shown in Figure 4.1C, this range was found to occur between pH ~2.2 and ~6.0 for 

the investigated GA-fCh system. More particularly, the greatest SEI value (677 mV2) for the 

GA-fCh system was determined between pH 3.0 and 4.0. Overall, SEI should be considered as 

a theoretical electrostatic indicator to tentatively suggest the pH region where the interactions 
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between GA and fCh are maximised, thereby promoting their mutual charge neutralisation. 

Therefore, a net pH-triggered charge cancellation between two biopolymers carrying opposite 

charges would result in CC phenomena [176]. Besides, CC occurring at the maximised 

attractive interaction point of two biopolymers bearing opposite charges may not only lead to 

the separation of coacervates, but also to robust structures as benefitting from the strongest 

possible interplays. When all involved ion vs counter-ion charges (carried by fCh and GA) 

actively interact with each other at the most favourable pH, the fCh-GA system becomes more 

strongly bound, thereby triggering more compact complexes. This behaviour has also been 

reported for chitosan-GA systems by Vuillemin et al. [373]. Moreover, the same authors have 

suggested that the effectiveness of strong Ch-GA pairs is influenced by the steric hindrance of 

Ch itself, which is beneficially reduced at specific temperature-pH conditions. 

 

4.3.3 Establishment of Theoretical Zeta Potential Complex Coacervation 

Comfort Zone (ζ-CCCZ) 

Following the above, a theoretical NEC/zeta-potential Complex Coacervation Comfort Zone 

(ζ-CCCZ) based on the electrostatic interactions between GA and fCh can be introduced. This 

indicator is shown in Figure 4.1 between pKaGA and pKafCh, thereby encompassing the whole 

pH region within which only opposite charges are borne by the biopolymers. ζ-CCCZ is aimed 

at identifying all theoretical pH matches which may induce coacervation between two 

oppositely charged biopolymers, such as fCh and GA. As displayed in Figure 4.1B, the lower 

bound pH value of ζ-CCCZ referred to the GA-fCh system was determined to be pHψ 2.5. pHψ 

value has been experimentally validated as the starting point of phase separation phenomena 

of GA and fCh by CC, at which independent GA-fCh based coacervates were first observed to 

begin separating out (Figure 4.3). As can be seen, this phenomenon was clearly discernible in 

the case of coacervate beads, which becomes more obvious with coacervates forming around 

oil droplets, as detailed in Chapter 5. Alternatively, the upper bound pH value was associated 

with pKafCh (~6.0) since no formation of the intact coacervates is expected at pH ≥ pKafCh due 

to impaired protonation of fCh’s amine branches [154]. Hindered CC phenomena were 
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probably due to the cationic charge drop of fCh at pH ~ pKafCh. Moreover, no significant CC 

at pH~pKafCh appeared consistent with the extremely low SEI values exhibited by the fCh-GA 

system at pH≥pKafCh. As previously mentioned, poor/no solubility of fCh in aqueous media 

with near-neutral (~6.0-6.5) as well as alkaline pH (>7) leads to no CC because no protonation 

of fCh’s amine moieties occurs above pKafCh [343]. As expected, non-protonated fCh resulted 

in highly turbid fCh dispersions, which were observed at slightly basic pH~8.0 (Figure 4.2C). 

In addition, slightly turbid dispersions observed at pH~4.0-4.3 (Figure 4.2B) suggest the 

incipiently impaired solubility of fCh in water (due to partially protonated glucosamine units), 

which may tentatively identify the solubility-to-insolubility transition area of fCh (Figure 4.1), 

i.e. pHτ [366].  

Notwithstanding, the establishment of an a-priori ζ-CCCZ relying on the mere electrostatic 

analysis may only be utilised as a guideline to preliminarily choose CC-suitable matches 

between pairs of biopolymers bearing opposite charges within a specific pH range. Overall, ζ-

CCCZ does not directly involve any turbidity implications, hence extra endeavours were 

undertaken to interrelate the NEC/zeta-potential analysis with the turbidity related studies.  

 

 

 

Figure 4.3– Incipient formation of coacervate beads (pH 2.5, T= 25.0 oC) observed by optical 

microscopy. 

100 µm
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4.3.4 Measurement of Turbidity of Biopolymers 

Turbidity is defined as the cloudiness of a dispersion due to non-dissolved colloidal matter 

[374]. As explained by Davies-Colley and Smith [375], this phenomenon directly results from 

solid particles likely  scattering a light beam passing through the dispersing medium. 

Information relating to the turbidity of the fCh-GA system was collected, and interrelated with 

the ζ-potential analysis (Figure 4.1A-B). The turbidity versus pH of GA and fCh is shown in 

Figure 4.1B. 

 

4.3.4.1 Turbimetric Analysis of fCh 

As can be seen in Figure 4.1B, fCh exhibited a moderate rise in turbidity from 15 to 150 FTU 

when the pH was increased from 1.1 to 4.3 (i.e. right edge of pHτ), which is consistent with 

what is shown in Figure 4.2A-B. Moreover, similar results have been reported by Geng et al. 

[376] suggesting that chitosan may be from partly to completely dissolvable when exposed to 

slightly and highly acidic media, respectively. As the pH was increased above pHτ, a surge in 

the turbidity level of fCh solutions was observed. Interestingly, the turbidity level of fCh at pH 

5.5 was determined to be around 4-fold higher than that observed within pHτ. The appearance 

of fCh dispersions became more and more turbid when the pH was adjusted from slightly acidic 

to neutral/alkaline, which is reflected in the exponential-like boost in fCh’s turbidity curve 

presented in Figure 4.1B. These findings are in agreement with what was previously observed 

from the ζ-analysis since no highly positive ζ-values had been found for fCh at and above 

pH~5. As formerly mentioned, this phenomenon could be ascribable to fCh adopting a non-

extended conformation at weakly acidic pHs and above (≥5.5-6.0) probably due to the depleted 

glucosamine segment-segment repulsion, resulting in a lower intrinsic viscosity of fCh itself 

[154, 367]. The net increase in turbidity of fCh dispersions under non-optimal dissolution 

conditions is attributed to the cationic charge loss of the glucosamine units along fCh’s chains 

[377]. Thus, limited/no occurrence of free positive charges around fCh’s glucosamine units 



120 Investigation of zeta potential, turbidity, and interfacial tension to enhance 

emulsion stability and drive effective complex coacervation† 

 

would lead to limited/no electrostatic phenomena [343]. Moreover, the increase in turbidity 

could be taken as a physical evidence of fCh possessing a non-extended conformation at 

weakly acidic pH and above [343]. As reported for animal chitosan, non-extended 

conformations of Ch, at weakly acidic pHs and above, have also been associated with its 

semicrystalline nature due to inter‐ and intra-molecular hydrogen bonds, which trigger 

insolubility [378]. In addition, previous literature suggests that the flexibility of chitosan’s 

reactive moieties along its chains may be enhanced at pH ~ 3, thereby maximising the 

protonation of its own available glucosamine units [379].    

 

4.3.4.2 Turbidimetric Analysis of GA 

Turbidity analysis suggested that GA (~1.5-8.0) was fully soluble at all pH values investigated. 

This finding was anticipated since GA is known to be water soluble [380]. When compared to 

fCh, the turbidity of GA solutions exhibited minor variations over the investigated pH range 

with typical values ranging between 5 and 30 FTU (Figure 4.1B). More specifically, the 

turbidity exhibited a quadratic trend. A gradual increase of the turbidity values was obtained 

by alkalising the medium to a maximum at pH ~5 (30 FTU). pHs higher than ~5 led to a 

progressive decline of turbidity to 15 FTU at pH 8.  

 

4.3.4.3 Effect of pH on fCh-GA Turbidity Levels 

Overall, the turbidity data suggests that well-dissolved fCh-GA-based mixtures should be 

achieved exclusively at highly acidic pH values (<pHτ) where very low turbidity levels of both 

biopolymers had been observed.  Besides, the vertical gap between the turbidity curves of both 

GA and fCh increased mildly below pHτ, whereas a much higher gap was observed above pHτ. 

When comparing GA/fCh turbidity curves with each other, it could be inferred that fCh has a 
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leading role in terms of turbidity and dissolvability in water, whereas GA only plays a 

supplementary role.  

4.3.4.4 Development of a Critical Turbidity Zone (CTZ) 

As shown in Figure 4.1C, any pH higher than pHτ and below pKafCh hits the increasingly high 

turbidity zone of fCh. Based on above discussion, no reactivity of fCh may be expected within 

its high turbidity zone. Therefore, a critical turbidity zone (CTZ) can be individuated. CTZ is 

aimed at spotlighting the high turbidity zone generated by the investigated fCh-GA system. 

Alternatively, CTZ suggests the pH region in which a polymeric pair are highly unlikely to 

react via CC due to the impaired solubility of one or both polymers in the reacting medium. 

CTZ of the fCh-GA system is displayed between pHτ and pKafCh. 

 

4.3.5 Interrelationship between Turbidity and Zeta Potential 

The interrelationship between pH-dependent turbidity and ζ-potential plots requires further 

interpretations. As shown in Figure 4.1C, the greatest biopolymer-biopolymer electrostatic 

interaction for the fCh-GA system was determined via SEI to fall between pH 3.0 and ~4.3 

(Figure 4.1C). SEI was then found to collapse as the turbidity of the system (led by fCh) surged 

above pHτ. Basing on a mere electrostatic analysis, fCh and GA bear positive and negative 

charges at pHs lower and higher than their own pKa values (pKafCh~5.5-6.0; pKaGA~1.8-2.2), 

respectively. Notwithstanding, increasing turbidity levels of fCh at pH≥pHτ are the evidence 

of fCh’s insolubility due to its non-extended conformation on which no reactive glucosamine 

groups can occur. For this reason, the previously identified theoretical ζ-CCCZ should be 

accordingly reduced in width due to the turbidity of fCh occurring at and above pHτ. More 

specifically, the former ζ-CCCZ should be narrowed down between pHψ and the left edge of 

pHτ (~4.0) to hit a turbidity-free zone, which is CCCZ (Figure 4.1B). Thus, CCCZ also includes 

the turbidity effects on the solubility/reactivity of the biopolymers. In addition, the derivative 

of SEI was determined to be positive and steep between pH 2.2 and 3.5 (SEI/pH > 0), 

evidencing the increase in the strength of the electrostatic interaction between GA and fCh. 
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Basing on the highest SEI value obtained, the most convenient theoretical pH for CC (pHCC) 

between fCh and GA should be around 3.4-3.5, at which the most effective neutralisation of 

their opposite charges is anticipated. Overall, the establishment of CCCZ paired with CTZ may 

be considered as a useful approach for predicting suitable biopolymer pairs to chemically react 

via CC within their most convenient turbidity-free pH range. A compact representation of 

Figure 4.1 is presented below (Figure 4.4). 

 

Figure 4.4– All-in-one representation from Figure 4.1A-B-C. Interrelationship between NEC/ζ-

potential and turbidity curves of fCh/GA dispersions at different pH values. ζ-potential (together with 

the resulting SEI curve) and turbidity trends of fCh and GA dispersions at different pH values are 

displayed. The resulting theoretical zeta-potential based Complex Coacervation Comfort Zone (ζ-

CCCZ) solely based on the electrostatic charge analysis is shown as the top-sitting blue strip; the critical 

turbidity zone (CTZ) is shown as the red band, whereas the operative CCCZ is displayed as the yellow 

strip. ζ-potential values can be read on the principal vertical axis, whereas turbidity values as well as 

SEI can be read on the secondary vertical axis. Error bars may be smaller than the size of the symbols. 
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4.3.6 Determination of the Optimum CC Ratio 

The optimisation of the processing conditions is crucial to achieve microcapsules successfully. 

More particularly, the biopolymer-biopolymer ratio can be determined by comparing the NEC 

trends of each biopolymer occurring in the turbidity-free CCCZ [47]. Specifically, several 

straight lines being perpendicular to the pH axis are contained within CCCZ. The vertical 

dashed line originating through pH 3 hit the NEC curves of fCh and GA exhibiting charges of 

around +54.2 mV and -7.3 mV, respectively (Figure 4.1A and Figure 4.4). Similarly, the dotted 

line through pH 4 shows the NEC of fCh and GA solutions to be +59.1 mV and -9.3 mV, 

respectively. As presented, in both cases (pH 3 and pH 4), the absolute NEC of fCh were found 

to be very different when compared to GA, and vice versa. Therefore, the vertical lines 

originating from the NEC values of each biopolymer through a given pH were quantified in 

order to identify a biopolymer-biopolymer weight ratio suitable for CC between GA and fCh. 

It appeared that non-equal amounts of each biopolymer were required to compensate the 

electrostatic gap between GA and fCh and to enable their mutual charge cancellation 

effectively [47]. Accordingly, a greater amount of GA would be needed to promote full 

neutralisation of all counter-ions carried by fCh. Basing on the concentrations adopted, the 

vertical gaps taken at pH 3 and 4 suggest that the amount of GA to employ should be 

stoichiometrically within six to seven-fold higher than fCh. Particularly, the highest NEC value 

between GA and fCh was detected at pH 3.4 (ζfCh,max= +67.9 mV; ζGA,max= –9.9 mV) with a 

globally maximised SEI of 677 mV2. The corresponding GA-to-fCh weight ratio at pH 3.4 was 

6.7 (mGA/mfCh=15g-GA/2.25g-fCh). The formation of coacervates was seamlessly achieved at 

pH 3.4 where attractive interactions between GA and fCh were maximised. This result has been 

even more evident with coacervates forming around an individual oil droplet as the walls of a 

microcapsule, which will be extensively discussed in Chapter 5. Thus, pH 3.4 has been adopted 

as the optimum completion pHCC for the fCh-GA system. These findings were found to be in 

very good agreement with former literature suggesting that the highest cationic charges of 

chitosan, and hence the strongest protonation of the amine groups along its chains, occur at pH 

3.6 [169], which is also reflected on the variation of its total conductivity [381]. Further studies 
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conducted by Butstraen and Salaün [169] have also shown that pH 3.6 was required for 

triggering CC between chitosan and GA at the maximum of their electrostatic interaction (i.e. 

zero-charge equivalence point). Overall, it could be inferred that the amounts of biopolymers 

to react via CC need to be adjusted in order to neutralise the oppositely charged ammonium 

and carboxylate functional groups carried by Ch/fCh and GA, respectively [47]. 

 

4.3.7 CC Effectiveness 

As shown Figure 4.3, independent fCh-GA coacervates first separated out at pH~2.5. 

Subsequently, the effectiveness of CC was assessed by characterising the physical, structural 

and mechanical properties of the formed fCh-GA complexes via several analytical techniques, 

including particle sizing, SEM and micromanipulation. 

 

4.3.7.1 Size and Size Distribution of Coacervate Beads 

The size distribution of coacervate beads (CBs) was measured by LDPSA (Figure 4.5). The 

curve shows that the size of CBs ranged between 8 µm and 79 µm. The mean Sauter diameter 

D[3,2] was determined to be 21.3±3.1 µm. A single-peak size distribution was determined, 

(SPAN~1.4), which could be fitted to a log-normal distribution with 95% confidence. 
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Figure 4.5– Size distribution of suspended coacervate beads (CBs) fitted to a log-normal 

distribution (95% confidence). The general form of a three-parameter (a, b, x0) log-normal 

distribution function is  𝑓(𝑥) = 𝑎

𝑥
exp (−

1

2
(
ln(𝑥 𝑥0⁄ )

𝑏
)
2
). Non-linear regression and performance 

parameters: a=2.3·102; b=0.5; x0=28.5; coefficient of determination R2= 0.998. 

 

4.3.7.2 Morphology of CBs 

SEM micrographs of CBs are displayed in Figure 4.6. Dry CBs may aggregate altogether, yet 

their outline is still visible. It was noticed that CBs could be easily separated out from each 

other when suspended in water (§4.3.7.1). A self-isolated CB was observed (Figure 4.6A), 

which was spherical with a smooth surface. Mechanical characterisation using 

micromanipulation was thus possible on individual CBs, as detailed later. Additionally, the 

internal structure (cross-sectional areas) of CBs was examined (Figure 4.6B). CBs (~60µm) 

exhibited a porous structure (honeycomb) with a significant number of heterogeneous inner 

voids with random sizes. This phenomenon was likely ascribable to the presence of former 

water molecules which had been caught within the biopolymeric networks of the coacervates, 

thereby resulting in minute structural vacuoles [382]. As described by Burgess [199], 
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bound/unbound water molecules may be conducive to forming water-swollen coacervate 

structures. In contrast, no porosity could be observed on smaller CBs (~10µm). Similar results 

were also reported by Espinosa-Andrews et al. (2010) on non-vegetable chitosan coacervates. 

The researchers observed sponge-like microstructures with a high density of inner vacuoles, 

without any in-depth mechanical characterisation.  

 

Figure 4.6– SEM micrographs of CBs; (A) self-isolated CB (~10µm) and (B) cross-section 

area of large CBs with a honeycomb-like structure.  

 

4.3.7.3 Mechanical Properties of CBs 

Since inner structural features of CBs can be reflected on their mechanical properties, they 

were characterised using a micromanipulation technique, and the data of the rupture force, 

displacement at rupture, nominal rupture stress, and elastic modulus [266] were obtained. 

 

4.3.7.3.1 Compression of Single CBs 

Figure 4.7 displays the interrelationship between the force gradually exerted onto a single CB 

(20 µm) and the displacement. There appeared to be an increasing force generated by the probe 

A B 



4.3 Results & Discussion 

 

compressing the CB, yet no dramatic force drop was registered. This behaviour is typically 

observed when no bursting point occurs on solid microparticles, as reported by Pan et al. [31]. 

However, only a slightly flattened segment of the curve was recorded between ~10µm and 

~12µm of displacement, which seems to suggest the solid CB to have transitioned from an 

elastic into a plastic behaviour. Although no clear rupture point occurred possibly due to the 

solid nature of CBs, the force-displacement curves are helpful to estimate the elastic moduli of 

CBs, which was done by fitting the experimental data in the linear-like region (0-8 µm) to the 

Hertz model. However, there appears that the linearity of the force-displacement curve of the 

CB is not continued until its yield point. Some bending effect may occur prior to reaching the 

actual yield point, which tentatively suggests incipient pre-yield plasticity. Overall, the data 

shows that the transition region of CBs from the elastic into the plastic deformation can be 

identified effectively [18].  

 

Figure 4.7– Typical Force-displacement curve of a single 20-µm CB. 
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4.3.7.3.2 Key Mechanical Property Parameters 

In order to obtain statistically representative results (§3.4.8.3), thirty individual CBs were 

randomly selected, and compressed. Figure 4.8 shows that the compression force required by 

CBs between two parallel plates (i.e. flat-end glass probe and glass substrate) mildly increased 

with their diameter. Since no clear rupture was attained from solid CBs, the compression force 

value was intercepted at the flattening point of the curve, which may represent the onset of 

plastic deformation of CBs (Figure 4.7- highlighted region) and is therefore called “the 

compression force at the yield point”. This finding seemed consistent with Figure 4.6A-B, as 

large CBs have shown a more porous inner structure, whereas small CBs appeared more solid. 

Interestingly, the compression force at the yield point of CBs fell into the range 2.5mN–

17.8mN, corresponding to CBs of 8.1µm-21.5µm. The average compression force at the yield 

point was 7.4±0.7 mN, which is in agreement with other polymeric microparticles reported in 

literature [317]. In contrast, this result is around five to ten-fold larger than that associated with 

some core-shell microcapsules [25, 126]. For this reason, it is important to compare CBs with 

the microcapsules fabricated in this project, as detailed in Chapter 5.   
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Figure 4.8– Compression force at the yield point versus diameter of CBs. The dotted line 

represents the trend only. 

 

Figure 4.9A displays the displacement at the yield point of CBs which range between 4.2µm 

and 13.3µm, with the exception of one point (3.3µm). The trend suggested that the 

displacement at the yield point of CBs increased linearly with their diameter (average 8.3±0.5 

µm), which may be due to the different inner structure and degree of porosity between small 

and large CBs. However, the beads have different sizes, therefore the displacement is not only 

force dependent but also size dependent. Accordingly, the nominal deformation (strain) at the 

yield point should be considered, which is evaluated as the ratio of the variation in the bead 

size to its original diameter (Figure 4.9B). Interestingly, the deformation at yield point was 

found to be independent of the bead size, with a mean value of 49.7±2.0%, which was obtained 

from the slope of displacement at the yield point-diameter linear fitting.  

 

 Figure 4.9– Displacement at the yield point (A) and nominal deformation (strain) at the yield 

point (B) versus diameter of CBs.  The dotted line (A) represents the trend only.  
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The nominal stress of CBs (ratio of the compression force of CB at the yield point to its initial 

cross-sectional area) was found to decrease with their diameter (Figure 4.10), with a mean 

value of 39.5±5.8 MPa. This finding suggested that large CBs may be weaker and easier to be 

plastically deformed than small ones, as also reported in literature for calcium-shellac 

microspheres [383].  

 

 

Figure 4.10– Nominal stress at the yield point versus diameter of CBs. The dotted line 

represents the trend only. 

 

Figure 4.8-Figure 4.10 display some clear outliers which have long been observed from 

micromanipulation analysis when selecting a representative number of individual 

microcapsules [65]. These few points also provide information on the possible variability of 

the system. Unlike microfluidic devices, a minor number of microparticles might not form 

homogeneously possibly resulting in microparticles with different level of porosity and 

mechanical properties.  
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4.3.7.3.3 Elasticity of CBs 

When dealing with spherical microparticles compressed between two parallel surfaces, the 

compression force (F) versus axial displacement (δ) can be classically described by the Hertz 

model: 

 
𝐹 =

𝛼

1 − 𝜈2
𝐸𝑟1/2 (

𝛿

2
)
3/2

 (4.1) 

 

where α=4/3 is the spherical shape factor, E is the Young’s modulus (GPa),  is the Poisson 

ratio, and r is the initial radius (µm). Under the assumptions of non-compressible (=0.5) 

material and small deformations (<10%), the Equation (4.1) was used to fit the experimental 

force-displacement data of CBs. Figure 4.11A shows the typical force versus displacement 

curve in comparison with the fitting generated via the Hertz model. The comparison between 

experimental and predicted data evidenced that a very good fitting was achieved, resulting in a 

coefficient of determination of 0.91. As shown in Figure 4.11B, E moderately decreased with 

diameter of CBs (average 0.61±0.07 GPa). The highest E-values were given by the smallest 

CBs. This behaviour can be associated with their porous nature of CBs, which is particularly 

significant in large particles (Figure 4.6B). This finding was in agreement with the observed 

microporous structure of coacervates by Espinosa-Andrews et al. [382].   
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Figure 4.11–Typical force-displacement curve in comparison with the fitting (R2=0.91) by the 

Hertz model (A); Young’s modulus versus diameter of CBs via Hertz model. The dotted line 

represents the trend only (B). 

 

4.3.8 Characterisation of Emulsion Stability 

As a further step towards the microencapsulation of an active oil via CC, an o/w emulsion is 

required. The o/w emulsion was formed by inputting energy to a two-phase system being oil 

(disperse phase) into water (continuous phase). However, the emulsified droplets following 

homogenisation may be unstable due to coalescence phenomena. Therefore, kinetically stable 

emulsions are essential prior to inducing complex coacervation. The stability of emulsions is 

normally enhanced using emulsifiers. For this reason, a broad range of Span, Tween, and their 

matches were paired with the active oils in this project (HS, LC) to investigate the stability of 

the resulting o/w emulsions. Following optical density and interfacial tension (IFT) studies, the 

most suitable emulsifier was determined.   
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4.3.8.1 Hydrophilic Lipophilic Balance (HLB) of Emulsifiers 

Stabilising an emulsion can be challenging. Thus, emulsifiers can ease this task. Depending on 

the required application, the suitability of emulsifiers can be investigated through their 

Hydrophilic-Lypophilic Balance (HLB), which represents the level to which an emulsifier is 

either hydrophilic or lipophilic. In other words, HLB is an expression of the balance between 

the polar (hydrophilic) and apolar (hydrophilic) sequences of an emulsifier. HLB values below 

9.0 and above 11.0 are typically associated with a lipophilic and hydrophilic character of the 

emulsifier, respectively [384]. Emulsifiers falling into the transitional region (9.0<HLB<11.0) 

possess an intermediate character. Different factors, such as clarity, viscosity, and chemical 

type may influence the selection of the emulsifier, hence a blend of emulsifiers is often 

preferred. Although HLB schemes in literature may provide a theoretical guideline towards the 

‘right’ emulsifier, experimental tests are still crucial to assess the stability of emulsions [384]. 

Overall, the factors that are mainly responsible for the stability of an emulsion include the 

nature (chemical type and HLB) and the strength of interfacial film forming between two 

immiscible phases, and the lowering of interfacial energy. Specifically, lowering the interfacial 

tension will lead to lowering the interfacial energy, hence increasing the chance to stabilise an 

emulsion [385]. This can be often achieved by emulsifiers, which may also increase surface 

elasticity of the droplets, thereby hampering droplet coalescence [386]. In this project, several 

o/w emulsions were created using emulsifiers of different HLB values (Table 4.1) in order to 

investigate the feasibility of lowering the IFT of the emulsions of interest (i.e. HS and LC in 

water) according to the methodology described in Section §3.4.10.



 

 

 

Table 4.1 – The IFT of o/w emulsions with emulsifiers (Spans, Tweens, and their matches) based on the resulting IFT and emulsifiers’ HLB values. The mean IFT 

values (± St. Err) obtained after 6 hours at 20oC are tabled (Krüss drop shape analyser DSA30, with a resolution unit ±0.1 mN·m-1). (1)Sample Identification (ID): 

‘OIL’ refers to the oil used (i.e. HS/LC). Span concentration in oil 0.1%(w/w); Tween concentration in water 0.1%(w/w). For example, the ID for Hexylsalicylate 

(HS) with 0.1%(w/w) Span60 (SP60) within the continuous aqueous phase with 0.1%(w/w) Tween60 (TW60) is HS-SP60TW60. 
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Emulsifier type 

 

Two-phase system 

  

Average interfacial tension (IFT) 

 

Oil  

(HS/LC)1 

Water HLB IFT HS 

(mN·m-1) 

IFT LC 

(mN·m-1) 

Sample ID(1) 

N/A   N/A 16.0±0.1 7.6±0.2 OIL-BLANK 

 

S
P

A
N

 

20 ✔  8.7 4.8±0.1 1.5±0.5 OIL-SP20 

60 ✔  4.8 4.0±0.3 0.8±0.6 OIL-SP60 

65 ✔  2.1 4.7±0.1 0.9±0.5 OIL-SP65 

80 ✔  4.3 7.0±0.3 1.2±0.5 OIL-SP80 

85 ✔  1.9 3.8±0.1 4.1±0.8 OIL-SP85 

 

T
W

E
E

N
 

20  ✔ 16.7 4.1±0.2 2.2±0.5 OIL-TW20 

60  ✔ 14.9 7.2±0.7 1.9±0.4 OIL-TW60 

65  ✔ 10.5 6.6±0.2 2.4±0.3 OIL-TW65 

80  ✔ 15.0 8.8±0.1 2.5±1.0 OIL-TW80 

85  ✔ 11.0 4.4±0.1 2.5±0.9 OIL-TW85 

P
A

IR
E

D
 M

A
T

C
H

 

(S
P

A
N

-T
W

E
E

N
) 

20-20 ✔ ✔ 12.7 3.9±0.1 1.1±0.5 OIL-SP20TW20 

60-60 ✔ ✔ 9.8 5.1±0.4 1.6±0.4 OIL-SP60TW60 

65-65 ✔ ✔ 6.3 5.0±0.6 2.1±0.9 OIL-SP65TW65 

80-80 ✔ ✔ 9.7 4.5±0.3 0.8±0.5 OIL-SP80TW80 

85-85 ✔ ✔ 6.5 6.8±0.1 1.0±0.4 OIL-SP85TW85 



 

 

4.3.8.2 Interfacial Tension Analysis 

IFT studies were performed to investigate the interfacial character of o/w emulsions in the 

presence of emulsifiers, and a potential relationship between IFT and HLB. Effective 

emulsifiers should swiftly adsorb at the interface of emulsion droplets, hence depleting their 

IFT and interfacial energy. This phenomenon may thus promote the occurrence of the disperse 

phase into more stable droplets [385]. Moreover, the emulsifiers form an interfacial boundary 

layer onto the droplets, which inhibits coalescence phenomena [216]. All IFT curves were 

graphed as a function of time. Data was filtered via Matlab (Appendix B), which enabled to 

cancel random noise due to the high frequency of data collection, and to smooth data using 

Savitzy-Golay moving-average filter (Figure 4.12).   

 

 

Figure 4.12– Comparison between raw and Matlab-filtered IFT data (HS-SP60). 
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4.3.8.2.1 Hexylsalicylate 

Figure 4.13 displays the IFT values from all HS-emulsifier systems investigated as a function 

of their HLB. When compared to their reference (i.e. no emulsifier) IFTHS (16.0±0.1 mN·m-1), 

all the emulsifiers had proven effective at lowering the IFT. After 6 hours, all IFT values fell 

into the region 3.9-8.8 mN·m-1, which is significantly lower than IFTHS. Although former 

literature has tentatively suggested a link between IFT and HLB of surfactant-assisted 

petroleum hydrocarbons [387], there appeared to be no clear interrelationship between the 

average IFT values and the HLB of the HS-emulsifier system presented herein. 

Notwithstanding, it was important to understand how rapidly (≤6h) the adsorption of each 

emulsifier onto the HS droplet interface occurred.  

 

 

Figure 4.13– IFT after an elapsed time of 6 hours versus HLB of HS-emulsifier systems. Error 

bars may be smaller than the size of symbols. 

 

IFT-time curves of HS-emulsifier systems are plotted in Figure 4.14. When compared to IFTHS, 

Spans (Figure 4.14A) and Tweens (Figure 4.14B) seemed to adsorb rapidly at the interface of 
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HS, independently of their HLB. Most of HS-emulsifiers systems plateaued within 3h. No 

fluctuating trends were obvious, which may suggest good chemical affinity between HS and 

the emulsifier types [384]. Although paired Spans-Tweens seemed also effective, their trends 

appeared more unstable (Figure 4.14C), which led to no stable plateau after 6h. Based on the 

results, paired Spans-Tween may be naturally less suitable for the purpose, or insufficiently 

concentrated resulting in their slower adsorption. Besides, there appeared that some emulsifier 

combinations (e.g. SP80 and SP60TW60) surprisingly led to a mild increase of the IFT after 

6h. Although a very small amount of emulsifier adsorbed at the droplet surface may contribute 

to reducing the IFT, hence promoting the stability of emulsions and hampering coalescence, 

the emulsifier’s chemical type should also be considered. Specifically, increasingly high IFT 

trends over time seem to suggest that certain combinations of emulsifiers might be hardly 

compatible with the selected oil (HS) in water due to their nature and chemo-physical 

properties. Accordingly, this might probably lead to reducing the surface elasticity of the 

droplets, hence destabilising and possibly increasing their IFT. Having said that, the typical 

development of an emulsifier-assisted oil droplet over time is presented in Figure 4.15A-G. 

 



4.3 Results & Discussion 

 

 

Figure 4.14– Effect of different (A) lipophilic (Span20,60,65,80,85), (B) hydrophilic 

(Tween20,60,65,80,85), and  (C) hydro-lipophilic (Tween-Span20,60,65,80,85) emulsifiers 

(0.1% w/w) on the dynamic interfacial tension (IFT) of HS-water systems. IFTHS is displayed 

for comparison. 
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Figure 4.15– Real-time IFT adsorption of the emulsifier (Span) at 0h (A), 1h (B), 2h (C), 3h 

(D), 4h (E), 5h (F), and 6h (G).   

 



4.3 Results & Discussion 

 

4.3.8.2.2 L-Carvone 

Figure 4.16 displays the IFT values from all LC-emulsifier systems investigated after 6 hours 

versus their HLB. As for HS, all the emulsifiers enabled IFT values significantly lower than 

IFTLC (7.6±0.2 mN·m-1). The IFT values fell into the region 0.9-4.0 mN·m-1 and showed no 

direct dependency between IFT and their HLB values. Specifically, SP85 (HLB 1.8) and TW85 

(HLB 11.0) reduced the IFT least significantly, whereas TW80 (HLB 15) showed higher 

affinity at lowering IFTLC, as well as SP80TW80 (HLB 9.7; IFT=0.8±0.5 mN·m-1) and 

SP85TW85 (HLB 6.5; IFT=1.0±0.4 mN·m-1).  

  

Figure 4.16– IFT after an elapsed time of 6 hours versus HLB of LC-emulsifier systems. 
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As can be seen in Figure 4.17, the dynamic adsorption of the emulsifiers at the LC-water 

interface was moderately slow, and a clear plateau was difficult to achieve. As for HS, this 

suggests that higher amounts of emulsifiers may be needed to accelerate the adsorption of the 

emulsifiers. Although HLB is primarily important to investigate the effect of emulsifiers on 

o/w systems, it may not be exhaustive. Additional parameters, such as the chemical nature of 

emulsifiers, should be considered to form stable and clear emulsions. As reported in literature, 

the clarity of emulsions can be evaluated via an optical density ratio technique, which was 

proven relatively accurate to investigate the emulsion stability as well [354]. Accordingly, 

investigation on the optical density of o/w emulsions was conducted.  

 

 



4.3 Results & Discussion 

 

 

Figure 4.17– Effect of different (A) lipophilic (Span20,60,65,80,85), (B) hydrophilic 

(Tween20,60,65,80,85), and  (C) hydro-lipophilic (Tween-Span20,60,65,80,85) emulsifiers 

(0.1% w/w) on the dynamic interfacial tension (IFT) of LC-water systems. IFTLC is displayed 

for comparison. 
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4.3.8.3 Optical Density 

Kinetically stable emulsions are desirable for microencapsulation. Therefore, coalescence 

phenomena should be inhibited [354]. Unstable emulsified oil droplets tend to coalesce  into 

larger and larger droplets. This phenomenon leads to increase optical density, whose 

absorbance (Abs) can be measured via UV-Vis at specific wavelengths at given intervals. Song 

et al. [354] have used two different wavelengths, namely λ* and λRef, which represent the 

wavelength of maximum absorbance of the oil of interest and a reference wavelength, 

respectively. In this study, λRef was 650nm, which has been widely used for turbidity and 

microbiological studies in wines and bacterial cultures [355]. Therefore, the λRef-to-λ* ratio 

was used to evaluate the increase in turbidity over time of fresh emulsions (i.e. HS, LC; oil-to-

water fraction 4% w/w) with or without emulsifiers. Previous literature has elucidated that the 

turbidity at longer wavelengths (λRef) should change much faster than at shorter wavelengths 

(λ*HS=306nm; λ*LC=320nm) since the larger droplets tend to coalesce and cream out at a much 

faster rate than the smaller ones [354, 388]. In other words, the more unstable the emulsion is, 

the faster the turbidity ratio changes. Therefore, the establishment of a normalised ratio 

between the absorbance recorded at λRef and λ* (Absλref /Absλ*) may be beneficial to investigate 

the stability of emulsions. Although former literature has evidenced the effectiveness of this 

methodology [389], no study has arisen on the dynamic stability of emulsion so far. This piece 

of work originally focused on the emulsion dynamic stability (EDS) and the resulting EDS 

constants (ςEDS) of the o/w systems of interest, based on the increase in optical density of 

emulsions over time. Figure 4.21 elucidates the procedure to determine ςEDS, which is obtained 

from the normalised optical density (NOD) of o/w systems in the presence of emulsifiers (Table 

4.2).  

 

 



4.3 Results & Discussion 

 

4.3.8.3.1 Determination of the Emulsion Dynamic Stability Constants 

As shown in Figure 4.18, the normalised optical density of HS-SPAN85 was found to increase 

progressively with time. Specifically, the normalised optical density (NOD) exhibits a linear 

increase with time, which is likely due to coalescence and creaming-out processes [354]. A 

rapid increase in NOD suggests that freshly formed emulsions may be unstable. Although 

emulsifier-assisted emulsions are more likely to be stabilised, the nature of the o/w system 

along with the emulsifier’s chemical type plays a synergistic role. Having said that, kinetically 

unstable emulsions may be also ascribable to a tentative/poor emulsifier-driven interfacial 

stabilisation of oil droplets resulting in their impaired surface elasticity, which in turn may lead 

to a weakened interfacial film forming between two immiscible phases [384]. Overall, the 

dynamic emulsion stability constant is a key indicator to assess the stability of oil droplets prior 

to microencapsulation processes. It was found that the experimental data could be fitted to a 

linear regression model. Specifically, a zero-order kinetics model best describes the emulsions’ 

NOD: 

 

 𝑑 𝑁𝑂𝐷

𝑑𝑡
= 𝜍𝐸𝐾𝑆 (4.2) 

 

with the integral boundary condition NOD(t=0)=0. Weak R2 values (<0.5) observed from HS-

TW60, HS-SP80TW80, LC-SP60, and LC-SP85 evidenced that no good fitting of the 

experimental data could be obtained. Thus, no statistically significant linear relationship could 

be identified in the above mentioned cases. This was due to the presence of outlying/scattered 

points, resulting in undefined trends. Besides, this finding seemed to highlight the behaviour 

of certain emulsions when combined with unsuitable emulsifiers, hence leading to their 

instability (e.g. creaming-out and coalescence phenomena).  
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Figure 4.18– Determination of ςEDS via linear regression (NOD=ςEDS-HS·t) of NOD ratio versus 

time. The slope (ςEDS) is expressed as min-1. The case herein shown (HS-Span85) provides ςEDS-

HS=2.24·10-3 min-1; R2=0.95. 

 

Table 4.2 displays all ςEDS obtained together with their coefficients of determination. Span 85 

was determined to be the most effective in stabilising the o-w systems, as its increase in NOD 

was the lowest. The lowest ςEDS was 2.24·10-3 min-1 attained with Span 85-assisted HS, which 

was around 20% lower than that determined in absence of any emulsifier (2.68·10-3 min-1). 

When dealing with LC, food industry has long focused on polysorbates (Tweens) for emulsion 

preparations. Among all, Tween80 (often labelled as E433), has been preferred in food-grade 

formulations [390]. E433 has proven effective in facilitating aqueous ingredients and oils to 

blend together, such as ice creams, vitamins, and dietary supplements [391]. Accordingly, the 

extensive use of Tween80 in industry seems to confirm the versatility and suitability of its 

chemical type to many formulations. Based on the EDS results, Tween80 has also proven 

relatively effective in decreasing its reference ςEDS-LC (2.08·10-2 min-1) by around 58%  
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4.3 Results & Discussion 

 

(8.56·10-3 min-1), which may suggest a stabilising effect of Tween80 on the LC emulsion in 

water.  

Overall, these results seem to confirm a beneficial effect of Span 85 and Tween 80 on HS and 

LC, respectively. However, the stabilisation of an emulsion should be validated by the droplet 

size distribution (DSD) data, and how it this varies with time. The EDS analysis could be used 

as a methodology to quickly preselect the emulsifiers which may possess an emulsion 

stabilisation effect on the required o/w system.  The DSD data for Span 85-assisted HS and 

Tween 80-assisted LC emulsions are presented as follows. 



 

Table 4.2 – Determination of the dynamic emulsion stability (EDS) constants (ςEDS) of o/w emulsions using emulsifiers. The optical density 

measurements are referred to λ* and λref. 
(1)Sample Identification (ID): ‘OIL’ refers to HS/LC. Span concentration in oil 0.1%(w/w); Tween 

concentration in water 0.1%(w/w). For example, the EDS constant (ςEDS) for Hexyl Salicylate (HS) at 0.1% (w/w) Span60 (SP60) and 0.1%(w/w) 

Tween60 (TW60) is ςEDS-HS(SP60TW60). 
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Emulsifier type 

 

Two-phase system 

 Dynamic Emulsion  Stability (EDS) 

constant (ςEDS) 

 

Reference ID1 

Oil 

(HS/LC)1 

Water HLB ςEDS-HS 

(min-1) 

R2 ςEDS-LC 

(min-1) 

R2 

N/A   N/A 2.68·10-3 0.91 2.08·10-2 0.68 OIL-BLANK 

 

S
P

A
N

 

20 ✔  8.7 2.29·10-3 0.96 6.62·10-3 0.85 OIL-SP20 

60 ✔  4.8 3.08·10-3 0.91 5.72·10-3 0.17 OIL-SP60 

65 ✔  2.1 2.36·10-3 0.81 6.11·10-3 0.58 OIL-SP65 

80 ✔  4.3 2.26·10-3 0.76 5.04·10-3 0.53 OIL-SP80 

85 ✔  1.9 2.24·10-3 0.95 2.45·10-3 0.18 OIL-SP85 

 

T
W

E
E

N
 

20  ✔ 16.7 8.7·10-3 0.98 7.5·10-3 0.72 OIL-TW20 

60  ✔ 14.9 5.36·10-3 0.26 1.05·10-2 0.93 OIL-TW60 

65  ✔ 10.5 5.14·10-3 0.89 7.4·10-3 0.80 OIL-TW65 

80  ✔ 15.0 9.19·10-3 0.84 8.56·10-3 0.64 OIL-TW80 

85  ✔ 11.0 1.15·10-2 0.86 8.45·10-3 0.93 OIL-TW85 

P
A

IR
E

D
 M

A
T

C
H

 

(S
P

A
N

-T
W

E
E

N
) 

20-20 ✔ ✔ 12.7 5.37·10-3 0.69 7.82·10-3 0.86 OIL-SP20TW20 

60-60 ✔ ✔ 9.8 9.52·10-3 0.59 7.67·10-3 0.76 OIL-SP60TW60 

65-65 ✔ ✔ 6.3 6.8·10-3 0.96 5.27·10-3 0.70 OIL-SP65TW65 

80-80 ✔ ✔ 9.7 8.8·10-3 0.20 9.46·10-3 0.89 OIL-SP80TW80 

85-85 ✔ ✔ 6.5 8.87·10-3 0.78 6.73·10-3 0.88 OIL-SP85TW85 





 

 

4.3.8.4 Droplet Size Distribution (DSD) 

The size distributions (DSD) of the oil droplets of Span 85-assisted HS and Tween 80-assisted 

LC following o/w emulsification (1000 rpm (HS) and 8000 rpm (LC) for 30 min) are shown in 

Figure 4.19A and Figure 4.19B, respectively. Their variation with time is also displayed. From 

the analysis of DSD of HS, there appeared to be no significant variation or broadening of the 

DSD with time. This suggests that only a single population of droplets stayed relatively stable 

during the investigated timeframe (0-45 min). This timeframe was found to be compatible to 

perform all the physical operations required for microencapsulation, hence inducing complex 

coacervation safely without any significant variation of the droplet size. At t=0, a minor 

submicronic population with a broad peak was also detected. However, this peak was found to 

flatten down rapidly, confirming that very small droplets may tend to coalesce more quickly 

than larger ones. The Sauter mean diameter of HS droplets was found to be 27.9±0.2 µm at 

time 0 h (upon emulsification), which increased slightly to 35.4±0.7 µm after 45 min, as shown 

in Figure 4.19A (built-in graph). When dealing with Tween 80-assisted LC droplets, the DSD 

was found to shift towards a higher mean size much more rapidly than that of HS (Figure 

4.19B). Therefore, the homogenisation of LC required much higher stirring speed in order to 

obtain sufficiently small droplets (27.4±1.3 µm) after 45 min. The built-in graph shows that 

only marginal increase of the Sauter diameter was thus detected. Overall, it seemed that the 

pre-selected emulsifiers, namely Span 85 and Tween 80 for HS and LC respectively, helped to 

stabilise the emulsified droplets, at least during the required timeframe prior to 

microencapsulation.  
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Figure 4.19– Droplet size distribution with time of Span 85-assisted HS (A) and Tween 80-

assisted LC (B) emulsions in water. The o/w droplets of Span 85-assisted HS and Tween 80-

assisted LC were generated into thermostated vessels at 30 oC using a homogeniser (Model 

L4RT, Silverson Ltd, UK) operated at 1000 rpm and 8000 rpm for HS and LC, respectively. 

The investigated timeframe (0.75h) is based on the maximum operational timeframe required 

to carry out all the operations required prior to microencapsulation via complex coacervation.   

 

 

4.3.8.5 Interrelationship among IFT, EDS, and DSD 

Generally, NOD increases with time because emulsified oil droplets may coalesce. The more 

unstable the emulsion, the faster the increase in NOD [354, 390], and the higher the ςEDS. As 

such, measurement of NOD is a relatively simple approach for evaluating EDS. However, it 

gives no information on IFT directly. For this reason, any potential interrelationship between 

IFT and EDS should be further investigated. Four aspects are crucial: (i) rapid adsorption of 

the emulsifier at the o-w interface resulting in an effective IFT and interfacial energy reduction; 

(ii) generation of non-fluctuating IFT trends, which helps identify the ideal emulsifying 

chemical types and their stabilising strength; (iii) low EDS values, which are associated with 
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potentially stable emulsions; and (iv) slowly/non-increasing droplet size with time, which is 

essential to identify the timeframe within which droplets do not coalesce, prior to any 

microencapsulation process. 

For HS, the lowest ςEDS-HS (2.24·10-3 min-1) was obtained with SP85 (HLB 1.9) with R2=0.95. 

Moreover, the IFTHS-SP85 trend showed no fluctuation, which confirmed that SPAN85 reduced 

its IFT by ~75% (IFTHS-SP85=3.8±0.2 mN·m-1), when compared to its reference 

(IFTHS=16.0±0.1 mN·m-1). Additionally, the DSD of Span 85-assisted HS showed no 

significant variation or shifting with time up to 0.75h, with a very marginal increase of the 

droplet size. Overall, these findings seem consistent, thereby confirming that the emulsifier 

(Span85) preselected by EDS method can stabilise HS effectively, at least throughout the 

required timeframe prior to microencapsulation.  

When dealing with LC, the dynamic adsorption of the emulsifiers at the LC-water interface 

seemed slow. A clear plateau was difficult to achieve in the presence of Spans for the time 

period investigated. Alternatively, Tweens were relatively effective at lowering IFT, with the 

exception of Tween85. LC-TW20 (HLB 16.7), LC-TW60 (HLB 14.9), LC-TW65 (HLB 10.5), 

and LC-TW80 (HLB 15.0) exhibited relatively stable trends and lowered the IFTLC (7.6±0.2 

mN·m-1) down to 2.2±0.5 mN·m-1, 2.0±0.4 mN·m-1, 2.4±0.3 mN·m-1, and 2.5±1.0 mN·m-1, 

respectively, after ~2h. Their mean IFT values did not differ significantly from each other, 

which confirms that the stabilising effect of these emulsifiers may not be directly related to 

their HLB. Based on the EDS analysis, LC-TW65 (ςEDS-LC-TW65=7.4·10-3min–1) and LC-TW80 

(ςEDS-LC-TW80=8.6·10-3min–1) seemed to trigger the best dynamically stable systems. Although 

the coefficient of determination of the latter was weaker (R2=0.64) than the former (R2=0.8), 

Tween80 has been preferred to be used in food formulations, as extensively documented in 

literature [390]. Furthermore, the DSD analysis of Tween 80-assisted LC shows that relatively 

stable oil droplets were achieved without dramatic size variations during the investigated 

timeframe. However, the DSD tended to shift towards a higher mean size more rapidly than 

HS (Figure 4.19), which might be probably ascribable to the nature of LC being a terpene, 

whereas HS is an ester. Overall, the emulsifier (Tween80) preselected by the EDS method 
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seemed to provide relative oil (LC) droplet stabilisation, thereby hampering major coalescence 

throughout the required timeframe prior to microencapsulation.  

4.4 Conclusions 

The feasibility of pH-driven complex coacervation (CC) on a novel plant-based biopolymer 

system (i.e. fCh and GA) was investigated. The process based on the electrostatic-turbidimetric 

analysis of the biopolymers in order to determine the optimum processing conditions (pHCC 

and biopolymer mixing ratio). The interrelationship between electrostatic and turbidimetric 

studies enabled to establish a theoretical-experimental complex coacervation comfort zone 

(CCCZ) according to the net electrokinetic charge/zeta-potential (ζ-CCCZ) and critical 

turbidity zone (CTZ) of both biopolymers. CCCZ was applied, which allowed to identify 

pHCC=3.4 corresponding to a GA-to-fCh weight ratio of 6.7. These conditions led to formation 

of coacervate beads (CBs), with relatively smooth surface and a mean size of 21.3±3.1µm. 

Further characterisation included using a micromanipulation technique to determine the 

mechanical properties of CBs. Specifically, the rupture force and Young’s modulus were 

7.4±0.7 mN and 0.61±0.07 GPa, respectively. As a step forward towards microencapsulation 

via CC, oil-in-water emulsions were generated via homogenisation using oils with a potential 

application in detergent (HS) and food (LC) industry. Moreover, the emulsions were stabilised 

using emulsifiers (Spans, Tweens, and their blends), which allowed to investigate their 

dynamic stability. It was found that the effectiveness of emulsifiers to lower the IFT of oil 

droplets was not related to their HLB value. Span 85 was proven highly effective on HS (IFTHS-

SP85=3.8±0.1 mN·m-1) when compared to its reference IFTHS=16.0±0.1 mN·m-1. This finding 

was also endorsed by the determination of EDS constants (ςEDS), which were the lowest with 

Span85 (ςEDS-HS-SP85=2.24·10-3min-1). Similarly, Tween 80 seemed to perform effectively with 

LC by decreasing its IFTLC by 303±18% within 2h. Furthermore, the DSD analysis of both 

Span 85-assisted HS and Tween 80-assisted LC showed that relatively stable oil droplets were 

achieved without dramatic size variations during the timeframe prior to their 

microencapsulation.  
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Overall, it could be inferred that CCCZ may be beneficially envisioned as an a-priori route for 

predicting suitable biopolyelectrolyte pairs to chemically react via CC. The employment of 

plant-based materials to produce the coacervates may provide a novel approach towards the 

microencapsulation of value-added oils with a potential application in industry. Therefore, this 

may pave the avenue towards replacing the current products on the market, which is relying on 

animal derivatives or non-biodegradable polymers.  

The next chapters address the microencapsulation of HS and LC guided by the established 

CCCZ and the EDS-DSD analysis. 
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Chapter 5 Fabrication of Perfume Oil 

Microcapsules using a Fungal Chitosan-based Shell 

Material with Potential Applications in Detergents 3
† 

5.1 Introduction 

5.1.1 Overview 

Microencapsulation in detergent industry is a very high-demanding area where sustained 

release is driven to the extreme. Specifically, detergent formulations are often produced with 

encapsulated perfumes to be released onto fabrics at a controlled rate for weeks after their last 

washing-impregnation cycle. Therefore, microcapsules need to be tested under the harshest 

conditions to assure that they can stay intact after washing and drying cycles, hence delivering 

their active perfume to fabrics sustainably and effectively [6]. Thus, it is essential to identify 

and optimise those properties of microcapsules responsible for assuring their prolonged 

stability, sustained release, and effective adhesion to fabrics. In other words, the mechanical, 

barrier, and adhesion properties are crucial for microcapsules with potential applications in 

detergents. The work presented in this chapter first focused towards encapsulating a model 

perfume oil within safe biopolymers, and then characterising the resulting microcapsules with 

a potential application in detergent industry accordingly. Specifically, the encapsulation of HS 

within a plant-based shell of fungal chitosan and gum Arabic via complex coacervation was 

investigated herein. The fabrication of microcapsules relied upon the CCCZ and EDS analysis, 

as presented in Chapter IV. A comprehensive characterisation of perfume oil microcapsules is 

 

3 † Part published at Baiocco, D., Preece, J. A., & Zhang, Z. (2021), Colloids and Surfaces A: 

Physicochemical and Engineering Aspects, 126861. 
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herein provided, with particular emphasis on their mechanical, barrier, and adhesion properties. 

Three states of microcapsules (moist, air-dried and spray-dried) were characterised using 

several analytical techniques, namely SEM, TEM, FT-IR, and UV-Vis spectrophotometry. 

Moreover, the microcapsules were assayed for their mechanical properties, namely rupture 

force, nominal rupture stress, and nominal deformation at rupture. Both payload and 

encapsulation efficiency of HS were also quantified. Their oil leakage rate in aqueous 

environments was determined. The morphology, and structure including shell thickness of 

microcapsules were investigated by SEM and TEM respectively. Furthermore, the adhesion 

properties of the resulting plant-based perfume microcapsules onto fabric surface were 

characterised by using a flow chamber technique equipped with smooth polyethylene 

terephthalate (PET) film as a model. The interaction between the microcapsules and the PET 

film was investigated via image analysis (ImageJ), and their retention performance (RP) at 

increasing shear stress and different environmental pH was quantified.   

 

5.1.2 Fragrance Encapsulation in Industry 

Fragrances are currently added to many consumer products, such as detergent and personal 

care products, to aid the consumer perception of cleanliness and freshness to encourage 

consumer to repeat purchase [4, 7]. Fragrances are volatile organic compounds (VOCs) which 

may be chemically reactive and prone to evaporating during storage and/or react with other 

formulated ingredients, if incorporated directly into a product formulation [8, 9]. Therefore, 

strategies to inhibit fragrance evaporation and chemical degradation in formulated products are 

desirable, as they allow minimising the fragrance required in the final product. This 

dramatically reduces the cost of manufacturing, but still contributes to enhancing consumers’ 

experience, subsequently leading to an increasing revenue. To this end microencapsulation, 

first pioneered by Bungenberg de Jong in 1929 [12], has been used to encapsulate VOCs 

leading to (i) reduced oil volatility in formulated products, and (ii) partitioning from the rest of 

formulation reducing cross-reactivity with other actives. Microencapsulation has successfully 

enabled a reduction in the amount of fragrance required without impacting consumers’ 
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experience [16]. Furthermore, microcapsules containing the fragrance act as delivery vehicles 

by physically attaching themselves onto clothes or fibres during a washing cycle. They are 

designed not to release their fragrance until mechanical action breaks the capsule, such as 

caressing or wearing a garment, resulting in a prolonged customer experience of freshness [18]. 

Several techniques have been developed to encapsulate value-added actives against adverse 

environmental conditions [3]. Among all, complex coacervation has proven effective, leading 

to high-payload microcapsules with potentially tuneable mechanical properties [58]. Well 

established in fine decorative cosmetics, personal care toiletries, and household cleaning 

products, hexylsalicylate can provide an appealing hazard-free floral scent. Moreover, it is a 

single-molecule chemical, hence can be used as a model oil in microencapsulation [119].  

 

5.2 Materials & Methods 

5.2.1 Materials 

 Details on all materials can be found at Section §3.2. 

 

5.2.2 Preparation of HS-Microcapsules 

The microcapsules were fabricated via one-step complex coacervation extensively detailed by 

Baiocco et al. [238], as well as in §3.3.4.  
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5.3 Results & Discussion 

5.3.1 Formation of HS-Microcapsules: Real-Time Monitoring 

As discussed in Chapter 4, pHψ has been experimentally validated as the starting point of CC, 

at which insoluble GA-fCh complexes began forming. In the presence of oil droplets (oil-to-

water fraction 4.5% w/w), GA-fCh complexes were observed to form at pHψ, which migrated 

towards the surface of oil droplets, subsequently encircling them (Figure 5.1A). The upper 

bound pH of CC has been associated with its pKafCh (~6.0) where no clear formation of the 

intact shells via CC around single oil droplets was observed (Figure 5.1C). Hindered CC 

phenomena were probably due to the cationic charge drop of fCh at pH~pKafCh. Importantly, 

it was found that GA-fCh shells could be seamlessly formed around each individual oil droplet 

at pHCC 3.4 (Figure 5.1B), where the attractive interaction between GA and fCh was 

maximised, as discussed for coacervate beads (§4.3.7). 

 

 

Figure 5.1– Optical microscopy imaging of: (A) incipient formation of shells entrapping 

single/multiple oil droplets via CC (pHψ 2.5, T=25oC); (B) eye-shaped microcapsules with a 

core of HS (pH 3.4, T=25.0oC); (C) no clear formation of the intact shell via CC around 

single/multiple oil droplets (pH 6.0, T=25.0oC). The arrows in (A) indicate the formation of 

coacervate network around the oil droplets.  

 

 50 µm 100 µm 100 µm 

A B C 
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5.3.2 Morphology 

SEM images of dried HS-entrapping microcapsules are presented in Figure 5.2. An overview 

of the microcapsules is displayed in Figure 5.2A. It can be observed that the microcapsules 

were relatively spherical with a moderately rough surface (Figure 5.2B). The presence of 

significant surface pores might have been due to the extreme vacuum conditions resulting in 

the typical liquid-puffing phenomenon (Figure 5.2H), which had been extensively investigated 

by Farshchi et al. [392]. The microcapsules were found to be sensitive to high vacuum as well 

as prolonged electron beam exposure due to which structural damage of microcapsules with 

the resulting oil leakage were observed (Figure 5.2C-D). Interestingly, eye-shaped 

microcapsules were obtained by moderate stirring (400 rpm) (Figure 5.2E); alternatively, more 

spherical microcapsules were obtained at 1000 rpm (Figure 5.2F). At the lower stirring speed, 

the oil droplets/microcapsules were larger on average (Figure 5.3), which means their 

corresponding specific surface area (surface area per volume) was smaller. Consequently, there 

would be more shell materials available for coating each oil droplet. Therefore, the excess 

amount of the shell materials could be deformed around the oil droplets by the agitation during 

the solidification, thereby generating eye-shapes shells. Similarly, elongated shapes were also 

reported by Leclercq et al. [173] for gelatine-based microcapsules by CC. At the higher speed, 

the oil droplets were expected to be smaller, and the effect of their interfacial tension with the 

continuous phase was more significant to minimise their surface area, resulting in more 

spherical droplets, then microcapsules. The shell of a randomly selected cryo-damaged 

microcapsule is also presented in Figure 5.2G. Interestingly, there appeared that the shell of 

such HS-entrapping microcapsules may be several hundred nanometers thick.  
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Figure 5.2– SEM images of dried HS-entrapping microcapsules with different magnifications 

being ×100 (A) and ×370 (B); foreground images of a dried microcapsule exposed to high 

vacuum conditions before (C) and after leaking (D); effect of the stirring rate on microcapsules 

obtained at 400 rpm (E) and 1000 rpm (F);  highlight of a cryo-damaged microcapsule (G) and 

multiple surface pores possibly due to liquid puffing from microcapsules (H). 
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5.3.3 Size Distribution 

The size distribution of HS-entrapping microcapsules obtained at 400 rpm , ranged between 20 

and 117 μm  (SPAN=1.23) together with a mean Sauter diameter of 50±2 m (Figure 5.3). As 

expected, microcapsules obtained at a higher stirring speed (1000 rpm) exhibited a narrower 

particle size distribution (SPAN=0.94), between 15 to 78 μm with a mean diameter D[3,2] of 

35±1 m. In addition, statistical analysis highlights that a Gaussian distribution can be 

plausibly fitted to the microcapsule size distribution with 95% confidence. Both size and size 

distribution of moist microcapsules were proven consistent with their SEM micrographs 

(Figure 5.2). 

 

 

Figure 5.3– Size distribution of moist HS-microcapsules obtained at 400 rpm (red) and 1000 

rpm (blue) fitted to a Gaussian distribution with 95% confidence. The general form of a three-

parameter (a, b, x0) Gaussian distribution function is  𝑓(𝑥) = 𝑎·exp (−
1

2
(
𝑥−𝑥0
𝑏

)
2
). Non-linear 

regression and performance parameters: aHS,400=12.3±0.53; bHS,400=19.1±0.88; 

x0HS,400=56.9±0.97; coefficient of determination R2
HS,400=0.95; aHS,1000=13.0±0.40; 

bHS,400=12.5±0.42; x0HS,400=38.7±0.45; coefficient of determination R2
HS,400= 0.96.  
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5.3.4 Functional Groups Interrelationship (FT-IR) 

GA and fCh powders, HS as well as HS-entrapping microcapsules were all assayed for their 

FTIR spectra. An observation of fCh’s spectrum (spectrum α Figure 5.4) highlights a broad 

vibrational band occurring at 3383 cm–1, which is related to the amino-hydroxyl (–NH2 –OH) 

moieties. A characteristic band found at 2893 cm–1 was obvious and ascribable to the vibration 

of C–H bond [171, 382]. A few more bands peaking at 1681, 1595, 1303 cm–1 were detected 

and tentatively associated with the stretching vibration of the double-bounded C=O segment 

occurring in the acetylated groups (–CONH2), the amide III units (–NH3
+) [34], and the 

synergic effect due to –CH and –OH, respectively [393]. Furthermore, the symmetrical 

stretching vibration of C–O–C and the stretch absorption of C–O could be read at 1159 and 

1036 cm–1, respectively. The typical absorption bands of GA are displayed in the spectrum β 

Figure 5.4. Specifically, the –OH-related stretching vibrations could be identified at 3340  

cm–1. Another absorption band was evident at 1610 cm–1, which was attributable to the 

conjugated C=C units. Furthermore, the non-symmetrical as well as symmetrical vibration of 

the carboxylated ions (–COO–) was detected in the region of 1290 cm–1. Similarly to fCh, a 

1033cm–1 peak was found to be corresponding to C–O-unit stretching [394]. The spectrum γ in 

Figure 5.4 displays the FTIR spectrum of HS. Specifically, the strong band appearing at 1720-

1630 cm-1 was assigned to the typical stretching vibration of the double-bounded C=O segment 

of aromatic carboxylic esters [395]. Similarly, the bands located at 1230-1140 cm-1 and 1120-

1020 cm-1 were related to the stretching of C–C–O and O–C–C groups of the saturated ester 

[396]. Moreover, the peaks at 2954 cm-1 and 2864 cm-1 were ascribable to the aromatic and 

alkyl C-H stretching, respectively. The FTIR spectrum of tableted HS-microcapsules is shown 

in the spectrum δ in Figure 5.4. The band visible around 3280cm−1 was ascribable to the 

stretching vibration of amine (–NH2) and hydroxyl (–OH) groups. When comparing the spectra 

α and β in Figure 5.4 with the spectrum δ in Figure 5.4, it could be deduced that a significant 

modification of the FTIR spectrum occurred in HS-microcapsules due to the presence of the 

fCh-GA shells. This phenomenon was also reflected in the presence of broader peaks assigned 

to the carbonyl-amide region (1650-1300cm-1), possibly suggesting the successful electrostatic 

interplays between the –NH3
+ segments of fCh and the –COO– of GA [382]. Besides, Kildeeva 
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et al. [397] have also reported the formation of azomethine groups (Schiff base) in the region 

of 1680–1620 cm–1, which cannot be excluded following CC. Other peaks were also obvious 

at 3315 cm–1 as well as 3159 cm–1, 1406 cm–1, and 1033 cm–1, which were cautiously associated 

with the stretching vibrations of amino(–NH2)-hydroxyl(–OH) groups, alcoholic segments (–

OH), amino-acid zwitterions exhibiting a C=O group, and C–O units, respectively. 

Furthermore, a narrow peak possibly indicating the development as well as the stretching of 

vinyl groups (–CH=CH2) was also detected at 920 cm–1. The absorbance peak occurring at 611 

cm–1 may suggest the stretching vibration of N–H. However, it may also indicate the 

establishment of a new chemical segment attributable to the side formation of chloro-alkanes, 

since HCl had been employed to adjust the pH in the process. In addition, a moderately broad 

absorbance peak detected at 1033 cm–1 may be due to the major vibrational stretching of 

alcoholic segments. Overall, these peaks were found to be in agreement with what was reported 

by Espinosa-Andrews et al. [382]. Additionally, the comparison between spectra γ and δ 

highlighted that no strong signal associated with HS was detectable in the tableted HS-

microcapsules. This phenomenon may be due to HS being screened out by the encapsulating 

polymeric matrix made of fCh and GA. Therefore, the spectra of fCh (Figure 5.4 spectrum α) 

and GA (Figure 5.4 spectrum β) seemed much similar to that of HS-microcapsules (Figure 5.4 

spectrum δ). However, Figure 5.4δ also exhibited two relatively broad bands with sharp peaks 

at 1400-1200 cm-1 and 750-600 cm-1. Since these peaks were not observed from the spectra α 

and β, they could be likely attributed to some weak interference due to presence of sub-shell 

oil (HS) in the HS-microcapsules. In addition, this finding may also provide indirect 

information on the shell thickness of HS-microcapsules, given that the depth of penetration of 

FTIR measurements is typically in the micron range.  The shell thickness should be in the range 

of several hundreds of nanometres and the FTIR penetration depth itself, following the very 

weak signal attributable to HS in the FTIR spectrum of HS-microcapsules. This observation 

was consistent with the SEM micrograph presented in Figure 5.2G. 
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Figure 5.4– FT-IR spectra of solid fCh (α), GA (β), HS (γ), and tableted microcapsules (δ). 

 

5.3.5 Encapsulation Efficiency (EE) 

The EE and payload tests were directly carried out on freshly spray-dried HS-entrapping 

microcapsules with a spherical shape obtained following the procedure at 1000 rpm. The EE 

and payload values were determined to be 47±11% and 40±7%, respectively. With regards to 

the results obtained, it could be inferred that an aliquot of the HS dispensed in the formulation 

stage was either lost or unable to get encapsulated during the encapsulation process. This 

phenomenon might be due to naturally occurring oil encapsulation limitations, possible 

interactions between the chemicals, surface oil residues, oil leakage, and environmental, 

hydrodynamic and mechanical stress. However, similar values of EE (30-80%) for 

microcapsules achieved via CC were also reported in former literature [6, 7, 169, 173]. 
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5.3.6 Barrier Properties 

Oil release profile of microcapsules is primarily conditional upon the nature of the retained 

active ingredient interacting with the reticular shell complex. The composition of the dispersing 

medium also plays a key role. Water-based (cosolvent-free) medium is the most typically used, 

but also cosolvent-enriched media can be employed if accelerated tests are required [16].  

 

5.3.6.1 Solubility Experiments 

The solubility HS in water at ambient temperature (cs,HS≃10-6g·mL-1≃4.5 µM) is very low 

[264]. Therefore, a different HS-receptor system should be identified to increase cs to adequate 

values (~10-2g·mL-1) above the limit of detection of the UV-Vis setup. This system should be 

hazard-free, fully miscible with HS, not highly viscous to assure well-mixed conditions. 

Importantly, it should trigger no structural damage of the capsule shells. Previous literature 

suggested that ethanol and 1-propanol may fulfil these requirements [16]. HS was assayed for 

its solubility in 1-propanol by UV-Vis (§3.4.4.2), which is less volatile (1.9 kPa) than ethanol 

(5.4 kPa) at 20oC. Figure 5.5 displays the saturation concentration of HS in 1-propanol (cs,HS) 

in different hydro-propanolic environments (0-50%w/w). It was found that 36%(w/w) aqueous 

propanol solution increased the solubility of HS to ~9·10-3g·mL-1 effectively, as reported by 

Mercade-Prieto et al. [16]. For this reason, 36% (w/w) hydro-propanol was adopted as a model 

receptor medium for HS released from microcapsules.  
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Figure 5.5– Saturation concentration of HS (cs,HS) in hydro-propanolic media (0-50 w/w). The 

Error bars that represent the standard error may be smaller than the size of the symbols. 

 

5.3.7 Release Profile 

As shown in Figure 5.6, a different time-dependent release of HS occurred from fCh-GA 

microcapsules when exposed to chemically different environments. In water for a month, only  

<10% HS leakage was observed, which is very encouraging, and might result from the good 

barrier properties of solid coacervate shells being polymer-rich and, thus water-insoluble 

complexes [398]. Alternatively, the evaluations in the presence of 36%(w/w) aqueous propanol 

have found that ~60% of the oil load leaked out from the microcapsules after 1 month. This 

suggested that the coacervate shells may be sensitive to slightly alkaline solutions [399] which 

might act as a leakage aid to microcapsules to release oil faster. Alternatively, the effect of the 

higher solubility of HS in aqueous propanol on its release may be significant. Accordingly, the 

increased solubility of the oil in aqueous propanol can thus accelerate the mass (HS) transfer 

from the microcapsules into the receptor medium significantly, when compared to absolute 
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water. When dealing with the long-term release, a typical exponential trend was identified for 

both cases over the investigated timeframe (>500h). This was more obvious for the propanol-

driven test, which curve flattened after ~250h. Overall, it could be deduced that suitable co-

solvents may proactively contribute to determining the oil leakage rate of oil-entrapping 

microcapsules, thereby assessing their barrier properties.  

 

Since the release tests were designed such that no saturation of HS can be reached in 

water/aqueous propanol, it is important to understand why 100% release of HS did not occur. 

Although oils might be lost by evaporation, the vapour pressure of HS at ambient temperature 

is extremely low (0.07 Pa), which does not explain why ~40% of the total oil could not be 

detected. A more likely hypothesis deals with the nature of the coacervate shells. Since the 

shells are fabricated by coacervation from organic materials, the solubility and absorbability of 

HS in the coacervate matter can be significant. Therefore, the coacervate shells might get 

saturated with HS before the oil (HS) can be transferred into the receptor medium.  

 

 

 



5.3 Results & Discussion 169 

 

time (h)

0 200 400 600

C
u
m

u
la

ti
v
e

 R
e

le
a
s
e

 o
f 

H
S

 (
%

)

0

10

20

30

40

50

60

 

Figure 5.6– Leakage profile of HS-microcapsules in cosolvent-free water (♢)  cosolvent-

enriched (○) water (36%(w/w) propanol). Dashed and dotted curves display the trend of the 

release profile fitted to a non-linear regression model y = ξ(1–e–ßt) based on the least squares 

analysis, with the corresponding evaluation of the coefficient of variation (CV(%) = St. 

Deviation/mean·102) using SigmaPlot 14.0 (SystatSoftware Inc.). Performance parameters (± 

St. errors): cosolvent-free (♢) ξ♢=5.5±0.5, CVξ♢=9.0%, ß♢=5.7·10-3±1.2·10-3 h–1, 

CVß♢=21.9%, R2=0.93; cosolvent-enriched (○) ξ○=54.1±3.0, CVξ○=5.7%, ß○=7.1·10-3±1.3·10-

3 h–1, CVß○=18.3%, R2=0.87. Further analysis of the release data is presented in Chapter VII 

(§7.2.2).  

 

5.3.8 Mechanical Properties 

5.3.8.1 Compression of Single Microcapsules 

A typical force-displacement curve from compression of a single randomly chosen 

microcapsule is shown in Figure 5.7. Points α to β correspond to the progressive compression 

of a microcapsule (built-in pictures α-β). Specifically, the α-β sequence shows an intact capsule 

before (α) being squashed out following the increasing force exerted by a descending probe 

onto the surface of the microcapsule itself. This results in a flattened-up coacervate structure 
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from which the oil leaked out. Oil residues are also shown (β). In addition, a clear depletion of 

the force applied is evident at point β, which is due to the sudden burst of the microcapsule. 

Accordingly, the rupture force (Fr) of the selected microsphere can be determined. The nominal 

rupture stress (σ, defined as the ratio of the rupture force to its initial cross-sectional area) and 

the nominal strain at rupture (%, defined as the ratio of the displacement at rupture to original 

diameter) of microcapsules [400] have been calculated. 

 

 

Figure 5.7– Typical force-displacement curve from compression of an air-dried 40μm 

microcapsule (fabricated at 1000rpm according to the procedure detailed in §3.3.4.3) with real-

time pictures of its onset of compression (α) to its rupture (β). 

 

α 

β 
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5.3.8.2  Rupture Force, Nominal Rupture Stress, and Displacement at 

rupture of Single Microcapsules 

The rupture force of HS-microcapsules was found to be averagely increasing with diameter 

(Figure 5.8A), which is in good agreement with melamine-formaldehyde microcapsules [25, 

400, 401]. As displayed in Figure 5.8B,  the nominal rupture stress was found to be decreasing 

with diameter, highlighting that greater microcapsules may be weaker and more likely to be 

broken than the smaller ones [14, 383]. Interestingly, the displacement at rupture increased 

with the size of the microcapsule. This may suggest that large microcapsules tend to deform 

for longer before getting ruptured. The nominal deformation (strain) at rupture did not change 

with the diameter significantly Figure 5.8D, and the mean value (22.7±1.5%) was obtained 

from the slope of the trendline in Figure 5.8C. This value is very similar to that obtained by 

Long et al. [14] from MF-microcapsules (24.8±1.5%), as shown in Table 5.1.   

 

Table 5.1 – Key mechanical property parameters of HS microcapsules in comparison with MF-

based microcapsules (Mean ± St. Error) 

 HS-microcapsules MF-based  

Mean Diameter (μm) 27.5±1.5 4.0–24.0±1.0 

Rupture Force (mN) 2.0±0.1 0.7±0.1– 2.1±0.2 

Nominal Rupture stress (MPa) 3.6±0.3 4.2±0.4 

Displacement at Rupture (μm) 6.3±3.1 3.5±0.2 

Rupture Deformation (%) 22.7±1.5 24.8±1.5 

Number of particles compressed 30 - 

Reference  [14, 21] 
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Figure 5.8– Mechanical properties of HS-microcapsules vs diameter (d): rupture force (A), 

nominal rupture stress (B), displacement at rupture (C), and deformation (strain) at rupture (D). 

The dotted lines represent the trend only. 

 

 

As for the coacervate beads (§4.3.7.3), some outliers were clear in Figure 5.8. Unlike 

microfluidic devices, a minor number of microcapsules might not form homogeneously during 

coacervation possibly leading to shells with variable thickness. Therefore, the mechanical 

properties may be affected depending on the surface of the microcapsule exposed to the 

compressing parallel plate, which may correspond to the thinnest or the thickest side of the 

shell (Figure 5.1B). 
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5.3.9 Shell Thickness 

Figure 5.9 shows the TEM micrograph of an ultrathin cross-section of a 20µm HS-

microcapsule. The shell thickness appeared reasonably homogeneous. Specifically, the shell 

thickness at point A and B was 1.78 µm and 1.74 µm, respectively, which is very similar. By 

contrast, point C evidenced a slightly thinner thickness (1.4 µm). This discrepancy may be due 

to shells being non-uniform locally. Most likely, this could be ascribable to artifacts during 

TEM preparation [18, 266]. Thirty cross-sections of HS-microcapsules from thirty randomly 

selected microcapsules were examined. The shell topography of each microcapsule was 

investigated. Subsequently, the shell thickness was measured at three different regions of the 

shell itself via ImageJ analysis, hence an average was calculated. Following image analysis, a 

relationship between the shell thickness (h) and the diameter (d) of microcapsules was obtained 

(Figure 5.10). It was found that h increased linearly with d (R2=0.86), which suggests that the 

larger the oil droplet, the thicker the shell. The apparent mean shell thickness (happ) was 

determined to be 0.78±0.06 µm. However, the effect of random slicing should be considered, 

hence the effective thickness (heff) can be estimated by modelling, as described later in Chapter 

7.  
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Figure 5.9– Cross-section of a HS-microcapsule (20µm) with its shell thickness measured at 

three different points: hA=1.78±0.01 µm (A), hB=1.74±0.02 µm (B), and hC=1.40±0.02 µm (C). 

 

Figure 5.10– Apparent shell thickness versus diameter from 30 randomly selected cross-

sections of HS-microcapsules. The linear fitting has R2=0.86. The shell thickness was 

measured at three different regions of the shell itself via ImageJ analysis, and the resulting 

average ± St. error was calculated. 
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5.3.10   Adhesion Properties 

5.3.10.1 Overview 

Effective cleaning of fabrics has always been crucial to the entire global community [402]. 

Modern laundry has been actively present in human life since the introduction of life-easing 

amenities, such as synthetic detergents and electric household washing machines in the early 

years of the twentieth century [403]. To date, the fundamentals of domestic/industrial laundry 

processes still remain unchanged, which include a cycle of physico-chemical steps occurring 

within a washing machine at the interface between textiles and the washing medium [403, 404]. 

Specifically, three leading factors are involved to achieve high standards of laundering: (i) the 

nature of fabrics (natural/synthetic) and the type of dirt (soil, food residues, and grease); (ii) 

the chemistry and concentration of chemicals (detergents, bleach, and softeners); and (iii) the 

processing conditions (mechanical action, temperature, and time) operated during the laundry 

process [6, 405]. Although all these factors have a synergetic effect on the laundry process, the 

chemicals used, and their concentration play a special role. Chemicals penetrate through the 

interface between the dirt attached to textiles and the washing medium, thereby enabling 

mechanical action to lift and release the loosened particles of dirt [406]. Moreover, high 

temperatures, operated for the required time, enhance washing by decreasing water viscosity 

and the surface energy at the interfaces, as well as promoting the mass transfer of chemicals 

employed in the laundry process [407]. Although the basics of laundry processes have not 

changed much during the years, there has been a rising demand to deliver perfume molecules 

to fabric surfaces during laundry processes in order to impregnate clothes with pleasant scents, 

and thus enhance the end-use consumer’s experience [6, 403, 408]. Detergent formulations 

typically comprise of many ingredients, which trigger specific pHs and ionic gradients when 

combined to aqueous environments in order to optimise washing conditions [26, 28]. 

Detergents and softeners contribute to washing off dirt/grease from textile surfaces, onto which 

also promote the adhesion/impregnation of certain substances contained in the formulations, 

such as perfumes, during the washing cycle [6]. However, perfumes contain highly volatile 
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organic compounds (VOCs), hence they have long been delivered by microencapsulation for 

assuring their preservation and controlled release onto the fabric surfaces [6, 408, 409]. Readily 

available fabrics are typically made of natural cotton fibres and synthetic fibres. The former 

are the most popular at a large scale but are coarse, whereas the latter are much smoother. Thus, 

smooth textiles should be preferred for experiments. Interestingly, polyethylene terephthalate 

(PET) films are smooth, hence can be utilised as model substrates to mimic the adhesion of 

PMCs during washing. Moreover, perfume microcapsules (PMCs) onto smooth PET films are 

not involved in any physical entrapment and/or steric effect, which is frequently observed on 

coarse surfaces. Thin PET films can be fitted into microfluidic devices, such as flow chambers, 

to mimic real washing conditions by exposing PMCs to different shear stresses and/or 

environmental pHs. Accordingly, suspensions of PMCs can be fed to a flow chamber in order 

to examine the interaction and adhesion of PMCs onto PET films. Previous literature has 

elucidated that a parallel plate flow chamber can be successfully employed to investigate the 

adhesion phenomena of cells and particles onto different substrates/surfaces [341, 342]. 

Moreover, the degree of particle removal from a solid surface has proven to be conditional 

upon flow velocity/shear stress [358]. Particles facing shear stress and torque may experience 

lifting, sliding, dragging, and rolling phenomena due to which their adhesion may be impaired. 

In addition, a flow chamber technique offers statistically significant data on a population of 

particles within a reasonably brief period of time. Based on the above, the studies herein 

presented were aimed at (i) mimicking the adhesion of plant-based HS-microcapsules to fabric 

surface in real washing by using a flow chamber technique equipped with smooth PET film as 

a model; and (ii) understanding the interactions of microcapsules with the PET film, hence 

their retention at increasing shear stress and different environmental pHs. 

 

5.3.10.2 Retention Performance (RP) of HS-microcapsules 

A flow chamber technique was utilised to quantify the adhesion of HS-microcapsules onto thin 

PET model films, as well as understanding their mutual interactions. The data (i.e. real-time 
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pictures captured at different shear stress and pH) generated from the flow chamber 

experiments were processed via ImageJ in order to quantify the adhesion of the microcapsules 

to PET films. Figure 5.11 displays the retention performance (RP) of HS-microcapsules onto 

PET films as a function of the shear stress/Reynolds, respectively. pH-dependent curves were 

obtained. As can be seen in Figure 5.11, HS-microcapsules exhibited the best retention 

performance onto PET films at pH 3.2. At such pH and low shear stress (<50 mPa), the RP was 

more than 70%. It was also found that the RP of HS-microcapsules at the same pH (3.2) was 

no less than ~60% under high shear stress (0.9 Pa). In addition, no significant difference in RP 

at 0.35 Pa (Re≃12) and 0.9 Pa (Re≃30) was observed, which suggests that an equilibrium 

between the two contact surfaces (i.e. microcapsules and PET films) may have been reached. 

Similarly, HS microcapsules at pH 4.1 showed a high RP (~70%) below 50 mPa, as for pH 3.2. 

However, lower RP of ~50% and ~45% were observed at 0.7 Pa (Re≃25) and 0.9 Pa (Re≃30), 

respectively. These values were determined to be around ~15% lower than those at pH 3.2, 

which tentatively suggested a possible effect of environmental pH on the RP of microcapsules 

onto PET films. This phenomenon was more evident at high shear stress. Accordingly, lower 

microcapsules RP values were determined at increasingly high environmental pHs, particularly 

at weakly acidic (5.1-6.2) and near neutral (7.2) pHs. The curves obtained at pH 5.1, 6.2, and 

7.2 showed a dramatic drop in the RP of HS microcapsules onto PET films, which was obvious 

from 0.1 Pa (Re≃5). Specifically, the microcapsule RP was found to be less than 45% at 0.15 

Pa, which was much lower than that observed at pH 3.2 (73%) and pH 4.1 (70%). The lowest 

RP values for HS-microcapsules were 25%, 21%, and 19% at pH 5.1, 6.2, and 7.2, respectively, 

when facing a shear stress of 0.9 Pa (Re≃30). An example of real-time removal of HS PB-

PMCs under increasingly high shear stress (5 mPa-0.9 Pa) is presented in Figure 5.12. 
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Figure 5.11– Retention performance of HS-microcapsules onto thin PET model film as a 

function of shear stress (τ) and Reynolds (Re; secondary x-axis) at different pHs. 
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Figure 5.12– Example of real-time removal of microcapsules adhering to a fully flat PET film 

at pH 3.2. Background obtained from a blank PET film (baseline) prior to microcapsule 

inoculation (A); deposition of microcapsules following their inoculation and cleaning (B); and 

flushing of microcapsules exposed to increasing shear stress, as follows: 5 mPa (C1), 10 mPa 

(C2), 25 mPa (C3), 50 mPa (C4), 0.1 Pa (C5), 0.25 Pa (C6), 0.35 Pa (C7), 0.45 Pa (C8), 0.7 Pa 

(C9), 0.9 Pa (C10). The scale bar displayed in (A) is applicable to all images. 

 

 

5.3.10.3 Influence of the pH on the Retention Performance of HS-

microcapsules 

As shown in Figure 5.11, the highest RP of HS-microcapsules onto PET films was obtained at 

the lowest acidic pH investigated (pH 3.2). In contrast, the RP of microcapsules was reduced 

at increasingly higher environmental pHs (4.1<pH≤7.2). Since the microcapsules were 

fabricated via pH-driven complex coacervation (CC), an effect of the environmental pH on 
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their adhesion/hydrodynamic properties may not be surprising. Butstraen and Salaün [169] 

have reported that chitosan-GA microcapsules via CC are highly stable when the electrostatic 

interaction between the two biopolymers is maximised at pH 3.6. Therefore, an effect of the 

pH on the adhesion properties of pH-sensitive fCh-GA microcapsules cannot be excluded. 

When exposed to weakly acidic (pH 5.1-6.2) as well as near-neutral (pH 7.2) environments, 

the RP of microcapsules was low. This suggests that the microcapsules may not be capable of 

adhering firmly to the PET films at 5.1≤pH≤7.2, even under low shear stress (Re≃2). This 

phenomenon resulted in microcapsules rolling out along the chamber, without reaching any 

equilibrium with the PET films. When compared to pH 3.2 and pH 4.1, the RP of microcapsules 

onto PET films at pHs ≥ 5.1 was much worse. This finding suggested that the environmental 

pH may play a crucial role on the hydrophobic interaction between microcapsules and PET 

films. Generally, the hydrophobic interaction is responsible for hydrophobic substrates to 

cluster, aggregate, or bond together [410].  There appeared to be a much stronger hydrophobic 

interaction between microcapsules and PET films at low acidic pHs (particularly around 

pHCC≃3.4), hence leading to a higher RP. Previous literature has shown that hydrophobic 

interactions play a leading role in bioadhesion phenomena [411]. Specifically, the adhesion of 

certain bacteria to glass, such as Staphylococcus aureus, may be highly affected by the 

environmental pH [412]. Hamadi et al. have reported that the quantitative adhesion of bacteria 

to a glass substrate was promoted in the pH range 3.5-5.0, whereas their adhesion performance 

dropped at near-neutral (pH 6.0) and alkaline pHs. Similarly, He et al. [28] have highlighted 

that the adhesion between MF-based microcapsules and a cellulose film was reduced when the 

pH was increased. Specifically, both cellulose as well as PET film and MF-based 

microcapsules are negatively charged, hence their surfaces became more and more negative by 

increasing the pH. Therefore, the adhesion between MF-based microcapsules and cellulose was 

impaired at increasing pHs. This resulted in a reduced pull-off force between microcapsules 

and the cellulose film, leading microcapsules to roll off the film more easily. When dealing 

with chitosan, Liu et al. [27] have suggested that the presence of fully and partially protonated 

amines at pH 3 and 5, respectively, may generate enhanced electrostatic interactions between 

the microcapsules and the cellulose substrate. Thus, both amines (fCh) and carboxyl groups 
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(GA) were not only responsible for coacervation but also contributed to generating hydrogen 

bonding [413], which may promote the adhesion phenomena. These results seemed to support 

the hypothesis that enhanced hydrophobic interactions between HS-microcapsules and PET 

films were more likely at low acidic pHs [414], thereby leading to a much more effective RP. 

High RP of microcapsules has also been associated with the high level of free surface energy 

of PET films, which may be conducive to its hydrophobic nature [415]. By contrast, the low 

RPs of HS-microcapsules at weakly acidic (pH 5.1-6.2) and near-neutral pHs (7.2) can be 

related to the increased repulsive interaction between the coacervate shells and the PET films 

possibly occurring at such pHs, which may inhibit both surfaces (microcapsules and PET films) 

to come into close contact with each other [28]. 

 

5.3.10.4 Retention Performance at the Highest Hydrodynamic Shear 

Stress 

Figure 5.13 displays the RP of HS-microcapsules onto PET films at different pHs under the 

highest hydrodynamic shear stress investigated (τmax=0.9 Pa). As can be seen, there appeared 

to be an exponentially decreasing trend with the pH. The highest RP was observed at the most 

acidic pH (3.2). Therefore, this finding seems to confirm that the effect of the environmental 

pH on the RP of HS-microcapsules may not be negligible. As formerly mentioned, HS-

microcapsules fabricated via pH-driven CC are likely pH-sensitive, which can influence the 

hydrophobic as well as electrostatic interaction between the microcapsules and PET films at 

different pHs, hence their RP. Based on the results, the highest RPs were achieved at pH 3.2 

and pH 4.1, confirming that the strongest hydrophobic interaction between HS-microcapsules 

and PET films was at low acidic pHs (3.2-4.1). This finding seemed consistent since pH 3.2 

and pH 4.1 are close to pHCC (~3.4), at which the coacervate shells of microcapsules benefit 

from the highest electrostatic interaction between the biopolymers forming the shell [169]. 

Thus, pH~pHCC may be conducive to more solid shells, and then more robust contact surfaces 

to the PET films, hence a higher RP. Overall, it could be inferred that the environmental pH 

may play a role in determining the RP of microcapsules fabricated via CC. In addition, the 
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results have proven ImageJ highly effective at quantifying the RP of microcapsules onto PET 

films.  

 

Figure 5.13– Comparison of the retention performance of HS-microcapsules onto PET films at 

τ = τmax (≃0.9 Pa) and different environmental pHs. 

 

5.4 Conclusions 

The fabrication of perfume oil microcapsules within a fungal fCh-GA shell via complex 

coacervation was investigated. HS perfume oil was successfully encapsulated. The highest EE 

of HS-microcapsules was ~60%, which is similar to what is reported in literature for 

microcapsules via CC from animal-derived Ch and other biopolymers. It was found that the 

stirring rate during CC affected the morphology of microcapsules which appeared elongated 

and spherical at 400 and 1000 rpm, respectively. The micromanipulation results highlighted 

that the rupture force of HS-entrapping microcapsules increased with the diameter, whereas the 

nominal rupture stress decreased with the size on average, as expected. The average rupture 

force of HS-microcapsules was determined to be 2.0±0.1 mN, which is also very similar to that 
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of MF-based microcapsules (2.1±0.2 mN) [14].  The average nominal rupture stress of HS-

microcapsules (3.6±0.3 MPa) was also similar to that of MF-based microcapsules (4.2±0.4 

MPa). Besides, HS-microcapsules exhibited an average deformation at rupture of 22.7±1.5%, 

which is also similar to that of MF-based microcapsules (24.8±1.5%), as reported in literature 

[14]. In other words, HS-microcapsules may not be structurally brittler than MF-based 

microcapsules, which is promising. In addition, the shell thickness of HS-microcapsules was 

found to increase linearly with their diameter, hence the larger the oil droplet, the thicker the 

shell. The average shell thickness value was 0.87±0.1 µm for HS-microcapsules. The adhesion 

properties of HS-microcapsules onto fabric surfaces in real washing were mimicked using a 

microfluidic flow chamber equipped with a smooth PET film as model. The interaction 

between HS-microcapsules and PET films was investigated, and their retention performance 

(RP) was quantified at increasing hydrodynamic shear stress and different environmental pHs. 

Applying ImageJ analysis, it was found that the RP of HS-microcapsules was promoted at low 

acidic pHs (<5.1) leading to ~85% and ~60% at low (≤50 mPa) and high shear stress (0.9 Pa), 

respectively. In contrast, the RP was severely impaired at weakly acidic (pH 5.1-6.2) as well 

as near-neutral pHs (7.2). This phenomenon was probably attributable to the nature of the 

biopolymeric shells of microcapsules obtained via CC, which may be pH sensitive. The results 

also suggested that both pH and shear stress influenced the RP. Specifically, the pH might 

affect the hydrophobic interaction between the microcapsule shells and PET films, hence their 

mutual adhesion. Stronger hydrophobic interactions between HS-microcapsules and PET films 

appeared more likely at a pH close to the coacervation pHCC (3.4), possibly due to the stronger 

electrostatic interaction between the shell-forming biopolymers, which might thus result in 

more solid shells. Accordingly, the highest retention of HS-microcapsules onto PET films was 

observed at pH 3.2.  

The first driving force for this work was to manufacture perfume oil entrapping microcapsules 

with a potential for fabric care. However, the typical pH of detergents is 10-11.5 [416], which 

is much higher than that of fCh-GA microcapsules (pHCC 3.4). Although the pH is reduced to 

~7-8 during a washing cycle due to the high amount of water [417], the related pH window 

may still be incompatible. However, some other laundry products, such as heavy-duty cleaning 

liquids, sprays, and disinfectant are formulated at a more acidic pH e.g. ethanol-phosphoric 
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acid (pH 2.8) and ethanol-citric acid (pH 4.1) [418]. Therefore, the microcapsules herein 

fabricated may still be relevant for the cleaning, disinfectant, and detergent manufacturing 

industry.  

 

Overall, the feasibility of fabricating microcapsules with a core of HS based on the concept of 

CCCZ-CTZ was demonstrated. Such promising results suggest the fCh-GA system to be a 

potential carrier for the encapsulation of fragrance ingredients, offering a potential for more 

sustainable and consumer-friendly applications in detergent formulations, as well as an 

opportunity to globally overcome cultural and religious beliefs associated with animal-derived 

products. Besides, a flow chamber technique alongside with ImageJ analysis software can be 

employed as a powerful microfluidic platform to quantify the retention performance of 

microcapsules onto model fabrics (PET films) at different environmental pH conditions and 

hydrodynamic shear stress. 
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Chapter 6 Fabrication of Microcapsules with a 

Fungal Chitosan-Gum Arabic-Maltodextrin Shell to 

Encapsulate Health-Beneficial Peppermint Oil4
† 

6.1 Introduction 

6.1.1 Overview 

Fast-growing food industry has long included many appealing essential oils (EOs) in food 

products to meet consumers’ needs, taste, and expectation for quality, thereby encouraging 

them to repeat product purchase [9]. Among all, the demand for peppermint oil (PO) has 

recently surged due to its multiple health-beneficial properties at end-use applications against 

heartburn, digestive problems, irritable bowel syndrome (IBS) [134-136], and to treat the 

common cold, sinus infections, and headaches [419], which have been formerly assessed by 

the joint panel comprising of Food and Agriculture Organization (FAO) of the United Nations 

and the World Health Organization (WHO) [273, 274]. Moreover, PO is used topically as a 

spasmolytic agent to ease muscle aches, joint pain, and itching [420]. Notwithstanding, PO is 

extremely volatile, may not be used as such in food manufacturing. Therefore, PO has often 

been encapsulated for a longer shelf-life. To date, animal-derived ingredients have been 

extensively employed but there is a rising demand from consumers for solely plant-based 

ingredients. In this chapter, PO-entrapping microcapsules were fabricated via complex 

coacervation using gum Arabic (GA) and fungal chitosan (fCh) as shell precursors followed 

by maltodextrin-assisted spray drying. The microcapsules were crosslinked using vegan 

transglutaminase. The encapsulation efficiency (EE) of the oil, and its static/dynamic leakage 

 

4 † Published at Baiocco, D., Preece, J. A., & Zhang, Z. (2021), Food Hydrocolloids For 

Health, 100016. 
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profile of the microcapsules in several hydroalcoholic environments were quantified by UV-

Vis spectroscopy. The morphology of PO-entrapping microcapsules was investigated via 

bright-field/fluorescent optical microscopy and scanning/transmission electron microscopy, 

and the mechanical properties of the shell were characterised using a micromanipulation 

technique. 

 

6.1.2 The Encapsulation of Essential Oils (EOs) in Industry 

In recent years, natural EOs and oleoresins as well as synthetic flavourings have played an 

important role in many readily available products worldwide [11]. However, natural plant 

extracted ingredients have lately gained increasing attention over synthetic and/or animal 

derived ingredients, since their production is easier and more cost-effective, and have 

sustainability, eco-friendly and ethical benefits [421]. Moreover, synthetic ingredients are 

shrouded in controversy due to their negative health effects [273, 274]. Accordingly, increasing 

regulatory pressures on food/healthcare product formulations are urging for replacing synthetic 

flavourings with natural EOs [9, 273]. Many nutraceuticals, pharmaceuticals, and cosmetic 

products are being enriched with bioactive EOs, due to their outstanding health-beneficial 

properties, including therapeutic, antioxidant and antimicrobial activities [129, 422, 423]. As 

for peppermint oil, a broad range of EOs have proven health-promoting properties, such as 

oregano (bactericidal activity, asthma/diarrhoea relief) [78, 424], rosemary (antioxidant and 

hepatoprotective activity) [131, 425], ginger (anti-inflammatory and antiemetic activity) [132, 

426], lemon (anti-depressant, digestion-aid, and skin-healing activity) [133, 427], orange 

(digestion-aid, antimicrobial and anti-inflammatory activity) [71], cinnamon (antimycotic and 

antimicrobial activity) [123, 428]. EOs are chemical substances consisting of terpenes, 

alcohols, esters, aldehydes, and ketones, which are naturally prone to evaporating [423], and 

may also undergo structural changes triggered by atmospheric factors (light, oxygen, and 

temperature) [120]. For this reason, EOs may not be used directly in product manufacturing. 

Therefore, they are often encapsulated for a longer product shelf-life [3]. Among all 
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microencapsulation methods [3, 88], spray drying (SD) has long been a preferred technique to 

achieve dry powders of microcapsules, especially when dealing with food and pharmaceutical 

formulations [9, 135, 429]. Although microcapsules with different EOs have been effectively 

fabricated by SD only, the process requires high temperatures, which may still thermally 

degrade/oxidise EOs [430], causing them to evaporate [431], hence leading to reduced oil-

loading efficiency [279]. Therefore, alternative encapsulation solutions are being sought. 

Complex coacervation (CC presented in Chapter V for fabricating HS-microcapsules) typically 

leads to payloads higher than SD [3, 154]. However, free-flowing powders of microcapsules 

are difficult to achieve via CC only, especially at a large scale. Since industrial food products 

often require dry ingredients, intense endeavours have been undertaken towards achieving free-

flowing powders of microcapsules. Thus, a two-step microencapsulation process consisting of 

CC followed by SD for the encapsulation of peppermint oil (L-Carvone) is herein presented. 

To the best of the author’s knowledge, little is known on the two-step food-grade 

microencapsulation processes, other than the encapsulation of garlic extract [432], fish [63] 

anchovy [48] and orange oils [9, 433].  

Microencapsulation in food and healthcare industry is a very high-demanding area where the 

preservation of flavours and bioactives, as well as their controlled release, is driven to the 

extreme. Unlike laundry applications which also aim for excellent textile-adhesion properties 

of microcapsules, this is not relevant for food-grade microcapsules at end-use applications (e.g. 

dry food formulations, oral care products, chewing gum, ointments). In contrast, food 

microcapsules should segregate and preserve the active cores which can then be released on 

demand. Therefore, an insightful characterisation of microcapsules for food and healthcare 

applications should be based on their mechanical, structural, and barrier properties. 
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6.2 Materials & Methods 

6.2.1 Materials 

Fungal chitosan (fCh) used as the microcapsule shell-precursor was purchased from Kitozyme 

(Herstal, Belgium, EU). More details on all the materials used can be found at Section §3.2. 

6.2.2 Preparation of LC-Microcapsules 

The microcapsules were fabricated via two-step microcapsulation processes being complex 

coacervation followed by spray drying detailed by Baiocco et al. [353], as well as in §3.3.5.3.  

 

6.3 Results & Discussion 

6.3.1 Limitations of One-Step Encapsulation Process 

As presented in Chapter 5, HS-microcapsules were successfully fabricated via one-step 

microencapsulation process (complex coacervation). A similar procedure was attempted for 

the microencapsulation of LC. Single oil droplets were encircled by a coacervate shell at pH 

3.4, at the highest electrostatic interaction between fCh and GA. Morphological analysis 

highlighted spherically shaped microcapsules with a core-shell structure. Additional smaller 

oil droplets were also visible within the fCh-GA shells (Figure 6.1A-B). Accordingly, fCh-GA 

networks by coacervation seemed capable of entrapping small oil droplets, other than the key 

oil core, thereby creating multinuclear networks [434]. Similar networks are also reported in 

former literature, with emphasis on the bioencapsulation of cells [435], pharmaceuticals [436], 

and essential oils for biomedical applications [437]. Furthermore, previous research work has 

focused on microcapsules exhibiting multiple cores of terpenic oils within chitosan-gelatine 

based networks in suspension [47], rather than fungal chitosan-gum Arabic microcapsules. 
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However, no detail on dried microcapsules has been provided. Although LC-entrapping 

microcapsules could be formed via CC only (Figure 6.1A), they were found unable to survive 

air drying (Figure 6.1B).  

 

 

 

 

Figure 6.1– Optical microscopy images of suspended (A) and collapsed LC-microcapsules 

upon air drying (B). 

 

SEM micrographs displayed in Figure 6.2 highlight the different morphological features 

between intact HS-microcapsules (Figure 6.2A) and collapsed LC-microcapsules in a dry form 

(Figure 6.2B). No intact LC-microcapsules after the drying were found. The only presence of 

polymeric debris suggested that LC-microcapsules had ruptured before being exposed to the 

high vacuum conditions of SEM, as shown in Figure 6.1. This finding evidenced that LC-

microcapsules by CC only were much weaker than HS-microcapsules. This was likely due to 

the enzymatic crosslinker employed (transglutaminase), which was probably not as effective 

as glutaraldehye to reticulate microparticles/microcapsules via CC [288]. Moreover, a direct 

effect of LC on impairing the structural stability of fCh-GA shells cannot be excluded. Most 

likely, this phenomenon may be due to the chemistry of LC, as well as the interfacial interaction 

100 µm 

B A 

100 µm 



190 Fabrication of Microcapsules with a Fungal Chitosan-Gum Arabic-Maltodextrin 

Shell to Encapsulate Health-Beneficial Peppermint Oil† 

 

between LC and fCh-GA shells. Based on the above, two-step microencapsulation processes 

consisting of CC followed by spray-drying were performed to encapsulate LC. Maltodextrin 

was used to further strengthen the shells of LC-microcapsules during spray drying. 

 

 

Figure 6.2– SEM micrographs of HS-microcapsules (A) and debris from LC-microcapsules 

(B). 

 

6.3.2 Two-Step Encapsulation Processes 

6.3.2.1 SEM Observation 

LC-microcapsules were also investigated by SEM. Figure 6.3A provides an overview of 

microcapsules following spray drying (atomisation). Microcapsules were found to have 

spherical shapes and relatively smooth surfaces. However, the surface topography of 

microcapsules also revealed the presence of dents, creases, and depressions at their surfaces, 

which might be an effect of the high vacuum inside the SEM [392]. Alternatively, crease-rich 

surfaces might also be related to the loss of water following spray drying [270], or to the 

remaining coacervate matter and MD having deposited irregularly onto the surface of 
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microcapsules during spray drying [286]. Similar results were reported by Jafari et al. [438] 

where microcapsules made of whey protein had exhibited round shapes and rough surfaces. No 

incomplete microcapsules nor surface cracks were found. Generally, hole-free microcapsules 

were achieved, which suggests that LC might be entrapped within the polymeric shell. Figure 

6.3B displays a self-isolated microcapsule in the foreground with a dark round area through 

the shell, which was tentatively related to the presence of sub-shell oil. Former works have 

elucidated that only hole-free structures are capable of entrapping the active oil effectively [9]. 

To this end, the addition of an extra strengthening agent, such as maltodextrin and sucrose, has 

proven beneficial for filling possible surface vacuoles that were observed on microcapsules 

obtained via spray drying only [439]. As shown in Figure 6.3A-B-C, complete microcapsules 

were attained following spray drying. This suggests that the addition of maltodextrin might be 

conducive to generating more solid and compact microcapsules. Similar results were reported 

by Jun-xia et al. [9] for the encapsulation of orange oil by sucrose-assisted spray drying. 

Although mostly spherical microcapsules with a relatively smooth surface were achieved, 

multiple tiny crusts were also observed at the surface of microcapsules (Figure 6.3C). These 

crusts might result from some extra polymeric fragments having adhered to the surface of 

microcapsules during spray drying. Similarly, additional minute coacervates (1~2 µm) with a 

smooth surface occurred at the surface of individual microcapsules as well (Figure 6.3D). As 

for surface crusts, they were likely to attach to the surface of relatively large microcapsules 

during spray drying. However, their inner structure is unknown, and the presence of oil within 

cannot be excluded. Partly incomplete microcapsules were also observed, with particular 

emphasis on those with unsealed shells (Figure 6.3E-F), which helped to understand the 

morphology and inner structure of microcapsules. Oil-hosting cavities of microcapsules were 

obvious, thereby suggesting a core-shell structure (Figure 6.3E). As shown in Figure 6.3E-F, 

the analysis of incomplete microcapsules also revealed the presence of solid and non-porous 

shells, which were in the order of 0.5~2 µm, approximately. 
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Figure 6.3– SEM micrographs of: (A) spray-dried microcapsules with relatively smooth 

surfaces; (B) a single microcapsule exhibiting a dark shade (subshell oil); (C) complete 

microcapsules displaying surface crusts; (D) a single microcapsule with extra coacervate 

formations adhered to its surface; (E) partly incomplete microcapsules with solid shells; (F) a 

single microcapsule with core-shell structure. 
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6.3.2.2 Fluorescence Microscopy 

The effective retention of LC within spray-dried microcapsules was assessed by fluorescence 

microscopy. The same sample of spray-dried microcapsules was imaged twice, first via OM 

(Figure 6.4A) and then via FM (Figure 6.4B). Interestingly, different colours were exhibited 

by the microcapsules under fluorescence. Figure 6.4B shows a large prismatic-like structure of 

around 50 µm turning red under fluorescence, whilst most of smaller microcapsules emit a 

green light. Previous literature has shown that fluorescent dyes, such as Nile red, are useful for 

assessing the presence of actives inside the capsules quickly and effectively [126]. The 

fluorescence sensing technique with Nile red relies on the solvatochromism phenomenon. 

Accordingly, the position of the emission bands of Nile red depends on the nature of its 

environment. Thus, filled and hollow capsules should exhibit different emission bands under 

fluorescent excitation, conditionally upon what material Nile red is exposed to. When 

unsolvated, Nile red hits the bathochromic emission band, whereas a spectral hypsochromic 

shift (blue shift) occurs when it is exposed to non-polar solvents. In other words, high-polarity 

solvents provide bluer spectral emission, whereas less polar solvents produce redder emission. 

Polarity of a solvent depends upon the charge of its moieties. LC is a relatively polar molecule 

owing to its functional groups. Specifically, its ketonic branch confers a certain degree of 

polarity due to the carbon-oxygen double bond, whereas the alkenes are non-polar. For this 

reason, LC is expected to produce intermediate emission bands, as shown in Figure 6.4B.  

When LC is effectively entrapped within the polymeric shell, the photonic emission of Nile red 

is affected by its relatively polar environment, hence leading to the green visible spectrum 

[126]. In contrast, the red emission band corresponds to the loss of LC, since Nile red is no 

longer solvated in LC, thereby emitting its natural colour [125]. In addition, the top-sitting 

capsule in Figure 6.4B exhibited a yellow band, which suggests that some of the oil initially 

present might have leaked out, resulting in microcapsules with a partial oil retention. Relying 

on the fundamentals, these results suggest that a ternary fluorescence sensing technique could 

be employed, where green, yellow, and red emission bands correspond to successful oil 

entrapment, partial oil retention/leakage, and complete oil loss, respectively [125]. 
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Figure 6.4– Spray-dried microcapsules by bright-field (A) and fluorescence (B) microscopy. 

 

 

6.3.2.3 Size Distribution 

Both size and size distribution of LC-entrapping microcapsules were evaluated. There was no 

significant variation of the size between pre- and post-crosslinking stage. As displayed in 

Figure 6.5, the PSD of microcapsules (SPAN 1.376) varied between 10 µm and 125 µm. The 

Sauter mean diameter was determined to be 37.8±1.4 µm. Statistical analysis spotlighted that 

such PSD could be fitted to a log-normal distribution function with 95% confidence. In 

addition, the mean size of moist microcapsules determined by light scattering was in good 

agreement with the SEM micrographs of dry microcapsules (Figure 6.3A-F). 
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Figure 6.5– Log-scale particle size distribution of moist LC-entrapping microcapsules fitted to 

a log-normal distribution with 95% confidence. The general form of a three-parameter (a, b, 

x0) log-normal distribution function is  𝑓(𝑥) = 𝑎

𝑥
exp (−

1

2
(
ln(𝑥 𝑥0⁄ )

𝑏
)
2
). Non-linear regression and 

performance parameters: a=3.88·102; b=0.53; x0=50; coefficient of determination R2= 0.998.   

 

6.3.2.4 Encapsulation Efficiency 

The encapsulation efficiency and payload attained from LC-microcapsules were 29±4% and 

19±3%, respectively. Similar values have been reported in literature, with particular attention 

to the EE of peppermint oil (27%) of pectin-based microcapsules fabricated by a coaxial 

electrospray system [270]. In addition, animal chitosan microcapsules entrapping different EOs 

yielded slightly higher EEs, such as orange (43-56%) and vanillin oil (50%), reported by Li et 

al. [440] and Yang et al. [7], respectively. Generally, these values were much lower than the 

EE (89%) of gelatine-chitosan microcapsules with a load of limonene [47]. These results 

suggest that gelatine may still be the best performing ingredient to form microcapsules with 

remarkable structural properties, thereby yielding the highest EE [6]. Although the chemical 

nature of the shell precursors plays a very important role in microencapsulation, decreased EE 
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may also be due to the oil being partially lost during processing (homogenisation and spray 

drying at high temperatures). Moreover, chemical interactions between the active oil and the 

shell materials cannot be excluded. 

 

6.3.2.5 Static Leakage 

Figure 6.6 displays the payload of LC-microcapsules, which was quantified by UV-Vis 

(§3.4.4.1). There appeared to be no significant variation of the payload after storage for 50 

days, hence no static leakage. These results suggest a promising shelf life of microcapsules 

when stored in airtight vials (Figure 6.6-i). Therefore, the two-stage fabricated microcapsules 

may not only be capable of entrapping LC effectively, but also able to secure the oil within the 

shell for an extended period of time. This finding is important since many essential oils may 

promptly evaporate and undergo oxidisation when exposed to atmospheric conditions, leading 

to their depletion/degradation [441]. LC is not an exception, hence its storage conditions 

(temperature, environmental pH, atmospheric oxygen) are crucial [442]. Furthermore, the 

chemical inertness between oils and the polymeric shell is essential. Oil degradation has often 

been associated with the physiochemical variation of the encapsulating materials during storage 

[443]. As reported in literature, maltodextrin may have a positive effect on LC-microcapsules 

providing them with a stronger coating to act as an oxidation-delaying barrier, thereby 

preserving the oil for longer. 
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Figure 6.6– Payload of LC-microcapsules obtained from fungal chitosan and gum Arabic via 

complex coacervation followed by spray drying. The payload (P%) is evaluated according to 

Equation (3.6). The symbol (i) refers to the airtight vials in which free-flowing powders of 

microcapsules were stored.  

 

6.3.2.6 Mechanical Properties 

The mechanical properties of LC-microcapsules (diameter based on thirty microcapsules  

dn-b=18.0±1.4 µm) characterised via a micromanipulation technique are presented in Figure 

6.7. The rupture force of LC-microcapsules was found to be averagely increasing with diameter 

(Figure 6.7A). The mean rupture force was 0.6±0.1 mN. Similar results were also obtained by 

other researchers for melamine-formaldehyde [25], and calcium-shellac microspheres [99]. 

The nominal rupture stress (i.e. ratio of the rupture force of a single capsule to its original cross-

sectional area) averagely decreased with diameter (Figure 6.7B), which seems to suggest that 

larger microcapsules may be weaker when compared to smaller ones [14, 31]. This behaviour 

is often desirable at end-use applications, when microcapsules are required to rupture promptly, 

thereby releasing their active on-demand, particularly for chewing gum and dental care 

products. The mean nominal rupture stress was 2.1±0.3 MPa, which is in line with the gelatine-
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gum Arabic microcapsules with double shells and similar size (13.9±0.3 µm – 21.5±0.8 µm) 

presented by Yu et al. [63]. Figure 6.7C shows the displacement at rupture increasing with the 

diameter of microcapsules. Its average nominal deformation at rupture (i.e. the slope of the 

displacement at rupture vs diameter) was 8.0±0.9%, which suggests a much earlier rupture of 

LC-microcapsules under compression when compared to the data reported by Yu et al. [63] for 

similar systems obtained by coacervation (14.2±2.0% – 22.4±3.4%). This phenomenon may 

be due to the more brittle nature of the outermost coating of fCh-GA-MD-based LC-

microcapsules, which is non-gelatine based. Xue and Zhang [383] also found a relationship 

between the displacement at rupture and diameter of calcium-shellac microspheres. 
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Figure 6.7– Mechanical properties of single LC- microcapsules fabricated via two-stage 

encapsulation (complex coacervation followed by spray drying): rupture force (A), nominal 

rupture stress (B), and displacement at rupture versus diameter of LC-microcapsules (C). The 

dashed lines only represent the trend. 
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6.3.2.7 Shell Thickness 

TEM imaging was used to investigate the shell thickness of LC-microcapsules, which had been 

ultracut with a sectioning microtome. The procedure was applied to thirty randomly selected 

LC-microcapsules in order to obtain statistically representative results [17, 18, 266]. Solid 

shells with a relatively spherical shape were identified (Figure 6.8A-B). The shell topography 

of each microcapsule was investigated, and shell thickness was measured at three different 

regions of the shell itself via image analysis, hence an average was calculated. Several extra 

intra-shell cavities were also discernible, which may be the result of TEM artifacts probably 

occurring during TEM sample preparation. Alternatively, such cavities (Figure 6.8C) may 

endorse our previous OM observations, where multinuclear structures had been seen (Figure 

6.1). In addition, these cavities could also be associated with the presence of residual surface 

oil droplets following coacervation, which might have been entrapped during spray drying. 

Figure 6.9 displays the relationship between the shell thickness (h) and the microcapsule 

diameter (d). It was found that h increased linearly with d (R2=0.9), which suggests that the 

larger the oil droplet, the thicker the shell forming around the oil droplet during coacervation. 

There findings are in very good agreement with HS-microcapsules, as presented in Chapter V.  

The corresponding average shell thickness attained from 30 TEM-imaged microcapsules was 

0.91±0.15 μm. In addition, TEM micrographs of the shell were consistent with the observations 

of microcapsule shells via SEM (Figure 6.3E-F). In addition, the average shell thickness was 

comparable with that observed from HS-microcapsules (0.78±0.06 µm). Overall, it could be 

deduced that relatively thick shells can form around LC-oil droplets successfully, leading to a 

core-shell structure (Figure 6.8A-C). 
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Figure 6.8– Cross-sectional TEM imaging of spherical microcapsules with a diameter and 

average shell thickness of (A) ~5 μm and 0.4 μm, respectively; (B) ~10 μm and ~0.5 μm, 

respectively, and exhibiting multiple intra-shell voids; (C) ~15μm and 0.85 μm, respectively, 

and displaying intra-shell pockets. 
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Figure 6.9– Shell thickness versus diameter of 30 randomly selected TEM-imaged 

microcapsules. Some error bars are smaller than the size of the symbols. Linear fitting 

performance: coefficient of determination (R2=0.9). 
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6.3.2.8 Solubility of LC in different Aqueous Ethanol Media with 

Commercial Interest 

In personal care and cosmetic products, ethanol is often used in the formulation [444]. The 

solubility of LC (cs,LC) in aqueous ethanol media  are presented in Figure 6.10. When compared 

to pure water, 5%(w/w) ethanol as the co-solvent was found to increase the solubility of LC by 

97±7% leading to cs,5%=1.4·10–4±1.5·10–5 g·mL–1. As expected, the solubility improved even 

more at higher alcoholic concentrations, with particular emphasis on 20% (w/w) where it was 

higher (cs,20%=2.4·10–3±3.7·10–4 g·mL–1) than that at 5%(w/w) aqueous ethanol  by 

approximately one order of magnitude. This suggests that the increase in solubility with the co-

solvent concentration may not be linear. Accordingly, the solubility appeared to have plateaued 

(cs,50%=0.13±0.02 g·mL–1) between 50%(w/w) and 60%(w/w) aqueous ethanol. 

 

 

Figure 6.10– Saturation concentration (cs,LC) in different aqueous ethanol environments at 22±1 

oC.  



6.3 Results & Discussion 203 

 

 

6.3.2.9 Oil Release 

Figure 6.11 displays the oil release profiles in all aqueous ethanol media investigated. As can 

be seen, the experimental cumulative release (R(t)) data were also fitted to a non-linear 

regression model (R(t)=ξ(1–e–ßt) with physical significance (Eq.(7.5C)) in order to best 

describe the exponential release of the oil (LC) within the whole timeframe investigated 

(~1.5h). Oil release from microcapsules depends upon the nature of active ingredient 

contacting the reticular shell complex. In addition, the composition of the dispersing medium 

also plays a key role. As shown in Figure 6.11, different time-dependent release profiles of LC 

were observed from fCh-GA microcapsules when exposed to environments with different 

aqueous ethanol concentrations. In water (0% EtOH) for 1.5h, less than 40% LC leakage was 

observed, which was significantly less than ~85% in 20% aqueous ethanol. Oil leakage in pure 

water was the slowest. Accordingly, the cumulative release of LC in 5%, 10%, and 15% (w/w) 

aqueous EtOH after 1.5h was increasingly higher, i.e. 49%, 52%, and 60%, respectively. Thus, 

there appeared to be a clear effect of EtOH as the co-solvent to drive the leakage of LC. Similar 

results were also reported by Mercade-Prieto et al. [16] utilising a hydro-propanolic system. 

This finding is not surprising since the solubility of LC in aqueous ethanol environments is 

much greater than in water (cs,LC-w). Thus, the co-solvent accelerated the mass (oil) transfer 

from the microcapsules into the receptor medium. 

Interestingly, the curve at 10%, 15%, 20% aqueous ethanol in Figure 6.11 clearly display some 

oil detected at time zero. This is likely ascribable to damaged microcapsules which can release 

the oil core partly/completely when contacting a high-driving force solvent. Alternatively, 

surface oil may also be present, which can be solubilised into the aqueous solvent receptor 

medium instantaneously. This does not contribute to a sustained release, which has been 

referred to as the waste oil parameter (woil) by Mercade-Prieto et al. [16].  
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Figure 6.11– Release profiles of LC in aqueous ethanol media with different co-solvent 

concentration (w/w), which are represented by the following graphical symbols: 0% (······), 

5% (—·—), 10% (— — —), 15% (—··—), 20% (——). 

 

6.3.2.10 Potential Applications of LC-microcapsules in Aqueous Ethanol 

based Formulations 

When dealing with end-use applications, the dry microcapsules herein fabricated may have a 

potential for personal care and cosmetics products, with particularly emphasis on chemical 

depilatory creams for topical hair removal [269]. Depilatory formulations rely on 

thioglycolates as the penetration enhancers through the hair shaft, which are as such harmful 

skin-sensitisers due to their alkaline pH (10~12.5) [445]. Interestingly, Moghimi et al. (2013) 

have demonstrated that the synergetic action between peppermint oil and aqueous ethanol may 

help to promote a quicker depilation by enhancing the activity of thioglycolates, [269] hence 

reducing the risk of skin sensory irritation due to extended exposure. To this end, peppermint 

oil microcapsules directly attached to the hair shaft may be particularly helpful since they can 

rupture and thus release their peppermint oil load directly onto the hair follicle, when exposed 

to aqueous ethanol (Figure 6.12). Therefore, the penetration activity of thioglycolates may 
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improve significantly, thereby possibly leading to a much lower concentration of thioglycolates 

required in formulation, hence to a lower pH on the skin. Moreover, microcapsules may 

contribute to better controlling the overall time required for depilation, since the oil from 

microcapsules may be readily available onto the hair shaft, thus reducing mass (oil) transfer 

losses from the bulk (depilatory formulation) towards the follicles (active depilation site). A 

diagram of the potential mechanism of oil delivery to the active depilation site is displayed 

below.  

 

 

Figure 6.12– Potential mechanism of oil (LC) delivery from microcapsules towards the active 

depilation site (follicle) to facilitate depilation with a depilatory formulation containing a 

reduced concentration of thioglycolates (TGLs), and aqueous ethanol (EtOHaq). 

 

 

6.4 Conclusions 

The results herein presented showed that fungal chitosan-based microcapsules with a core of 

peppermint oil (LC) can be fabricated via two-stage encapsulation processes including complex 

coacervation followed by spray drying. A size distribution in the range of 10-125 µm and a 

Sauter diameter of 37.8±1.4 µm were obtained. Encapsulation efficiency and payload of 

microcapsules were 29±4 % and 19±3%, respectively, which are in line with other 

microcapsules with different essential oils reported in literature [6]. Moreover, dry 
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microcapsules did not show any significant oil leakage over 50 days. SEM micrographs 

displayed spherically shaped microcapsules with a core-shell structure. Microcapsule surface 

topography evidenced relatively smooth surfaces, with several dent- as well as crease-rich 

regions. Effective oil entrapment was assessed via fluorescence microscopy using Nile red as 

a solvatochromic dye. In addition, the shell thickness of LC-microcapsules was investigated by 

TEM imaging, and its resulting average value was 0.91±0.15 μm, which was similar to that 

observed from HS-microcapsules. Micromanipulation showed that the rupture force of LC-

microcapsules averagely increased with diameter, with an average value of 0.6±0.1 mN. The 

mean nominal rupture stress was 2.1±0.3 MPa, which is close to that of the gelatine-gum Arabic 

microcapsules with double shells presented by Yu et al. [63]. In addition to functional food and 

oral care, a potential end-use application of such LC-microcapsules in depilatory formulations 

has been outlined.  

 



7.1 Introduction 207 

 

Chapter 7 In-depth Analysis of the 

Micromanipulation and Release Data Using 

Numerical and Mathematical Modelling5
† 

7.1 Introduction 

Previous chapters have focused on the preparation and characterisation of microcapsules with 

a core of fragrance oil and a flavour oil. Specifically, it has been demonstrated that 

micromanipulation is a powerful platform to measure the mechanical properties of 

microcapsules. However, determination of the intrinsic material property parameters of 

microcapsule shells, such as the Young’s modulus, need a more sophisticated analysis. In this 

chapter, the Young’s modulus of microcapsule shells was determined by combining the 

experimental micromanipulation data with numerical modelling results. Specifically, the 

results from Finite Element Analysis (FEA) [18, 331]  were utilised to fit the 

micromanipulation data of single core-shell microcapsules, enabling to determine the shell 

thickness and the shell Young’s modulus.  The shell Young’s modulus obtained was also 

compared with the Young’s modulus value of the whole microcapsule treated as a solid 

spherical particle, determined by the classical Hertz model.  These results led to establish a 

theoretical relationship between the two Young’s modulus values, which is reported herein. In 

addition, the shell thickness of the microcapsules obtained by the FEA modelling was also 

validated via TEM. Furthermore, the release behaviour of fragrance and flavour oil from 

microcapsules was examined to quantify their barrier properties. This was fulfilled by 

 

5 † Part Published at Baiocco, D., Preece, J. A., & Zhang, Z. (2021), Food Hydrocolloids For 

Health, 100016. 
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combining the experimental release data with mathematical modelling in order to determine 

the shell permeability of microcapsules.  

7.2  Methodology 

The methodology is based on the Finite Element Analysis (FEA) and a solute-diffusion model, 

which have been previously introduced by Mercade-Prieto et al. [16], [18]. Subsequently, the 

modelling has been combined with the micromanipulation and release data of HS and LC-

microcapsules, which are explained herein. 

 

7.2.1 Core-Shell FEA Model 

7.2.1.1 Introduction to the Core-Shell FEA Model 

As extensively discussed in Chapter 5 and Chapter 6, both HS and LC-microcapsules exhibited 

a core-shell structure. This information was beneficial since it enabled to identify the correct 

model (i.e. core-shell) to be fitted to the experimental data. Besides, this model also enables to 

predict the  shell thickness to the microcapsule radius ratio (h/r) of single microcapsules 

simultaneously [18], which should be then compared with that obtained experimentally by 

TEM imaging. Interestingly, the FEA model includes the bending of the shell in the numerical 

calculations, which is not considered in the Hertz model [101]. Therefore, the shell Young’s 

modulus can be determined by applying the micromanipulation data combined with the results 

of FEA of core-shell microcapsules [16], which is presented as follows:  
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where EFEA is the predicted Young’s modulus of the shell, F is the experimental compression 

force obtained via micromanipulation, δ is the compressive axial displacement during 

compression, h/r is the ratio of the shell thickness to the microcapsule initial radius, and f1, f2, 

and f3 (Model applicability domain 0.03<ℎ/𝑟<0.14) are  polynomial functions (Table 7.1) of 

h/r first presented by  Mercadé-Prieto et al. [18]. Practically, the Young’s modulus value of 

each microcapsule shell was determined by fitting the experimental force (F) versus 

displacement () data up to a nominal deformation of 10% to (7.1) using the least squares 

method with EFEA and (h/r) as adjustable parameters, which was implemented based on a 

function of Solver in Excel.  

 

Table 7.1 – Polynomial functions of h/r by  Mercadé-Prieto et al. [18]. More details are 

available at Appendix C. 

Coefficient Polynomial 

 

f1 

 

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 

f2 -318.702 (h/r)4 + 120.784 (h/r)3 - 11.380 (h/r)2 + 2.518 (h/r) - 0.05792 

f3  -0.004242 (h/r) + 0.00107 

 

7.2.1.2 Mathematical Interrelationship between Core-Shell and Hertz 

Models for Microcapsules: an Original Approach 

As presented in Chapter 4 for coacervate beads, the Hertz model can be applied to solid 

particles. Over the years, the classic Hertz model has also proven effective to describe the 

relationship between the compression force and axial displacement for small deformations of 

an elastic particle (nominal strain ≤10%) assuming frictionless contact [63]. Under these 
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conditions, it has been successfully applied to determine Young’s modulus (EH) of whole 

microcapsules treated as solid spheres, as described by the following Equation (7.2): 

 

 𝐸𝐻 =
𝜓

𝜗
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2
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where ψ/ϑ is the spherical shape factor equal to 4/3,  is the Poisson ratio that is assumed to be 

1/2 for non-compressible materials. Since the compression force F is obtained experimentally, 

which is the same in both Eq. (7.1) and (7.2), the two equations can be combined into: 
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Let 𝜀 = 𝛿/2r be the fractional deformation of a single microcapsule [31], thus EH can be 

expressed as:  
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which results in a theoretical correlation between EH and EFEA. If the correlation could be 

validated, the equation may be utilised to predict one of the two parameters provided that the 

other one is known. Therefore, it is crucial to compare the Young’s modulus values of EH and 

EFEA in order to validate the relationship. 
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7.2.2 Introduction to the Solute-Diffusion Model 

7.2.2.1 Oil Release from Microcapsules 

In past years, a slurry of perfume microcapsules was typically immersed in an aqueous solution, 

and subsequently an organic solvent, such as hexane, was added in order to release the active 

oil into the organic phase [14]. However, the presence of two phases created a resistance of 

perfume transfer [16]. Given that, the release rate based on the change in perfume concentration 

in the organic phase was the result of several perfume transfer steps, leading to apparently 

slower release rate than from the microcapsules to the aqueous phase. For this reason, the shell 

permeability could not be quantified easily, since it was conditional upon the mass transfer 

coefficient between the two phases. This shortcoming was recently overcome by Mercade-

Prieto et al. [16] by employing a two-component miscible receptor medium. Accordingly, a 

co-solvent was introduced to enhance the solubility of the oil in the medium, without damaging 

the microcapsule shells. Overall, the co-solvent can assist the oil release from microcapsules 

facilitating the mass transfer into the receptor medium, hence ruling out any partition 

coefficient between immiscible phases. Accordingly, the release would be only linked to the 

oil concentration gradient (driving force) between the inside of microcapsules and the outside 

(receptor medium).  

 

7.2.2.2 Solute-Diffusion Model  

Noteworthy efforts to quantify the shell permeability (P) of perfume oil microcapsules via a 

linear diffusion model have been recently made by Mercade-Prieto et al. [16]. The 

mathematical modelling (Appendix D) was developed for thin-shell microcapsules, where h 

and r are the shell thickness and the radius of the microcapsules, respectively. The model relies 

on a simple solute-diffusion mechanism (Fick’s first law) of the oil present in the microcapsule 

into a suitable receptor medium [16]. The time-dependent cumulative release R(t), evaluated 
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experimentally, was used to determine P/h by the following generalised set of equations 

(7.5A,B,C):  
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(7.5A) 

 

 

(7.5B) 

 

(7.5C) 

 

 

where R(t) is the cumulative released oil in weight percentage (dimensionless) at time t (s), h/r 

the shell thickness to microcapsule radius ratio, 𝜌oil (𝜌HS, 𝜌LC) the oil density (kg·m-3), (P) the 

permeability (m2·s-1), and 𝜗 = 3 and 𝜓 = 4 are the volume and surface factors for spherical 

microcapsules, respectively; 𝑐𝑠,𝑜𝑖𝑙 − 𝑐𝑜𝑢𝑡(𝑡) represents the concentration driving force  

(kg·m-3), namely the difference between the oil saturation concentration cs,oil (kg·m-3) in a given 

aqueous propanol (HS 36% w/w) or ethanol (LC 0-20% w/w) receptor medium and the 

concentration of the oil solubilised in a well-mixed aqueous ethanol receptor medium. Equation 

(7.5A) refers to the linear regime (the oil core is still present inside the shell of the 

microcapsule) from which P/h can be evaluated, under the following assumptions: (i) the oil 

concentration in the solvent outside the shell (cout) is much lower than that inside (cin) the shell 

(cout≪cin); (ii) the concentration of solubilised oil inside the capsule equals the saturation 

concentration (cin = cs,oil) of the oil in the receptor medium (cs,oil); (iii) the linear regime does 
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not depend upon extrinsic parameters, such as Vs (m3) [16]. In contrast, Equation (7.5C) 

depends on Vs, and refers to exponential regime when the solubilised oil inside the 

microcapsule is progressively released, hence the oil core gradually disappears, under the 

following assumption: the concentration of solubilised oil inside the capsule shell (cin) is much 

lower than that oil saturation concentration in the receptor medium (cin≪cs,oil). When the total 

volume inside the microcapsule is at concentration cs,oil, the linear regime will transition into 

the exponential regime at t = t* (Equation ((7.5B)), as previously described by Antipov et al. 

[446] and shown in Figure D2 (Appendix D.1) . Accordingly, Equation (7.5C) should refer to 

the total surface area of microcapsules, hence the total number of microcapsules (Ntot), which 

can be simply evaluated based on the bulk density (𝜌b) of dry microcapsules resulting from the 

weighted average of the individual 𝜌b of the shell precursors.  

When dealing with HS, cs,HS-H2O = 6.0·10–6 g·mL–1  and cs,HS-PropOH = 6.7·10–3 g·mL–1 (36% 

w/w) for pure water and aqueous propanol at 22±1oC, respectively [264]. The concentration of 

HS was assumed homogeneous in the total receptor medium, thereby fulfilling two crucial 

criteria, namely well-mixed conditions and thin boundary layer outside the microcapsule. 

 

 

7.3 Results & Discussion 

7.3.1 Investigation of the Young’s Modulus of Microcapsules 

7.3.1.1 Determination of the Young’s Modulus of Microcapsule Shell 

via FEA Modelling 

Figure 7.1 displays the typical fitting of the force-displacement and force-fractional 

deformation data (ε≤0.1) fitted by the Hertz model and FEA simulation results for individual 

microcapsules. 



214 In-depth Analysis of the Micromanipulation and Release Data Using Numerical 

and Mathematical Modelling† 

 

 

Figure 7.1– Typical fitting of the force-displacement and force-fractional deformation data 

(ε≤0.1) fitted by the Hertz model and FEA simulation results for a single HS-microcapsule 

(d=23.7 µm) (A-i: Hertz; A-ii: FEA) and LC-microcapsule (d=14.0 µm) (B-i: Hertz; B-ii: 

FEA). 

 

For the two samples, as displayed in Figure 7.2– , the Young’s modulus of HS and LC-

microcapsule shells seemed to slightly decrease with diameter. The corresponding Young’s 

moduli obtained from thirty microcapsules were 1.0±0.1 GPa and 1.3±0.3 GPa for HS- and 

LC-microcapsule shells, respectively. Interestingly, these values were found close to the 

Young’s modulus evaluated via FEA by Mercadé-Prieto et al. [18] for MF-based 

microcapsules (1.6±0.3 GPa). A statistical analysis (t-test) indicates that the mean difference 
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in EFEA between HS and LC-microcapsule shells is  not significant with 95% confidence [447]. 

This also suggested that both HS-microcapsules formed with fCh and GA by complex 

coacervation only and LC-microcapsules additionally processed by maltodextrin-assisted spray 

drying, which has probably created an additional component in coating, resulted in a similar 

Young’s modulus.  

Furthermore, the Young’s moduli observed from HS and LC-microcapsule shells were also 

close to those from other polymeric microspheres for pharmaceutical applications (1.6±0.2 

GPa) documented by Yap et al. [317]. In addition, similar Young’s moduli were also reported 

in literature based on AFM, which is a different technique from micromanipulation. 

Specifically, core-shell microcapsules formulated with aminoplast [448], poly(styrene 

sulfonate)/poly(allylamine) [312], and poly(D,L-lactide-co-glycolide) [449] exhibited a 

Young’s modulus of 1.7 GPa, 1.3±0.15-1.9±0.2 GPa, and 0.1–3.0 GPa, respectively. In 

contrast, Tan et al. [450] conducted AFM measurements on oil-laden microcapsules made of 

thiolated chitosan surprisingly showing a Young's modulus of 1.44 MPa, which is around three 

order of magnitude lower than what is reported earlier. This major discrepancy was probably 

due to the combination of several effects, including the processing conditions (i.e. ultrasonic 

synthesis), and the chemistry of chitosan used, which had been grafted with thiol groups using 

DL-N-acetylhomocysteine thiolactone [450]. Moreover, a crucial role may also be played by 

the size of the spheres (<10 µm) and the extremely thin shells (<180 nm). Having said that, the 

determination of the shell thickness as well as the h/r of the HS- and LC-microcapsules have 

been extensively studied via TEM imaging and FEA, as detailed later in this chapter. 
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Figure 7.2– Young’s modulus of HS (♢) and LC-microcapsule shells (○) obtained using the 

micromanipulation data combined with FEA as described in Equation (7.1). The dashed lines 

represent the trend only. 

 

7.3.1.2 Comparison between the Young’s Moduli of Microcapsules 

obtained via Hertz Model and FEA  

The Hertz model has proven relatively accurate to determine the Young’s modulus (EH) of 

whole and smooth particles. [18]. On average, the Young’s modulus of whole HS 

microcapsules determined by the Hertz model was EH,HS=0.095±0.014 GPa. This value is much 

lower than EFEA, which is expected since the microcapsules contained liquid HS that has zero 

Young’s modulus. EH versus EFEA  is thus plotted for HS and L-carvone microcapsules.  There 

appears to be a strong linear correlation between EH and EFEA (R
2=0.88), as shown in Figure 

7.3– A. Similar results were observed from the analysis of the Young’s moduli (determined by 

the Hertz model and FEA) of LC-microcapsules. It was found that the Young’s modulus 

determined by the Hertz model based on thirty LC-microcapsules was EH,LC=0.118±0.023 GPa, 
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whereas EFEA,LC=1.3±0.3 GPa. A strong linear correlation between EH and EFEA (R2=0.96) was 

also obvious in this case (Figure 7.3B). Overall, the slope (ΛH·FEA) of the trendline represents a 

factor of proportionality between the two corresponding Young’s moduli: 

  

 𝐸𝐻 = 𝛬𝐻·𝐹𝐸𝐴 𝐸𝐹𝐸𝐴   (7.6) 

 

where ΛH·FEA were determined to be 0.0932±4.7·10-3 and 0.0895±4.4·10-3 from HS- and LC-

microcapsules, respectively. As can be seen, the two values appeared in very good agreement 

with each other, which seems to confirm that a linear correlation between EH and EFEA occurs. 

 

Figure 7.3– Linear relationship between the Young’s modulus values determined by the Hertz 

model and FEA for (A) HS-microcapsules (R2=0.88) and (B) LC-microcapsules (R2=0.96). 

 

However, ΛH·FEA is a complex function of several parameters (i.e. r, , h/r) theoretically, as 

clearly displayed by Equation (7.4). For the two samples, they had similar sizes, =0.5, and h/r 

values (see Table 7.2), which led to a similar value of ΛH·FEA.  
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Table 7.2 –Shell thickness and Young’s moduli (Mean ± St. err) of HS- and LC-microcapsules 

obtained via FEA and the Hertz model. The results were based on thirty microcapsules in each 

sample. 

 HS-microcapsules LC-microcapsules 

   

Number-based Diameter (μm) 27.5 ± 1.5 17.8 ± 1.4 

(h/r)FEA 0.132 ± 0.009 0.141 ± 0.008 

ΛH·FEA 0.0932 ± 4.7·10-3 0.0895 ± 4.4·10-3 

EFEA (GPa) 1.0 ± 0.1 1.3 ± 0.3 

EH (GPa) 0.095 ± 0.014  0.118±0.023 

   

 

7.3.1.3 Comparison of (h/r)FEA with (h/r)TEM 

As  presented in Chapters V (§5.3.9) and VI (§6.3.2.7) for HS- and LC-microcapsules 

respectively, TEM imaging was performed on thirty randomly selected microcapsules to 

measure the shell thickness and the resulting average (h/r)TEM of microcapsules experimentally. 

Furthermore, (h/r)TEM was compared with the FEA-predicted (h/r)FEA to assess whether the two 

parameters would be mutually consistent. In Section 5.4.8, a linear relationship between the 

shell thickness of HS-microcapsules and their diameter was found. The apparent shell thickness 

of HS-microcapsules was happ=0.78±0.06 µm on average resulting in (h/r)TEM=0.138±0.009. 

The FEA-predicted (h/r)FEA of HS-microcapsules was 0.132±0.009, which was found to be in 

good agreement with (h/r)TEM. Although artifacts due to ultracutting during the preparation of 

TEM-samples were likely, they were carefully minimised by measuring the thickest as well as 

thinnest shell  at three locations for each microcapsule. However, cross-sectional ultracutting 

typically occurs at random planes other than the equator, thus (h/r)TEM should be corrected 

using a correction parameter of 0.86 according to Mercadé-Prieto et al. [18]. The correction 

provided (h/r)TEM*=0.119±0.008. A t-test was performed, which showed there is no statistically 
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significant difference between the means of (h/r)FEA and (h/r)TEM  with 95% confidence. Figure 

7.4A displays both FEA-predicted (h/r)FEA and TEM-derived (h/r)TEM of HS-microcapsules as 

a function of their diameter, together with their average values. As can be seen, h/r did not 

change significantly with the microcapsule diameter. Similar studies were reported for other 

microcapsules with a shell of MF [18, 62, 451]. However, the microcapsules with a shell of 

MF revealed much lower h/r values on average by FEA and TEM imaging, hence much thinner 

shells (~0.2 µm) [18] than that of HS-microcapsules (0.78±0.06 µm).  

Similar findings were obtained for LC-microcapsules as well. Specifically, it was found that 

the apparent shell thickness was 0.91±0.15 μm on average, resulting in (h/r)TEM=0.157±0.009. 

This value was in agreement with the FEA-predicted (h/r)FEA=0.141±0.008. Notwithstanding, 

the corrected (h/r)TEM* according to Mercadé-Prieto et al. [18] provided 

(h/r)TEM*=0.135±0.008, which is closer to the FEA-predicted value. Again, the t-test revealed 

no statistically significant difference between (h/r)FEA and (h/r)TEM  for LC-microcapsules. As 

for HS-microcapsules, Figure 7.4B displays both FEA-predicted (h/r)FEA and TEM-derived 

(h/r)TEM of LC-microcapsules as a function of their diameter, together with their average 

values. As observed from HS-microcapsules, h/r did not seem to change significantly with the 

microcapsule diameter. This result also appears to be consistent with the trend of shell thickness 

versus diameter presented for HS- and LC-microcapsules in Chapter V and VI, respectively. 

Overall, it could be inferred that the h/r values obtained from different methodologies were in 

good agreement, and this finding may open up an avenue towards predicting the actual h/r of 

microcapsules, and their shell thickness, directly from the micromanipulation data when TEM 

analysis is not available. 
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Figure 7.4– TEM-derived (○) and FEA-predicted (♢) h/r of single HS-microcapsules (A) and 

LC-microcapsules (B). The dashed, dotted, and straight lines represent the average TEM-

derived (h/r)TEM (— — —), FEA-predicted (h/r)FEA (···), and TEM-corrected (h/r)TEM* (—), 

respectively. The mean values are presented in Table 7.5. 

 

 

7.3.2 Oil Release Rate  

7.3.2.1 Shell Permeability of HS 

Oil leakage from microcapsules may occur in different ways. Specifically, static leakage occurs 

naturally if the oil molecules are small enough to diffuse through the shell. By contrast, burst 

release of the oil occurs when the shells are ruptured due to an external mechanical action. 

Alternatively, gradual release of the oil can be driven by cosolvent-enriched receptor media, 

which substantially increase the solubility of the oil, thereby promoting the mass transfer [16]. 

The natural release of the oil during storage is undesirable yet not unusual, whereas the 

accelerated release is used to investigate the barrier properties of microcapsules and quantify 

the shell permeability. The rate of oil release also depends on the nature of the oil, the polymeric 
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shell, and the composition of the receptor medium. The linear model developed by Mercade-

Prieto et al. [16] enables to estimate P/h using the experimental data in the linear regime of 

R(t), when the oil is present inside the capsule (Appendix D). As shown in Figure 7.5, the 

experimental data was fitted to Equation (7.5A), under the assumption of a homogeneous 

concentration of the oil (HS) in the receptor medium (well-mixed conditions). The values of 

shell permeability to shell thickness ratio from cosolvent-free (water) and cosolvent-driven 

(36% w/w aqueous propanol) experiments were determined to be (P/h)0%=2.3·10–8 m·s–1 

(R2
A=0.75) and (P/h)36%=1.7·10–8 m·s–1 (R2

B=0.84), respectively. Interestingly, the order of 

magnitude between (P/h)0% and (P/h)36% was the same, yet slightly different coefficients were 

determined. Although they appeared not to be statistically different, this minor discrepancy 

may be ascribable to the different viscosity of the two receptor media, with aqueous propanol 

(2.21 mPa·s) being more viscous than water (0.99 mPa·s) [452]. Similar results were provided 

by Mercade-Prieto et al. [16] on a different alcoholic system (aqueous 1-3-butanediol). 

Accordingly, the researchers have reported slightly lower values of the permeability at 

increased concentrations of the co-solvent, resulting from an increased viscosity in the receptor 

media [16, 453]. Overall, consistent P/h values (same order of magnitude) between cosolvent-

free and cosolvent-enriched media suggest that the co-solvent may promote the release of the 

oil without damaging the polymeric shell of microcapsules significantly. Therefore, the 

accelerated oil release rate was likely due to the increased solubility of the oil in the selected 

medium [16]. Appropriate co-solvents may thus help to conduct accelerated oil release tests in 

order to estimate the shell permeability by a linear model quickly and effectively.  
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Figure 7.5– Cumulative release R(t) of HS-microcapsules (linear regime) exposed to water 

(cosolvent-free) (A) and 36%(w/w) aqueous propanol (cosolvent-enriched) (B); Experimental 

points (o), and the linear model (—□—). Model Performance coefficients: R2
A=0.75; 

R2
B=0.84. 

 

 

 

The post-linear region of the oil release curve is typically followed by the exponential regime 

when the solubilised oil inside the microcapsule is gradually released, thus the oil core 

progressively disappears. The regressions of experimental data for HS in absolute water and 
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Table 7.3 – Non-linear regression coefficients for HS release from microcapsules to absolute 

water and aqueous propanol (36% w/w) as the receptor media. 

Aqueous Propanol (w/w (%)) ξ (%) ß (h-1) R2 

  

  

0 5.5 5.7·10-3 0.93 

36 54.1 7.1·10-3 0.87 

  

  

 

 

7.3.2.2 Shell Permeability to shell thickness ratio (P/h) of LC 

Following the experimental leakage data, P/h was calculated according to the generalised 

equations (Equation (7.5A) of the solute-diffusion model introduced by Mercade-Prieto et al. 

[16]. As shown in Figure 7.6, it was found that P/h (1.8·10-6 m·s-1) was independent of the co-

solvent concentration at 5%, 10%, 15%, and 20% aqueous EtOH, where the solubility of LC 

in such media was of the order of 10-4-10-3 g·mL-1. In contrast, a higher value of permeability 

to shell thickness ratio equal to 2.2·10-5 m·s-1 was observed without EtOH as the co-solvent. 

One important factor to affect the permeability may be the viscosity of the aqueous ethanol 

environments. As reported in literature, the viscosity of 5% (w/w) aqueous ethanol is double  

that of absolute water [454]. Similar results were also reported by Mercade-Prieto et al. [16] 

for a different alcoholic system consisting of water and 1-3 butanediol. The authors have found 

that lower permeability values at higher co-solvent concentrations may be associated with the 

increase in viscosity of the receptor media [16, 453]. In addition, the shell chemical 

composition of LC-microcapsules may play a crucial role. As reported previously, maltodextrin 

is highly water-soluble [455, 456]. In contrast, the solubility of maltodextrin in aqueous ethanol 

solution can be significantly lower than in water [457]. Therefore, the effect of maltodextrin 

on increasing the shell permeability in pure water cannot be excluded. Overall, similar P/h 

values at different aqueous ethanol concentrations suggest that such environments may not 

trigger any significant damage to the polymeric shell of microcapsules, hence the different oil 

leakage rate may be ascribable to the different solubility values [16]. 
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Figure 7.6– Permeability to shell thickness ratio (P/h) evaluated according to the model (7.5A). 

Some error bars are smaller than the size of the symbols. 

 

 

 

As for HS, an exponential oil (LC) release regime was observed. The non-linear regression of 

the experimental data has been presented in Chapter VI (§6.3.2.9). The non-linear regression 

(y=ξ(1 – e-ßt)) as well as the performance parameters (coefficient of determination R2) which 

best describe the trend are tabled below. The physical significance of the performance 

parameters is detailed in Eq. (7.5A). 
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Table 7.4 – Non-linear model coefficients associated with the oil (LC) release of microcapsules 

exposed to aqueous ethanol receptor media at different co-solvent concentration (w/w). 

Aqueous Ethanol (w/w (%)) ξ (%) ß (h-1) R2 

  

  

0 37.8 2.6 0.91 

5 48.8 3.2 0.94 

10 48.0 11.6 0.86 

15 62.1 2.9 0.85 

20 76.8 8.5 0.89 

  

  

 

7.3.2.3 Determination of the Effective Oil Permeability 

Following the studies on P/h by solute-diffusion model and shell thickness by FEA and TEM, 

the permeability (P) was calculated based on the (h/r)TEM* of microcapsules and their resulting 

number-based diameter. Specifically, it was found that the average permeability of HS in water 

and 36% (w/w) aqueous propanol were Peff,HS-w=(3.5±0.3)·10–14 m2·s–1 and Peff,HS-

Pr=(2.6±0.2)·10–14 m2·s–1, respectively, which are of the same order of magnitude, as expected. 

Previous literature shows that the permeability of HS from the microcapsules with a shell of 

MF into 36%(w/w) aqueous propanol was around two order of magnitude higher [16] than that 

obtained from fungal chitosan-gum Arabic microcapsules fabricated for this project. This 

finding suggests that fCh-GA microcapsules might provide promising barrier properties when 

exposed to absolute water and aqueous propanol environments. In contrast, the effective 

diffusivity (ⅅeff) of HS from fCh-GA microcapsules was approximately two order of magnitude 

greater than that reported by Long et al. [21] for MF microcapsules embedded in shellac 

(ⅅeff=1.4·10–16 m2·s-1). This difference is plausible since the shellac-based matrix around MF 

microcapsules provides an additional coating, which thus delays the diffusion of oil through 

the shell [232, 458]. When dealing with LC-microcapsules, the effective permeability of LC 

through fCh-GA-MD microcapsules in the aqueous ethanol solutions (5-20% w/w) was 

determined to be Peff,LC=(4.2±0.3)·10-12 m2·s–1, whereas in absolute water was 
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Peff,LC=(5.1±0.2)·10-11 m2·s–1. These results were two and three orders of magnitude higher 

than what was determined from HS-microcapsules made with fCh-GA only. Most likely, the 

different permeability values may be associated with the different nature of the oils, hence their 

mechanism of dissolution and diffusion into the given receptor media. 

Specifically, HS is an ester oil with a relatively extended linear structure, consisting of a carbon 

ring functionalised with oxygen and combined with a six-carbon alkyl chain. By contrast, LC 

is a terpene with a more compact structure with a lower molecular mass (150 g·mol-1) than that 

of HS (223 g·mol-1).  

As formerly discussed, the presence of a co-solvent was proven to accelerate the solubility of 

the oil thereby accelerating its mass transfer into an aqueous medium significantly.  

In presence of a co-solvent, the solubility (cs) of HS in 36% (w/w) aqueous propanol and LC 

in 20% (w/w) aqueous ethanol were of the order of 10-2 g·mL-1 and 10-3 g·mL-1, respectively. 

Overall, Peff,LC was determined to be of around two orders of magnitude greater than Peff,HS, 

which suggests that LC may naturally diffuse through the polymeric shell more rapidly than 

HS.   

In other words, the mechanism of diffusion of HS through the microcapsule shell into the 

receptor medium (i.e. water or aqueous propanol) was probably partly inhibited due to the 

presence of its alkyl chain. This has probably led to the lower permeability of HS when 

compared to LC which possesses a more compact structure. Therefore, the lower permeability 

value may be ascribable to a relative steric effect of the alkyl chain of HS through the 

microcapsule shell. Alternatively, the conformation of LC having no alkyl chain seems to 

naturally facilitate its diffusion through the shell thereby leading to a higher permeability in 

aqueous ethanol.  
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Table 7.5 – Structural and diffusion key parameters of HS-microcapsules by modelling 

(Mean ± St. err). 

 HS-microcapsules LC-microcapsules 

Number-based Diameter (μm) 27.5±1.5 17.8±1.4 

Average Shell Thickness, h (μm) 0.78±0.06 0.91±0.15 

(P/h)water (m·s –1) 2.3·10–8 2.2·10-5 

(P/h)co-solvent (m·s –1) 1.7·10–8 1.8·10-6 

Peff,water  (m2·s –1) (3.5±0.3)·10–14 (5.1±0.2)·10-11 

Peff,co-solvent  (m2·s –1) (2.6±0.2)·10–14 (4.2±0.3)·10-12 

   

(h/r)FEA 0.132±0.009 0.141±0.008 

(h/r)TEM 0.138±0.009 0.157±0.009 

(h/r)TEM* 0.119±0.008 0.135±0.008 

 

 

7.4  Conclusions 

In this chapter, the intrinsic material property parameter (Young’s modulus) of HS and LC 

microcapsules was first investigated using the micromanipulation data combined with FEA. 

The FEA-predicted Young’s modulus of HS and LC-microcapsules were determined to be 

1.0±0.1 GPa and 1.3±0.3 GPa, respectively, which have no significant difference.   Although 

the fabrication of LC-microcapsules included maltodextrin-assisted spray-drying following CC 

unlike HS-microcapsules (CC only), the Young’s modulus of their shell was determined to be 

statistically equal. Interestingly, the values obtained were also in good agreement with the 

Young’s modulus evaluated via FEA by Mercadé-Prieto et al. [18] for  microcapsules with a 

shell of MF (1.6±0.3 GPa), and also similar to the Young’s modulus of other polymeric 

microcapsules in literature which had been estimated by AFM [312, 448]. FEA-predicted 

Young’s modulus values (EFEA) of HS and LC microcapsules were further compared with their 

corresponding Young’s modulus value (EH) determined by the Hertz model. Although the EH 

values of HS (EH,HS=0.095±0.014 GPa) and LC-microcapsules (EH,LC=0.118±0.023 GPa) were 
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much lower than their corresponding EFEA as expected,  there existed  a  strong linear correlation 

(R2≥0.88) between EH and EFEA. The factor of proportionality between the two corresponding 

Young’s moduli was estimated from the correlation in both cases (ΛH·FEA). Moreover, the 

theoretical expression of ΛH·FEA was developed in order to assess its validity to predict the 

Young’s modulus (EH,p) based on the other one (EFEA). Alongside with the Young’s modulus, 

FEA also enables to predict the shell thickness to microcapsule radius ratio (h/r)FEA based on 

the micromanipulation data of core-shell microcapsules. Moreover, TEM imaging was 

performed on the microcapsules to measure the shell thickness and the resulting average 

(h/r)TEM of microcapsules accordingly. The consistency between the experimental (h/r)TEM and 

the FEA-predicted (h/r)FEA was verified. 

In addition, a solute-diffusion model based on the experimental oil release data from HS and 

LC-microcapsules was employed to investigate their barrier properties. The model enabled to 

estimate the shell permeability to shell thickness ratio (P/h) of HS and LC microcapsules in 

aqueous propanol (1.7·10–8 m·s–1) and aqueous ethanol (1.8·10–6 m·s–1). Therefore, the 

effective permeability of the oil through the microcapsule shell could be determined following 

the shell thickness analysis. Overall, fungal chitosan based shells were proven thicker 

(0.78±0.06 µm - 0.91±0.15 µm) than those of commercially available MF based microcapsules 

(~0.2 µm) [18]. These are probably conducive to the promising barrier properties of the 

vegetable microcapsules in object.  
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Chapter 8 Overall Conclusions & Future Work 

8.1 Conclusions 

8.1.1 Electrokinetic and Turbidimetric Analysis towards Coacervation 

The key goal of this project was to encapsulate value-added perfume/flavour oils with potential 

applications for detergent and food industry sectors within a novel plant-based biopolymer pair 

(i.e. fungal chitosan and gum Arabic) to form the shells by pH-driven complex coacervation. 

Significant endeavours were undertaken towards understanding the process conditions for the 

encapsulation of single-molecule model oils (i.e. hexylsalicylate and L-carvone for detergent 

and food industry, respectively) and characterising the resulting microcapsules 

comprehensively. To achieve this goal, systematic studies were aimed at investigating the 

physico-chemical properties of the shell-precursor biopolymers at different pHs in order to 

determine the optimal conditions for developing fungal chitosan-gum Arabic based complexes 

effectively. Specifically, the fabrication conditions of complexes were investigated, with 

particular emphasis on the optimal mixing ratio between gum Arabic and fungal chitosan based 

on the electrokinetic as well as turbidimetric analysis of the biopolymeric solution/suspensions. 

The interrelationship between electrokinetic and turbidimetric results was identified, which 

enabled to establish a theoretical complex coacervation comfort zone (CCCZ) according to the 

net electrokinetic charge/zeta-potential (ζ-CCCZ) and critical turbidity zone (CTZ) of both 

biopolymers.  

 

8.1.2 Effectiveness of Coacervation  

Applying CCCZ, the optimal complex coacervation pHCC=3.4 was determined, which 

corresponded to a GA-to-fCh weight ratio of 6.7. Complex coacervation between fungal 
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chitosan and gum Arabic was found to be highly affected by the medium pH as well as the 

biopolymer mixing ratio. Complexes could be developed only within a relatively narrow pH-

window where fungal chitosan and gum Arabic carried opposite charges, hence electrostatic 

attractions. Under the above mentioned conditions, the effectiveness of complex coacervation 

was verified. Coacervate beads were successfully fabricated, with a relatively smooth surface 

and a mean size of 21.3±3.1 µm. In addition, the key physico-chemical properties of the 

resulting coacervate beads were comprehensively characterised. A micromanipulation 

technique enabled to evaluate their main mechanical and material property parameters, such as 

rupture force (7.4±0.7 mN) and Young’s modulus using the Hertz model to fit the 

micromanipulation data (0.61±0.07 GPa).  

 

8.1.3 Towards Microencapsulation: Stabilising oil-in-water Emulsions   

As a further step towards microencapsulation via CC, oil-in-water emulsions were produced 

via one-step homogenisation. Added-value oils with potential applications in detergent 

(hexylsalicylate) and food industry (L-Carvone) were selected. The emulsions were added with 

emulsifying agents (Spans, Tweens, and their blends) to improve their dynamic stability that 

was extensively studied. It was found that the capability of these emulsifiers to reduce the 

interfacial tension (IFT) of oil droplets was not directly linked to their hydrophilic-lipophylic 

balance (HLB). Interestingly, Span85 was proven highly effective on HS (IFTHS-SP85=3.8±0.1 

mN·m-1) lowering its IFT by ~320% (IFTHS=16.0±0.1 mN·m-1). These findings were also 

endorsed by additional EDS studies, in which the EDS constants (ςEDS) were determined. It 

was found that the lowest EDS constant value for HS was with Span85 (ςEDS-HS-SP85=2.24·10-

3min-1). Similarly, Tween80 seemed to perform efficiently with LC by lowering its IFTLC by 

around 300% within 2h. Furthermore, the analysis of the droplet size distribution (DSD) on 

both Span85-assisted HS and Tween80-assisted LC revealed that relatively stable oil droplets 

were obtained with a very marginal increase of their mean size during the timeframe prior to 

their microencapsulation.  
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8.1.4 Fabrication and Characterisation of Perfume Oil Microcapsules by 

pH-driven coacervation 

The development of perfume oil (i.e. HS) microcapsules with a potential application for 

detergent industry relied on the novel concepts of CCCZ and the EDS. Since microcapsules in 

detergent must be designed to assure prolonged storage stability, no significant  release of the 

active,  their effective adhesion to fabrics, and quick release by external mechanical forces after 

laundry, their specific properties should be examined. Particular emphasis was placed towards 

investigating the mechanical, barrier, and adhesion properties of HS-microcapsules with a 

potential application for detergent industry. Their highest encapsulation efficiency was in the 

range 50-60%, which was in agreement with other microcapsules fabricated via CC from 

animal-derived chitosan and other biopolymers [6]. It was found that the stirring rate during 

CC influenced the morphology of HS-microcapsules which exhibited elongated and spherical 

shapes at 400 and 1000 rpm, respectively. The micromanipulation studies revealed that the 

rupture force of HS-microcapsules increased with the diameter, whereas the nominal rupture 

stress decreased with the size on average, as also reported in literature [63]. The rupture force 

of HS-microcapsules was 2.0±0.1 mN on average, which is also similar to that of MF based 

microcapsules (2.1±0.2 mN) [14]. Accordingly, the average nominal rupture stress of HS-

microcapsules was 3.6±0.3 MPa, which is also similar to that MF based microcapsules (4.2±0.4 

MPa). Besides, the average deformation at rupture of HS-microcapsules was 22.7±1.5%, which 

is similar to that of MF based microcapsules (24.8±1.5%) [14]. The shell thickness of HS-

microcapsules (average 0.87±0.1 µm) increased linearly with their diameter, thus the larger the 

oil droplet, the thicker the shell. 

The adhesion properties of HS-microcapsules onto fabric surfaces in real washing were 

mimicked using a microfluidic flow chamber equipped with a smooth model PET film. The 

interaction between HS-microcapsules and the PET film was studied. Their retention 

performance (RP) was quantified at different hydrodynamic shear stresses and different 

environmental pHs. Applying ImageJ analysis, it was found that the RP of HS-microcapsules 

was promoted at low acidic pHs (<5.1) leading to ~85% and ~60% at low (≤50 mPa) and high 

shear stress (0.9 Pa), respectively. By contrast, the RP was dramatically impaired at weakly 
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acidic (pH 5.1-6.2) as well as near neutral pHs (7.2). This phenomenon was probably ascribable 

to the nature of the biopolymeric shell of microcapsules developed via CC, which was pH 

sensitive. Moreover, the results suggest that both pH and shear stress had an effect on the RP. 

Specifically, the pH might influence the hydrophobic interaction between the microcapsule 

shell and PET film, hence their mutual adhesion. In other words, a role of the pH on promoting 

a hydrophobic effect between the microcapsule shells and the PET film cannot be 

underestimated, which may be conducive to their mutual interaction. As reported in literature, 

the hydrophobicity of proteins may influence their adhesion on hydrophobic substrates [459]. 

Accordingly, the shell of HS-microcapsules is protein-based, whose scaffolding relies on the 

glucosamine segments along the backbone of fungal chitosan. As mentioned in Chapter IV, the 

glucosamine segments are affected at weakly acidic and near neutral pHs, resulting in non-

extended or folded conformation of chitosan, hence a reduction of microcapsule shell surface 

hydrophobicity. Based on the results, stronger interaction between the HS-microcapsules and 

PET film appeared more likely at a pH close to the coacervation pHCC=3.4, which is indeed 

highly acidic and CTZ-free. Alternatively, this phenomenon was possibly due to the stronger 

electrostatically binding interaction between the shell-forming biopolymers, thus leading to 

more solid shells. Accordingly, the highest RP of the HS-microcapsules onto PET film was 

observed at pH 3.2.  

 

8.1.5 Fabrication and Characterisation of Food-grade Flavour Oil 

Microcapsules via Two-stage Encapsulation 

The studies went further by encapsulating a favour oil with a potential application in food 

industry. The food-grade microcapsules should segregate and preserve the active core that can 

be then released on demand. Therefore, an insightful characterisation of food-grade 

microcapsules should target their mechanical, structural, and barrier properties. Fungal 

chitosan-based microcapsules with a core of peppermint oil (LC) were fabricated via two-stage 

encapsulation processes being complex coacervation followed by spray drying. A size 

distribution ranging 10-125 µm and a Sauter diameter of 37.8±1.4 µm were determined. The 
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encapsulation efficiency and payload of LC-microcapsules were 29±4 % and 19±3%, 

respectively, which are in agreement with other microcapsules encapsulating different essential 

oils via coacervation [6]. Additionally, LC-microcapsules in a dry state did not show any 

significant oil leakage over 50 days. SEM micrographs revealed spherically shaped 

microcapsules with a core-shell structure. Microcapsule surface topography evidenced 

relatively smooth surfaces, with dent- and crease-rich regions. Effective oil entrapment was 

assessed via fluorescence microscopy using Nile red as a solvatochromic dye. In addition, the 

shell thickness (average 0.91±0.15 μm) of LC-microcapsules was investigated by TEM 

imaging, which was consistent with what was observed from HS-microcapsules. 

Micromanipulation showed that the rupture force of LC-microcapsules increased with 

diameter, with an average value of 0.6±0.1 mN. The nominal rupture stress was 2.1±0.3 MPa 

on average, which is also consistent with gelatine-gum Arabic based microcapsules with  

double shells reported by Yu et al. [63]. Moreover, potential end-use applications of such LC-

microcapsules in aqueous ethanol based formulations have been outlined, with particular 

emphasis on depilatory applications. 

 

8.1.6 Application of Numerical and Mathematical Modelling   

Chapter 4, Chapter 5, and Chapter 6 have focused on the preparation and characterisation of 

microcapsules with a core of fragrance, flavour oil, and in-depth analysis of their material and 

barrier properties. Specifically, it has been confirmed that micromanipulation is a powerful 

technique to measure the mechanical properties of microcapsules. However, determination of 

the intrinsic material property parameters of microcapsules, such as the Young’s modulus, 

requires further data analysis. The intrinsic material property parameter (Young’s modulus) 

values of HS and LC-microcapsules were studied using the micromanipulation combined with 

numerical and mathematical modelling. The numerical model based on the simulation results 

of FEA was successfully utilised to quantify the Young’s modulus of microcapsule shells. The 

FEA-predicted Young’s modulus values of HS and LC-microcapsules were 1.0±0.1 GPa and 

1.3±0.3 GPa, respectively, between which no statistically significant difference was found with 
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95% confidence (p > 0.05). Interestingly, the values obtained are in good agreement with the 

Young’s modulus evaluated via FEA by Mercadé-Prieto et al. [18] for MF-based 

microcapsules (1.6±0.3 GPa). Moreover, these values are also similar to the Young’s modulus 

of other polymeric microcapsules reported in literature, which had been determined by AFM 

[312, 448]. FEA-predicted Young’s moduli (EFEA) of HS and LC microcapsules were also 

compared with their corresponding Young’s modulus (EH) of the whole microcapsules, which 

were determined by the Hertz model. Although the  EH values of HS (EH,HS=0.095±0.014 GPa) 

and LC-microcapsules (EH,LC=0.118±0.023 GPa) were much lower than their corresponding 

EFEA as expected since the liquid core does not exhibit any elastic property, there existed a 

linear correlation (R2≥0.88) between EH and EFEA. The factor of proportionality between the 

two corresponding Young’s moduli was determined in both cases (ΛH·FEA). Furthermore, the 

theoretical expression of ΛH·FEA was developed in order to ascertain its validity to predict the 

Young’s modulus (EH,p) based on the other one (EFEA). Along with the Young’s modulus, the 

FEA also enabled to predict the shell thickness to microcapsule ratio (h/r)FEA based on 

micromanipulation data of the microcapsules. Moreover, TEM imaging was performed on 

microcapsules to measure the shell thickness and the resulting average (h/r)TEM of 

microcapsules experimentally. The consistency between the experimental (h/r)TEM and the 

FEA-predicted (h/r)FEA was verified.  

Additionally, a solute-diffusion model based on experimental oil release data from HS and LC-

microcapsules was employed to investigate their barrier properties. The model enabled to 

estimate the shell permeability to shell thickness ratio (P/h) of HS and LC microcapsules in 

aqueous propanol (1.7·10–8 m·s–1) and aqueous ethanol (1.8·10–6 m·s–1) respectively, hence 

their effective permeability following the microcapsule shell thickness analysis. Overall, fungal 

chitosan based shells were proven thicker (0.78±0.06 µm - 0.91±0.15 µm) than those of 

commercially available MF-based microcapsules (~0.2 µm) [18]. These are probably 

conducive to the promising barrier properties of the vegetable microcapsules in object, hence 

their reduced oil (HS, LC) permeability through the shells. 
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8.1.7 Conclusions: a Brief Overview 

Overall, such promising results suggest that: 

(i) microcapsules with a core of fragrance or flavour oil (HS or LC) can be fabricated 

by complex coacervation relying on the novel concept of CCCZ-CTZ;  

 

(ii) fCh-GA system may be a suitable carrier for the encapsulation of fragrance and 

flavour oils, for more sustainable and consumer-friendly applications in commercial 

detergent and food formulations, offering an opportunity to globally overcome 

cultural and religious beliefs associated with animal-derived products; 

 

(iii) in-depth analysis of the experimental data (mechanical properties and release) using 

appropriate numerical and mathematical modelling has led to beneficial 

determination of intrinsic material property parameter (Young’s modulus) and the 

barrier properties (effective permeability), which are important parameters to be 

related to their performance for end-use applications.  

 

 

8.2 Future Work 

8.2.1 The Implications of Biopolymers  

The experimental conditions towards developing fungal chitosan-gum Arabic based complexes 

were intensively examined herein. However, the interaction between the biopolymers as well 

as the mechanism of formation of the complexes themselves is still not well understood. In the 

present research, the significance of the electrostatic interaction between the oppositely 

charged biopolymers to bind into complexes was revealed, yet no other interaction was known. 
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Since multiple interplays other than electrostatics may influence the stability of complexes, it 

is vital to investigate the nature of any potential interaction involved in the process of formation 

of complexes, as well as the presence of CC-promoting/inhibiting salts, and the resulting ionic 

strength. Moreover, since the key materials for this research were sourced from biological 

materials, it would be interesting to investigate their chemical composition which may change 

from batch to batch. Specifically, in-depth studies on the nature of the ingredients may be 

desirable, with particular emphasis on the degree of deacetylation of fungal chitosan, which 

may strongly affect the performance of the microcapsule shell. Moreover, insightful analysis 

on the conformational changes of chitosan at different pHs and temperatures may provide 

useful information on the resulting inner structure of the coacervates. This may also contribute 

to better understanding the different functionalities of the resulting microcapsules, which can 

help to tune the structural and mechanical properties more effectively, hence fabricating 

bespoke microcapsules for the desired end-use applications.   

 

8.2.2 Towards new characterisation horizons   

Additional studies may also address the encapsulation of different oil-based active ingredients, 

guided by the established CCCZ, as well as understanding the influence of the core oil onto the 

structural stability and mechanical properties of the microcapsule. Besides, it would be very 

interesting to conduct more specific performance and release tests of the microcapsules under 

highly controlled conditions, for example, by using a micromanipulation rig equipped with a 

closed chamber to control both temperature and relative humidity or under friction force by a 

tribometer in order to mimic the conditions under which the fragrance oil should be released. 

In addition, a deeper insight towards enhancing the adhesion of biodegradable perfume 

microcapsules to fabrics could be offered by modifying their surface chemically. Interestingly, 

preliminarily work conducted by Liu et al. [27] via AFM on surface modified MF-based 

microcapsules provided by Procter & Gamble (P&G) was proven conducive to their adhesion 

onto PET and cellulose films. However, the research mainly focused on MF-based 

microcapsules that urge for more sustainable and versatile alternatives. Accordingly, AFM 
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force measurements could be performed on the vegetable chitosan-based microcapsules 

developed in this PhD project following their surface modification.  

In addition, specific surface areas on the microcapsules may be targeted in order to enhance 

their adhesion onto fabrics, which can be explored by grafting specific chemical branches 

directly to their surface. So far, there has been lack of understanding of the effect of the size 

and shape of the microcapsules on their adhesion properties in real washing. Although the 

adhesion properties were investigated by a microfluidic flow chamber technique, it is not clear 

whether larger microparticles would tend to be pulled off from the adhering substrate more 

easily than the smaller ones. Theoretically speaking, larger microparticles should allow a 

greater shear force due to their larger cross-sectional area when compared to smaller ones under 

the same hydrodynamic shear stress, which may thus facilitate their removal. However, this 

should be investigated experimentally.  

In this project, microcapsules with a spherical and elongated shape were obtained. When 

compared to smaller microcapsules, the elongated ones occurred with a pair of polymeric 

‘wings’ hence a greater surface area available to expose to potential model substrates, such as 

PET or cellulose films. This may then result in a much more effective adhesion onto model 

substrates in real washing. However, this should be explored experimentally.  

 

8.2.3 Towards Novel Applications of Microcapsules  

As the research presented has focused on formulating and characterising fragrance and flavour 

oil microcapsules with potential applications in detergent manufacturing and food industry 

sectors, plenty of other potential application sectors remain unexplored, which may provide 

great opportunities for future projects. A new possible approach may imply the fabrication of 

nutra-/pharmaceutical plant-based microcapsules, for which specific in-vivo characterisation is 

required. Specifically, novel plant-based microcapsules should be designed to survive the 

harshest environmental conditions throughout the whole digestive tract, where the intraluminal 

pH changes from low acidic in the stomach (pH~1.5) to nearly neutral (pH~6) in the duodenum. 
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In other words, another big challenge would be to design zero-leakage plant-based 

microcapsules to release their drug load only when exposed to certain pHs.  

 

8.2.4 The zero-leakage Challenge 

Besides, extra research opportunities may include the development of double-coated 

microcapsules in order to create an extra protective shell against undesirable leakage of the 

active ingredient. Although some evidence in literature has recently arisen, there appears to 

still be important gaps to be addressed. For example, although double coatings were formed 

around primary MF-shelled microcapsules, some oil leakage was still evident [451]. Moreover, 

very little is known on safe biopolymers or inorganic materials to act as potential secondary 

shells. For this reason, Sui et al. [460] have recently filed a patent on fabricating leakage-free 

microcapsules via two-step in-situ polymerisation employing a superhydrophobic copolymer 

precursor (octadecyltrichlorosilane), which was skilfully utilised as an interlayer to prevent the 

water-based active from leaking out undesirably. Although this has proven effective, there is 

still much research to be undertaken, especially when dealing with oil-based actives forming 

highly kinetically unstable o/w emulsions. Theoretically, superhydrophilic nanocomposites, 

such as SiO2 and CaCO3, may play a crucial role to generate and stabilise o/w Pickering 

emulsions, which could be then interlayered using a superhydrophilic agent, such as 

tetraethylorthosilicate (TEOS) and polydimethylsiloxane (PDMS). However, TEOS and 

PDMS have shown relatively low toxicity to human beings, which makes them suitable for 

non-food products only. Although both double coatings and interlayers may improve the barrier 

properties of microcapsules, this would lead to a significantly reduced payload. Having said 

that, more experimental work is required to shed new light on this outstanding task.  

 

Overall, both continuous improvement of the current technologies and the development of less 

energy-intensive processes, as well as the search for more and more sustainable shell precursor 
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alternatives, have become imperative for shifting towards the next generation of microcapsules, 

which must be highly performant, consumer-friendly, and environment caring. 

 

8.2.5 Technoeconomic Analysis & Industrial Scale-up 

Although industrial-scale coacervation-driven microencapsulation processes (e.g. ink-loaded 

microcapsules for carbonless copy paper) have long been known, their scale-up is not trivial as 

morphology and size of microcapsules are severely affected by the turbulence level within the 

stirred tank reactor. Turbulent kinetic energy and the local energy dissipation rate are the key 

scale-up criteria, which are imperative to control in order to avoid aggregation/clustering 

among microcapsules [60]. Industrial manufacturing criteria face high capital and production 

costs, hence scale-up may be extremely challenging. Therefore, a technoeconomic process 

analysis of industrial scale microencapsulation should be conducted attentively [61]. 

Specifically, a cost analysis should be based on the understanding of the whole process 

(materials, technology, sales, revenue), which is crucial towards determining the overall input-

to-output manufacturing cost ratio effectively. This is vital to assess the potential benefits of a 

new product versus its cost, which then dictates its market price. Sometimes additional costs 

associated with the quality control, safety, and performance of the product at end-use 

applications might restrain its applicability. Overall, weighing the economic costs to pursue the 

production of a good is critical to make the whole manufacturing process viable and highly 

profitable.    
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Appendix A  

A.1 ImageJ code for investigating the adhesion properties via 

image analysis – Flow Chamber technique 

 

Acknowledgement: The code herein presented was conceptualised and developed by Juan 

Carlos Alvarez Fernandez and Dan Baiocco in August 2020.  

 

run("Clear Results"); 

setBatchMode(true);  

inputDirectory = getDirectory("Choose a Directory of Images"); 

fileList = getFileList(inputDirectory); 

 

 print(inputDirectory);  

 splitDir= inputDirectory + "/ImageJ/"; 

 print(splitDir);  

 File.makeDirectory(splitDir); 

 

for (i = 0; i < fileList.length; i++) 

{ 

    processImage(fileList[i]); 

     

} 

 

setBatchMode(false); 

updateResults(); 



A-2  

 

 

selectWindow("Summary"); 

saveAs("text", splitDir + "/summary.txt"); 

selectWindow("Results"); 

saveAs("text", splitDir + "/results.txt"); 

 

close("Threshold"); 

close("Results"); 

close("Log"); 

 

function processImage(imageFile) 

{ 

    prevNumResults = nResults;   

    open(imageFile); 

 

    // PART 1 - SET THE SCALE HERE 

     

    // run("Set Scale...", "distance=224.0000 known=100 unit=Âµm global"); 
//for Zoom 5x1.6 

    // run("Set Scale...", "distance=285.0000 known=100 unit=Âµm global"); 
//for Zoom 10x1.0 

    // run("Set Scale...", "distance=354.0000 known=100 unit=Âµm global"); 
//for Zoom 10x1.25 

    run("Set Scale...", "distance=453.0000 known=100 unit=Âµm global"); //for 
Zoom 10x1.6 

     

    filename = getTitle(); 

 run("8-bit"); 

 setAutoThreshold("Default"); 

 run("Threshold..."); 

 

 // PART 2 - MANUAL OR AUTOMATIC THRESHOLD? Activate the command belove for 
a manual threshold 

 //setThreshold(0, 65); 

 

 getThreshold(lower, upper); 



A.1 ImageJ code for investigating the adhesion properties via image analysis – 

Flow Chamber technique 

A-3 

 

 setOption("BlackBackground", true); 

 run("Convert to Mask"); 

 

  

 //PART 3 - CUSTOMIZE 

 //run("Dilate"); //Only for PAC Capsules 

 run("Fill Holes"); 

 run("Watershed"); 

 run("Analyze Particles...", "size=20-2000 circularity=0.2-1.00 show=Masks 
display summarize"); 

  

 saveAs("Tiff", splitDir+filename); 

 

    for (row = prevNumResults; row < nResults; row++) 

    { 

        setResult("Filename", row, filename); 

        setResult("Threshold", row, upper); 

    } 

     close("*"); 

} 
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Appendix B  

B.1 MATLAB® code for smoothing Interfacial Tension (IFT) 

 

Acknowledgement: The code herein presented was conceptualised and developed by Erick 

A. León-Henneberg and Dan Baiocco in August 2020. 

 

%Smoothing of experimental data by removing random noise 

clc 

clear all 

 

% Input variables: 

disp('Input data :') 

SampleName=input('Input name of sample :','s'); 

 

% X_s --> time in seconds 

% Y_mNm --> sft in mN/m. 

 

%Copy % paste data in respective variable 

 

X_s=input('Input time data vector, between brackets :'); 

Y_mNm=input('Input SFT data vector, between brackets :'); 

 

%Check if there are any relevant outliers 

Fig1=figure('Name','Are there outliers in the data? -- Respond in command 
window'); 

plot(X_s,Y_mNm,'b*--','MarkerSize',5) %If necessary, change size of markers for 
better visibility of plot 

xlabel("t (s)") 

ylabel("SFT (mN/m)") 

title(strcat("SFT vs. t. Sample =",SampleName)) 
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legend("Raw Data") 

 

Decision1=input('Are there outliers in the data? (Y/N):','s'); 

 

if Decision1=='Y' 

     

    %Removal of Outliers (Random noise) 

    disp('Removal of Outliers (Random noise) :') 

     

    % Select a critical value of SFT in order to 

    % remove outlier data (YUpper_mNm & YLower_mNm) 

     

    YLower_mNm=input('Input lower critical value of SFT (mN/m) :'); 

    YUpper_mNm=input('Input upper critical value of SFT (mN/m) :'); 

     

%     if Ycritical_mNm>=max(Y_mNm) 

%         disp('Error_2=critical value is greater than or equal to maximum value 
of SFT in raw data set -- Restart script.') 

%         return 

%     end 

     

    MatrixData=[X_s,Y_mNm]; %Generate Matrix data for removal. 

    MatrixDataTreated=MatrixData; %Dummy variable of treated data 

     

    IndexVector1=find(MatrixData(:,2)<=YLower_mNm); %Locate the rows (index) of 
the random noise data points  

    lengthIndexVector1=length(IndexVector1); %Size of index vector. 

    %Set outlier points to zero with for loop 

    for i=1:lengthIndexVector1 

       MatrixDataTreated(IndexVector1(i),1)=0; 

       MatrixDataTreated(IndexVector1(i),2)=0; 

    end 

 

    IndexVector2=find(MatrixData(:,2)>=YUpper_mNm); %Locate the rows (index) of 
the random noise data points  

    lengthIndexVector2=length(IndexVector2); %Size of index vector. 

    %Set outlier points to zero with for loop 

    for i=1:lengthIndexVector2 
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       MatrixDataTreated(IndexVector2(i),1)=0; 

       MatrixDataTreated(IndexVector2(i),2)=0; 

    end 

     

    %Separate time and SFT vector and remove zeros from them. 

    XTreated_s=MatrixDataTreated(:,1); 

    YTreated_mNm=MatrixDataTreated(:,2); 

 

    XTreated_s(XTreated_s==0)=[]; 

    YTreated_mNm(YTreated_mNm==0)=[]; 

 

    Fig2=figure('Name','Comparison of raw data and treated data (without 
outliers)'); 

    plot(X_s,Y_mNm,'b*--',XTreated_s,YTreated_mNm,'k*-','MarkerSize',5) %If 
necessary, change size of markers for better visibility of plot 

    xlabel("t (s)") 

    ylabel("SFT (mN/m)") 

    title(strcat("SFT vs. t. Sample =",SampleName)) 

    legend("Raw Data",strcat("Treated Data - Ycritical lower 
limit=",string(YLower_mNm)," mN/m, Ycritical upper limit=",string(YUpper_mNm)," 
mN/m")) 

    savefig(strcat('Figure_RawAndOutlierData_Of_',SampleName,'.fig')); 

     

    %Smoothing of data 

    disp('Smoothing of data :') 

     

    % Smoothing of the data is done using a gaussian-weighted moving average.To 
test the effect of different methods and span's widths, 

    % use the script 'ComparisonBetweenDifferentSmoothingmethods', located 

    % in the same path as this script. 

     

    SmoothingMethod="Gaussian-weighted moving average"; 

    MovingSpan=input('Input length of moving span (number of points) :'); 

     

    YSmoothed_mNm=smoothdata(YTreated_mNm,'gaussian',MovingSpan); 

     

    Fig3=figure('Name','Comparison of treated data and smoothed data'); 
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    plot(XTreated_s,YTreated_mNm,'b*--',XTreated_s,YSmoothed_mNm,'k*-
','MarkerSize',5) %If necessary, change size of markers for better visibility of 
plot 

    xlabel("t (s)") 

    ylabel("SFT (mN/m)") 

    title(strcat("SFT vs. t. Sample =",SampleName)) 

    legend(strcat("Treated Data - Ycritical lower limit=",string(YLower_mNm)," 
mN/m, Ycritical upper time=",string(YUpper_mNm)," mN/m"),strcat("Smoothed Data - 
Gaussian-weighted Moving Average - Moving Span=",string(MovingSpan)," points")) 

    savefig(strcat('Figure_RawAndSmoothedData_Of_',SampleName,'.fig')); 

     

    % Saving smoothed data 

 

    %Smoothed data will be saved on the same path as the script is located 

 

    FilenameTable=strcat('SmoothedData_Of_',SampleName); %Name of the text file. 
Assign name according to characteristics of sample studied. 

    FilenameStruct=strcat('TotalData_Of_',SampleName); 

    

    
SmoothedData=struct('t_s',XTreated_s,'SFT_mNm',YSmoothed_mNm,'SFTUpper_mNm',YUpper
_mNm,'SFTLower_mNm',YLower_mNm,'Smoothing_Method',SmoothingMethod,'Moving_Span',Mo
vingSpan); 

    SmoothedDataTable=table(XTreated_s,YSmoothed_mNm,'VariableNames',('t (s)','SFT 
(mN/m)');% Smoothed data is restructured as a table variable for saving data as 
text file 

 

    writetable(SmoothedDataTable,FilenameTable); 

    save(FilenameStruct,'SmoothedData') 

     

    elseif Decision1=='N' 

     

    %Removal of Outliers (Random noise) 

     

    % Select a critical value of SFT in order to 

    % remove outlier data (YUpper_mNm & YLower_mNm) 

     

    YLower_mNm=0; 

    YUpper_mNm=Inf; 

     



B-8  

 

     %Smoothing of data 

    disp('Smoothing of data :') 

     

    % Smoothing of the data is done using a gaussian-weighted moving 

    % average. To test the effect of different methods and span's widths, 

    % use the script 'ComparisonBetweenDifferentSmoothingmethods', located 

    % in the same path as this script. 

     

    SmoothingMethod="Gaussian-weighted moving average"; 

    MovingSpan=input('Input length of moving span (number of points) :'); 

     

    YSmoothed_mNm=smoothdata(Y_mNm,'gaussian',MovingSpan); 

     

    Fig3=figure('Name','Comparison of raw data and smoothed data'); 

    plot(X_s,Y_mNm,'b*--',X_s,YSmoothed_mNm,'k*-','MarkerSize',5) %If necessary, 
change size of markers for better visibility of plot 

    xlabel("t (s)") 

    ylabel("SFT (mN/m)") 

    title(strcat("SFT vs. t. Sample =",SampleName)) 

    legend("Raw Data",strcat("Smoothed Data - Gaussian-weighted Moving Average - 
Moving Span=",string(MovingSpan)," points")) 

    savefig(strcat('Figure_RawAndSmoothedData_Of_',SampleName,'.fig')); 

     

    % Saving smoothed data 

 

    %Smoothed data will be saved on the same path as the script is located 

 

    FilenameTable=strcat('SmoothedData_Of_',SampleName); %Name of the text file. 
Assign name according to characteristics of sample studied. 

    FilenameStruct=strcat('TotalData_Of_',SampleName); 

    

    
SmoothedData=struct('t_s',X_s,'SFT_mNm',YSmoothed_mNm,'SFTUpper_mNm',YUpper_mNm,'S
FTLower_mNm',YLower_mNm,'Smoothing_Method',SmoothingMethod,'Moving_Span',MovingSpa
n); 

    SmoothedDataTable=table(X_s,YSmoothed_mNm,'VariableNames',('t (s)','SFT 
(mN/m)'); % Smoothed data is restructured as a table variable for saving data as 
text file 

 

    writetable(SmoothedDataTable,FilenameTable); 
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    save(FilenameStruct,'SmoothedData') 

     

else 

    disp('Error_1=Wrong input -- Input Y or N (response is case sensitive). 
Restart script') 

    return 

end 

disp('Process Finished') 

 

B.2 MATLAB® code for smoothing Interfacial Tension (IFT) – 

Comparison among different smoothing methods 

MovingSpan=10; %Set the number of data points used in the sliding window 

Y_movmean=smoothdata(Y_mNm,'movmean',MovingSpan); %Smoothing method = moving 
average 

Y_gaussian=smoothdata(Y_mNm,'gaussian',MovingSpan);% Smoothing method = gaussian-
weighted moving average 

Y_sgolay=smoothdata(Y_mNm,'sgolay',MovingSpan);% Smoothing method = Savitzky-Golay 
with quadratic polynomial  

Y_rloess=smoothdata(Y_mNm,'loess',MovingSpan);% Smoothing method = Quadratic 
regression 

 

figure 

plot(X_s,Y_mNm,'b*--',X_s,Y_movmean,'k-',X_s,Y_gaussian,'-',X_s,Y_sgolay,'r-
',X_s,Y_rloess,'c-','MarkerSize',5) %If necessary, change size of markers for 
better visibility of plot 

xlabel("t (s)") 

ylabel("SFT (mN/m)") 

title(strcat("SFT vs. t. Sample =",SampleName)) 

legend("Raw Data",strcat("Smoothed Data - Moving Average - Moving 
Span=",string(MovingSpan)," points"),strcat("Smoothed Data - Gaussian-weighted 
moving average - Moving Span=",string(MovingSpan)," points"),strcat("Smoothed Data 
- Savitzky golay using quadratic polynomial - Moving Span=",string(MovingSpan)," 
points"),strcat("Smoothed Data - Quadratic regression - Moving 
Span=",string(MovingSpan)," points")) 
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Appendix C  

C.1 Finite Element Analysis (FEA) of Compression of Core-Shell 

Microcapsules 

 

The elastic properties of the shell of core-shell microcapsules were investigated using 

micromanipulation data and finite element analysis (FEA) introduced by Mercadé-Prieto et al. 

[18]. A rigid parallel plate system was employed for the frictionless compression of 

microcapsules, namely between a compressing probe and the outer shell of a single 

microcapsule (Figure C.1). As for the Hertz model, the microcapsule shell was assumed 

incompressible (Poisson ratio 𝜈=0.5) and elastic. Only small fractional deformations were 

considered (𝜀 ≤ 0.1), hence the liquid core had no effect on the compression [309]. Thus, liquid 

was not accounted for in FEA. The model was implemented using a software recently 

developed in our group by Dr Zhihua Zhang (2020). Previous literature has suggested that the 

fractional deformation (ε) of microcapsules should be sufficiently large to provide reliable 

compression data, yet not too large to involve the liquid core [66]. Accordingly, a deformation 

of 10% was assumed. The model was based on several simulations conducted at different h/r 

values, in which h and r are the shell thickness and radius of a single capsule, respectively [18]. 

Thus, the normalised force can be expressed as a second-order polynomial function of the 

fractional deformation (Figure C.2): 

 

 𝐹

𝐸𝑟ℎ
= 𝑓1𝜀

2 + 𝑓2𝜀 + 𝑓3 (C.1) 
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where F is the compression force, E the Young’s modulus, and ε = δ/2r the fractional 

deformation as the ratio between the displacement (δ) to the initial diameter of the 

microcapsule (2r). Applying high order polynomials, three modelling coefficients f1, f2 and 

f3 were expressed as a function of h/r (Table 7.1). 

Substituting the coefficients into Equation (C.1), the compression force F can be expressed 

as follows  

 𝐹 = 𝐸𝑟(
ℎ

𝑟
)
2

(𝑓1+𝑓2+𝑓3) (C.2) 

 

For a given dataset of F vs 𝜀 of microcapsules with known radii (r), E and h/r can be 

evaluated by the least squares method (Solver function). The model is predictive at 0.03 ≤ ε 

≤ 0.1 only (Figure C.3). 

 

 

Figure C.1  – Typical Force-Displacement curve obtained from a micromanipulation 

technique at early deformation (<10%).  
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Figure C.2  – Typical FEA results of parallel compression of core-shell microcapsules with a 

second-order polynomial regression. 

 

 

Figure C.3  – Comparison between model-predictive analysis (FEA) and experimental data 

obtained from the parallel plate compression of a core-shell microcapsule. 
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Appendix D  

D.1 Solute-Diffusion Model 

The calculation of shell permeability for the microcapsules presented in this thesis was based 

on the solution-diffusion model for intramembranous mass transfer [461]. In recent years, 

noteworthy endeavours have been undertaken by Mercade-Prieto et al. [16], which has applied 

this theory to core-shell microcapsules. Figure D1 schematically represents the mass transfer 

of oil out of a thin shell. As displayed, the oil diffusing through the shell of a single 

microcapsules generates a flux (J) defined using Fick’s first law: 

 

 
𝐽 =

𝐷𝑜,𝑠
ℎ
(𝑐𝑖𝑛,𝑖 − 𝑐𝑜𝑢𝑡,𝑖) (D.3) 

 

 

where ⅅo,s [m
2·s–1] is the diffusivity of the oil within the shell, and cin,i and cout,i are the oil 

concentrations [mol·l–1] at the inner and outer shell-fluid interface, respectively. The 

concentration difference (cin,i – cout,i) generates the concentration driving force. 
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Fig. D.1 A Schematics of encapsulated oil leaking out through the polymeric shell. Thin-

shell microcapsules fully loaded with oil (A); oil-entrapping microcapsule having a shell 

thickness h releasing the core oil into the receptor medium outside (early stage) (B); linear 

regime with a core of oil still present inside the shell of the microcapsule. Assumptions: (i) 

the oil concentration in the solvent outside the shell (cout) is much lower than that inside (cin) 

the shell (cout ≪ cin); (ii) the concentration of solubilised oil inside the capsule equals the 

saturation concentration (cin ~ cs,oil) of the oil in the receptor medium (cs,oil) (C); exponential 

regime: release of the solubilised oil, hence the oil core progressively disappears. 

Assumption: the concentration of solubilised oil inside the capsule shell (cin) is much lower 

than that oil saturation concentration in the receptor medium (cin≪ cs,oil) (D). 

 

Considering the partition coefficient k = cin,i / cin = cout,i / cout, the equation (A1) can be 

rearranged into: 

 
𝐽 = 𝑘

𝐷𝑜,𝑠
ℎ
(𝑐𝑖𝑛 − 𝑐𝑜𝑢𝑡) (D.4) 

 

where kⅅo,s / h is the shell permeability to shell thickness ratio (P/h), cin and cout are the 

concentration of the oil solubilised (in the solvent) inside and outside the microcapsule. The 

model relies on the following assumptions:  
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(i) Rapid mass transfer between the oil core towards the inner shell interface, leading 

to cin ~ cs,oil . This assumption is consistent if P/h ≪ ⅅwater/d, where ⅅwater is the 

diffusivity of the oil in pure water and d the diameter of the microcapsule; 

(ii) The oil concentration in the receptor medium is much lower than the saturation 

concentration of the oil (cout≪ cs,oil), resulting in 𝐽 = (𝑃
ℎ
)𝑐𝑠,𝑜𝑖𝑙; 

(iii) No concentration gradient is experienced in the cosolvent-enriched receptor 

medium, hence well-mixed conditions apply at all times; 

(iv) No significant variation in the volume of the receptor medium occurs6d 

 

Considering the above-listed assumptions, the mass balance associated with Equation (D.4) 

can be written as follows: 

 

 
𝑉𝑠
𝑑𝑐𝑜𝑢𝑡
𝑑𝑡

= 𝐽𝐴𝑐𝑎𝑝𝑠 =
𝑃

ℎ
𝑐𝑠,𝑜𝑖𝑙𝜋𝑑

2 (D.5) 

 

with the boundary condition cout(t = 0) = 0.  Therefore, the concentration profile of the oil 

outside a single microcapsule is predicted to increase linearly with the release time t: 

 

 

6 dThe oil is soluble in the solvent (cout ≪ cs). No volume variation of the receptor 

medium occurred. The non-steady state mass balance is: ( )
( )

d V c dcdm s out out dVs
s outdt dt dt dt
V c t  

where dVs/dt = 0.   
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𝑐𝑜𝑢𝑡(𝑡) =

𝜋𝑑2

𝑉𝑠

𝑃

ℎ
𝑐𝑠,𝑜𝑖𝑙𝑡 (D.6) 

 

where Acaps=πd2 is the surface area of a spherically shaped microcapsule and Vs the volume of 

the receptor medium with the co-solvent. Therefore, this equation enables to estimate P/h from 

the slope (dR/dt) of the release profile (R(t)) [446], as shown in Figure D2. 

 

Fig. D.2  – Typical release profile of thin-shell microcapsules with two regimes: linear (t < t*) and (t > t*), where 

t* is the oil-release regime transition point (A); adapted from Antipov et al. [446]. 

 

 

Following extensive release of the solubilised oil, the point at which the oil concentration inside 

is no longer equal to its saturation concentration (cin  ≠ cs,oil). After the oil-release regime 

transition point (t > t*), the late stage of oil release begins (cin< cs,oil), as displayed in Figure 

t * 

𝑑𝑅

𝑑𝑡
 

2 
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D1(D). Therefore, the release with time is no linear anymore, yet follows an exponential trend 

(i.e. rise to maximum), as shown in Figure D.2 [446]: 
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 𝑐𝑜𝑢𝑡(𝑡)

𝑐𝑠,𝑜𝑖𝑙
= 1 − exp (−

𝜋𝑑2

𝑉𝑠

𝑃

ℎ
𝑡) (D.7) 

 

Overall, the concentration of the solubilised oil gradually released over time can be summarised 

as follows: 

 

 

𝑐𝑜𝑢𝑡(𝑡) =

{
 
 

 
 
𝜋𝑑2

𝑉𝑠

𝑃

ℎ
𝑐𝑠,𝑜𝑖𝑙𝑡                                            𝑡 < 𝑡𝑐𝑖𝑛<𝑐𝑠,𝑜𝑖𝑙      

 𝑐𝑠,𝑜𝑖𝑙 (1 − exp (−
𝜋𝑑2

𝑉𝑠

𝑃

ℎ
𝑡))       𝑡 ≥ 𝑡𝑐𝑖𝑛<𝑐𝑠,𝑜𝑖𝑙

 (D.8) 

 

The relative oil release by weight as a function of time is given by: 

 

 
𝑅(𝑡) =  

𝑉𝑠
𝜋
6
(𝑑−2ℎ)3

𝑐𝑜𝑢𝑡(𝑡)

𝜌𝑜𝑖𝑙
 (D.9) 

 

 where 𝜌oil is the density of the pure core oil. Based on the above mentioned assumptions at late 

stage of release (cin< cs,oil), the relative oil release at the oil-release regime transition point (t > 

t*) is defined as: 

   

 
𝑅(𝑡∗) = 1 −

𝑐𝑜𝑢𝑡(𝑡∗)

𝜌𝑜𝑖𝑙
= 1 −

𝑐𝑠,𝑜𝑖𝑙
𝜌𝑜𝑖𝑙

 (D.10) 
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Overall, the relative oil release can be summarised as follows: 

 

 

𝑅(𝑡) =

{
 
 
 
 

 
 
 
 

𝑑2

1
6
(𝑑 − 2ℎ)3𝜌𝑜𝑖𝑙

𝑃

ℎ
𝑐𝑠,𝑜𝑖𝑙𝑡                                                   𝑡 < 𝑡∗     

1 −
𝑐𝑠,𝑜𝑖𝑙
𝜌𝑜𝑖𝑙

                                                                       𝑡 = 𝑡∗

𝑉𝑠
𝜋
6
(𝑑 − 2ℎ)3𝜌𝑜𝑖𝑙

 𝑐𝑠,𝑜𝑖𝑙 (1 − exp(−𝑁𝑐𝑎𝑝𝑠
𝜋𝑑2

𝑉𝑠

𝑃

ℎ
𝑡))       𝑡 > 𝑡∗

 (D.11) 

 

which could be further simplified under the assumption of thin–shell microcapsules (h ≪d). 

This model is effective at predicting for a single microcapsule as well as a monodisperse 

population of microcapsules with non-soluble active oils. As formerly discussed by Mercade-

Prieto et al. [16], a convenient experimental oil release timeframe should be between 102 s and 

104 s. Based on the linear regime, the resulting permeability P/h|* is calculated as follows: 

 

 
(
𝑃

ℎ
)
∗
=

(𝑑𝑅
𝑑𝑡
)
∗

1 − 𝑤𝑜𝑖𝑙

1
6
(𝑑 − 2ℎ)3

𝑑2
𝜌𝑜𝑖𝑙
𝑐𝑠,𝑜𝑖𝑙

 (D.12) 

 

where woil is the waste oil parameter to be graphically estimated as the ‘hop’ release due to 

those damaged microcapsules releasing their whole oil load immediately after contacting the 

receptor medium. Moreover, the relative release profile may not be fully linear at R(t) ≥ 60%, 

thereby resulting in a certain degree of uncertainty associated with P/h|* . For this reason, an 

average linear slope (dR/dt)* is recommended, which can be evaluated from the slopes at 
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maximum (dR/dt)max  and minimum (dR/dt)min concavity of the release curve. Both (dR/dt)max 

and (dR/dt)min were calculated as shown in the following table: 

 

 

Table D.1 – Model coefficients 

 Low R value High R value 

(dR/dt)max 𝑤𝑜𝑖𝑙 
1

2
(𝑤𝑜𝑖𝑙 +

3

5
)  

(dR/dt)min 
1

2
(𝑤𝑜𝑖𝑙 +

3

5
) 

3

5
 

 

 

If h ≪d , further simplification may apply  

 

 
(
𝑃

ℎ
)
∗
=

𝑑
6
(𝑑𝑅
𝑑𝑡
)
∗

1 − 𝑤𝑜𝑖𝑙

𝜌𝑜𝑖𝑙
𝑐𝑠,𝑜𝑖𝑙

 (D.13) 
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