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 Abstract 

The mucilage secreted from African Catfish (Clarias gariepinus) when fish is stressed is a 

waste product that has lubricating properties and contains polysaccharides, proteins, and 

nucleic acid. African catfish mucilage (ACM) could be a potential emulsifier, however, 

information on its emulsification properties is scarce. Emulsions are thermodynamically 

unstable and could break down over time. Demand for sustainable natural emulsifiers has 

been documented in the literature and a number of them are used as food ingredients. Hence, 

my overall original contribution to knowledge is to characterise the physicochemical, stability, 

and rheological properties of ACM, a waste from African catfish to provide an effective 

suitable, eco-friendly alternative emulsifier that could stabilise food-grade, cosmetics, drug 

delivery, and personal care products. 

The stability of freeze-dried ACM in MilliQ water was measured with a zetasizer and Turbiscan 

MA 2000. The functional groups in ACM were determined using Attenuated Total Reflection 

(ATR)-Fourier Transform Infrared (FTIR) spectroscopy while the flow and viscoelastic 

behavior of ACM was measured using a rheometer. ACM is a stable material with negatively 

charged (-38mV) loosely bound electrons having polar and non-polar portions. Turbiscan 

revealed that ACM in MilliQ water was stable after 180 minutes of storage. Wavelength peaks 

for ACM in the range of 400-4000 cm-1 showed that it contained amphiphilic protein as 

functional groups which is an essential characteristic for stability. ACM showed shear-thinning 

behavior when subjected to shear rates of 1, 10, and 100 s 1. ACM was found to be a 

pseudoplastic, non-Newtonian, and viscoelastic material with higher G’ and lower G’’ with 

increasing deformation at a fixed angular frequency of ω = 1 rad/s. The moduli in the linear 

viscosity range (LVR) was constant at low strains of up to 0.2 % and had cross-over points at 

about 10 %. Although ACM had a short LVR, rheological stability was conferred through the 

amphiphilic filamentous protein threads in ACM. Also, ACM could form strong interactive 

hydrogen and covalent bonds (emulsifying ability) with materials that have both polar and non-

polar phases. The Casson model gave the best fit for African catfish mucilage. 

A Zetasizer and Turbiscan were used to measure stability properties of ACM on soy milk, 

morphology was determined with Transmission electron microscopy (TEM), while functional 

groups in ACM and ACM-stabilised soya milk emulsions were determined using ATR-FTIR. 

The ATR-FTIR spectra of stabilised emulsion revealed synergies with soya milk droplets. 

Turbiscan revealed that ACM concentrations of 1, 3, and 5 % w/w stabilised soy milk 

emulsions within 180 min of storage. The particle size was determined with the zetasizer and 

stability was expressed as a function of Sauter mean diameter (D₍₃‚₂₎) calculated from the 

particle size. The higher the concentration of ACM, the more stable the emulsion i.e. the lower 
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the D₍₃‚₂₎ of stabilised emulsions. Also, the higher the ACM-emulsifier soy milk ratio (ESMR) 

the higher the stability i.e. the lower the D₍₃‚₂₎ of stabilised emulsions. The ESMR influenced 

the stability of ACM stabilised soy milk emulsions based on BS % flux and the D (3,2) values. 

The trend was that the higher ESMR the higher the BS % flux and the lower the D (3,2) values. 

The spectra of ACM stabilised soy milk emulsion revealed interactions between ACM and 

soya milk droplets. The results from TEM, ATR-FTIR, particle size, and BS % flux analysis 

showed that the mucins in ACM formed strong cohesive connections with stabilised soy milk 

emulsions and the ACM exhibited adhesive properties. Two-way analysis of variance 

(ANOVA) after Tukey’s multiple comparisons (TMC) test established a significant difference 

(𝜌 < 0.05) on ACM stabilised soy milk emulsions with ESMRs of 5:10, 5:30, and % 5:50 %. 

ANOVA studies show that both BS % flux which closely fit the regression line by 99.94% and 

D₍₃‚₂₎ which had a 90% fit were good predictors of the stability of these emulsions. 

Distinct physicochemical properties like functional groups, morphology, Sauter mean diameter 

((D(3,2)), and backscattering  (BS) % flux were measured to determine nanoemulsion stability 

using ultrasonication. The emulsifying ability of ACM on O/W-type nanoemulsions was 

investigated by D-optical mixture design methodology. The D-optical mixture design was used 

in preparing the ACM stabilised O/W-type nanoemulsion using ultrasonic cavitation. Turbiscan 

analysis confirmed the backscattering profile and Cryo-TEM studies confirmed the structural 

stability of the nanoemulsions. The ATR FTIR spectra revealed that the amphiphilic proteins 

in ACM formed interfaces with oil and water simultaneously to confer stability on ACM 

stabilised nanoemulsions which is consistent with micelle theory. The emulsifier-oil ratio 

(EOR) influenced the stability of O/W-type nanoemulsion based on BS % flux and the D (3,2). 

The trend was that the higher EOR the higher the stability i.e. the higher the BS % flux and 

the lower the D (3,2) of O/W-type nanoemulsion. 

In this study, the D-Optimal mixture design was used in optimising O/W–type nanoemulsion 

formed by ultrasonication from sunflower oil, MilliQ water, and African catfish mucilage. Three 

mixture components constrained at lower and upper limits (ACM: 1 to 5 %, oil 3 to 10 %, and 

water: 85 to 96 %) were evaluated for their effects on responses of BS % flux and D(3,2). A 

quadratic mixture model was the most appropriate for both BS % flux and D(3,2). The quadratic 

mixture model for BS % flux was significant (F [557.86, 8.88] = 62.80; p-value < 0.0001). The 

model’s lack of fit (F [19.98, 6.990E-003] = 2858.24; p < 0.0001) was also significant, however, 

the predicted R-squared value was 0.9123 and adequate precision was 20.186 indicating a 

model with adequate goodness-of-fit to the experimental data. Similarly, the quadratic mixture 

model for D(3,2) was significant (F [235.71, 0.13] = 1805.99; p-value < 0.0001). The model lack 

of fit (F [0.17, 0.11] = 0.3104; p = 1.49) was not significant, and the predicted R-squared value 

was 0.9977 and adequate precision was 104.158 indicating a model with adequate goodness-
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of-fit. Hence both BS % flux and the D (3,2) were good predictors of stability of O/W-type 

nanoemulsions. Desirability functions were chosen to either maximise BS % flux (𝛾1) and 

minimise Sauter mean diameter (𝛾2) or maximise BS % flux (𝛾1) and maximise Sauter mean 

diameter (𝛾2). Overall, positive physicochemical and functional properties were observed for 

ACM as it was established that it could stabilise O/W-type nanoemulsions, and it was shown 

that an optimal ACM stabilised O/W-type nanoemulsions could be produced. 

The flow and viscoelastic properties were investigated to assess the stability and quality of 

ACMs’ most stable emulsions and nanoemulsions based on rheological data. All the ACMs’ 

most stable emulsions and nanoemulsions and control soya milk showed shear-thinning 

behavior as viscosity decreased as shear rate was increased from 0.01 to 1000 s -1. The non-

Newtonian flow of soy milk (control), ACM stabilised soya milk emulsion, ACM stabilised  O/W-

type nanoemulsion, and ACM stabilised O/W-type nanoemulsion enriched with soy milk fiber, 

was modeled with Power, Herschel-Buckley, Casson, and Bingham law equations, and the 

Casson model was observed to be the best fit. The moduli in the linear viscoelastic region 

(LVR) of ACM stabilised O/W-type nanoemulsions, and ACM stabilised O/W-type 

nanoemulsions enriched with soya milk fiber was constant at low strains of 0.4 and 0.6 % and 

cross-over points of about 30  and 50 % respectively at a fixed angular frequency of ω = 1 

rad/s. The moduli in the LVR indicated improved stability for ACM stabilised O/W-type 

nanoemulsion enriched with soy milk fiber in comparison to that of ACM stabilised O/W-type 

nanoemulsion. This was due to the synergy between ACM and soy milk fiber which improved 

the moduli of ACM stabilised O/W-type nanoemulsion as the moduli did not match-up to the 

simple addition of each modulus. This synergistic effect enhanced the web-like stable matrix 

structure of the mixture as a phase change was not observed. All ACM stabilised O/W-type 

nanoemulsions formed a stable network structure as phase separation was not observed 

within the frequency range of 1.0 to 100 rad/s. At low frequencies, the elastic portion 

dominated the curves as the storage modulus was always higher than the loss modulus. Both 

ACM stabilised O/W-type nanoemulsion and ACM stabilised O/W-type nanoemulsion 

enriched with fiber behaved as weak gels. Refrigerating i.e. keeping at temperatures of 5°C 

sustained and improved the structural stability and viscoelastic rheological properties of the 

ACM, ACM stabilised O/W-type nanoemulsion and ACM stabilised O/W-type nanoemulsions 

enriched with soya milk fiber. An increase in time duration did not have significant negative 

effects on the structural stability and viscoelastic properties of the ACM, ACM stabilised O/W-

type nanoemulsion and ACM stabilised O/W-type nanoemulsions enriched with soya milk fiber 

as ACM and all its most stable nanoemulsions remained stable with time. This was due to the 

filamentous proteins of ACM which was responsible for the cross-linkage stable structure 

network of ACM and ACMs’ most stable nanoemulsions. 
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Consequently, the results from morphology, BS % flux, D(3,2) (particle size), spectral functional 

groups and mucoadhesive property of ACM correlated with rheological properties as the 

stability and viscoelastic properties of ACM stabilised O/W-type nanoemulsions were ascribed 

to the amphiphilic filamentous protein threads present in the African catfish mucilage. These 

results show that African catfish mucilage is an effective suitable, an eco-friendly alternative 

emulsifier that could serve as feedstock in food-grade, cosmetics, drug delivery, and personal 

care industry. 

 

Key Words: African catfish mucilage, African catfish mucilage stabilised soy milk 

emulsion, African catfish mucilage stabilised O/W-type nanoemulsion, amphiphilic 

proteins, D-Optimal mixture design, emulsifier-oil ratio, emulsifier soy milk ratio, 

homogenisation, micelle theory, mucoadhesive, O/W-type nanoemulsion, D-optical 

mixture design methodology, soymilk emulsion, ultrasonication. 
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Chapter 1  

INTRODUCTION 

1.1 Background of the Research Problem 

The mucilage secreted from the fish skin when fish is stressed ends up as waste as fish 

farmers and researchers have been concerned about how to apply the benefits of this 

resource to ful potential (Conceição et al., 2016; Guardiola, Cuesta, & Esteban, 2016; Pérez-

Sánchez et al., 2017; Fernández-Alacid et al., 2019). The disposal of this mucilage is currently 

raising economic and environmental concerns in the fish industry (Pérez-Sánchez et al., 2017; 

Bahadir & Tulun, 2019). According to 2011 figures, post-harvest waste during fish processing 

is estimated to be about 12 Mt annually, representing approximately 10% of global capture 

and cultured fish (Munesue, Masui, & Fushima, 2015). Food security has been viewed as vital 

for many years mainly because poverty still exists in some continents (Conceição et al., 2016). 

Statistics from the United Nations Development Program in 2012 indicated that 

malnourishment still exists in about 25% of individuals that live in Sub-Saharan Africa 

(Conceição et al., 2016). The 2030 program for sustainable development suggests that value 

be added  to foods such as bread, fish, and meat by applying innovative technologies 

(Conceição et al., 2016; Wikström et al., 2019). Consequently, researchers have sought ways 

to add value to fish and fish products for sustainable fisheries development while trying to limit  

fish wastes (Béné et al., 2016; Stevens et al., 2018). 

Emulsions are mixtures of two non-miscible liquids in which droplets in one the 

dispersed phase is immersed into the other one the continuous phase (McClements, 2015; 

Perazzo, Preziosi, & Guido, 2015). Emulsions could change phases thermodynamically and 

destabilise overtime via processes such as coalescence, creaming, flocculation, phase 

inversion, and Ostwald ripening (McClements, 2015; Liu et al., 2016; McClements, & Jafari, 

2018). The thermodynamic phase changes in an emulsion and its break down over time is 

due to specific gravity differences in in the milk/oil globule and the aqueous phase 

(McClements, 2015; Tadros, 2015; Liu et al., 2016). Kinetic stability of emulsions can be 

achieved by using emulsifiers that allow the dispersed phase to be suspended in a continuous 

phase due to the intrinsic properties of the emulsifier (McClements, 2015; Li et al., 2018). 

Previously, synthetic biopolymers (κ‑Carrageenan); synthetic surfactants (Spans and 

Tweens); animal-based (egg protein, gelatin whey protein) and other surfactants (poly-glycerol 

esters of fatty acids and sucrose fatty acid ester have been used as emulsifiers (Cheong et 

al., 2016; Li et al., 2018). However, due to preference displayed by consumers, researchers 

have been inspired to use natural bio-products as emulsifiers instead of synthetic biopolymers 
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and surfactants (McClements & Gumus, 2016). Food ingredients sourced from plants have 

been used as emulsifiers; reports on Bambara groundnut flour  (Maphosa, Jideani, & Adeyi, 

2017) soy lecithin and quillaja saponin (Chung et al., 2017), lutein (Weigel et al., 2018), and 

hydrolyzed rice glutelin and quillaja saponin (Xu, Sun, & McClements, 2019) has been 

documented in the literature. Emulsifiers sourced from plants although natural, are subject to 

sustainability challenges because they are also food ingredients. Fish skin mucus (FSM) has 

potentials as a natural emulsifier because it contains hydrocolloids that have adhesive 

properties (Shavandi et al., 2017;  Petrou & Crouzier, 2018). African catfish mucilage (ACM) 

could serve as an alternative emulsifier compared with synthetic emulsifiers since it is sourced 

sustainably as waste during fish processing. Furthermore, ACM is not a food source combined 

with the fact that its application could lead to a eco-friendly habitats makes it a better 

sustainable source in comparison to synthetic emulsifier sources; however, researchers have 

not been interested in investigating the emulsifying ability of ACM despite the value it adds to 

fhe fishing industry. 

Rheology has been identified as a science that deals with the study of deformation and 

flow of matter in emulsions on the application of stress (Guzmán et al., 2017; Zhu et al., 2019). 

A material such as an emulsion would undergo structural changes known as a strain when 

force is applied (Foudazi et al., 2015; Berton-Carabin et al., 2018; Kwok, Sun, & Ngai 2019; 

Tang, 2020). The stress of a material/emulsion is defined as the force per unit/drop area for 

materials/emulsions respectively (Rao, & Wong, 2018; Håkansson, 2019)). Authors have 

reported that for certain materials to undergo flow the stress needs to exceed a specific value 

known as the yield stress (Bonn et al., 2017; Malkin et al., 2017; Townsend et al., 2019). 

Hence, a materials’ internal structure would respond to applied force based on its physical 

state and the response would show its rheological properties (Geremias-Andrade et al., 2016; 

Adeyi, Ikhu-Omoregbe, & Jideani et al., 2018; Khayat et al., 2019; Liu et al., 2019). Hence, a 

materials’ internal structure would respond to applied force based on its physical state and the 

response would show its rheological properties (Geremias-Andrade et al., 2016; Adeyi et al., 

2018; Khayat et al., 2019; Liu et al., 2019). Data obtained from rheological parameters can be 

fit into mathematical equations known as flow models which explain relationships between the 

deformation and the applied force (Dickinson, 2012; Rao, 2014; Hamza, 2016). Hence the 

degree of fit of the data on the flow models can be used to describe flow characteristics and 

predict the quality of the material. (Rao, 2014; Bhardwaj et al., 2019; Zhu et al., 2019). The 

rheological response of ideal materials to the applied force is governed by Hooke’s law and 

Newton’s law of elasticity which depends on a materials’ flow characteristics (Fecarotti, 

Celauro, Pirrotta, 2012; Rao, & Wong, 2018). 

Several authors have used sweep tests to investigate the responses of a specific value 
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for various rheological parameters over a specific strain/stress range. (Jamshidi et al., 2015; 

Alghooneh et al., 2017; Kolawole, Combrinck, & Boshoff, 2020). Rheological sweep tests are 

divided into oscillatory and rotational measurements and are executed using either small or 

large deformations (Läuger & Stettin, 2016; Barzic & Ioan, 2016). Rotational tests investigate 

a material’s rheological behaviour at large deformation and correspond to brushing, pumping, 

and stirring operations (Vignali et al., 2019). Oscillatory tests at small deformations investigate 

a material’s rheological behaviour and provide information on the structural state of a material 

at rest (Meerts et al., 2017). Small amplitude oscillatory tests correspond to long term elasticity 

and storage stability (Yuan et al., 2017). There are two types of rotational sweep tests 

controlled shear rate and controlled shear stress but the tests can be ramped or conducted in 

a stepwise manner (Tadros, 2011; Stettin, 2016; Whaley et al., 2019). Rotational and 

oscillatory measurements can be conducted via steady-state or non-steady state settings 

(Blau, 2015). Authors have conducted steady-state rheological measurements to characterize 

time-independent properties of materials (Morales-Contreras et al., 2018; Jiao, Shi, & Yuan, 

2019). Shear stress and shear rate sweep tests under steady-state conditions is appropriate 

for very low to medium viscosity fluids while dynamic stress/strain sweep is appropriate for 

high  viscosities (Tadros, 2011). Reliable data can be obtained from samples that are allowed 

to equilibrate, however, the physical instability of food systems to attain equilibrium is a 

challenge (Aditya, Espinosa, & Norton et al., 2017). 

Fluid materials can be grouped rheologically according to their flow behaviour. Fluids 

are ideal if the relationship between shear rate and shear stress is linear and the 

proportionality constant is referred to as viscosity. Viscosity is the resistance the fluid shows 

under shear. When a material is deformed continuously under shear stress it displays flow 

behaviour (Yang & Pan, 2017; Qian & Kawashima, 2018; Jia et al 2019). A flow curve 

characterises the flow behaviour for a material and is expressed by the relationship between 

stress and strain (Ducloué et al., 2017; Zheng, 2019). Flow behaviour is categorised  as either 

Newtonian or non-Newtonian (Sharma et al., 2016; Malkin & Isayev, 2017). Ideal fluids are 

referred to as Newtonian fluids because they obey Newton’s law. Examples are air, milk, 

water, oil, clarified juices, and juice serum. Newtonian fluids show a linear proportionality 

between the stress and strain rate with a viscosity which remains constant (Mohammadi, 

Saffarian, & Mohammadi, 2015). Conversely, because the structural arrangement of almost 

all fluid foods changes when subject to applied forces they do not obey Newton’s law they are 

referred to as non-Newtonian fluids (Figure 2.5). Non-Newtonian fluids show a non-linear 

proportionality between the stress and strain rate with varying viscosity. Non-Newtonian fluids 

show different flow behaviour and are categorised as time-independent, time-dependent, or 

viscoelastic (Kubo et al., 2019; Souza Mendes de & Thompson, 2019). Four divergent 
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behaviours occur in time-independent non-Newtonian fluids they are: Bingham, dilatant, 

Herschel–Bulkley, and pseudoplastic (Kubo et al., 2019; Ionescu et al., 2020). 

Reports by researchers have shown that fish offers about 3 billion people with about 

19% of animal protein globally (Béné et al., 2015; Chan et al., 2019). Also, authors have 

reported that the per person annual consumption of fish which contain long-chain key 

polyunsaturated fatty acids (PUFAs) in Africa, Asia, Europe, Latin America and the Caribbean, 

North America, Oceania and other parts of the world is about 10.8 kg, 21.4 kg, 21.9 kg, 9.9 

kg, 21.6 kg, 26.9 kg, and 19.0 kg respectively (Agbekpornu et al., 2017; Lee & Nam, 2019; 

Chan et al., 2019; Obiero et al., 2019). Similarly, plant-based proteins such as soy milk that 

are fiber-rich has been used in bioproducts due to its low-cost, and its easy storage 

parameters (Cazón et al., 2017; Arif et al., 2018). Animal and plant-based adhesives such as 

milk proteins, mucilage, starch, and tree gums, are ecofriendly, adhere effectively with other 

materials, are safe and can be sustainably sourced (Ellis, Rowe, & Lotze, 2015; Guo & Wang, 

2016). In the past, animal and plant sourced adhesives were steadily replaced by synthetic 

adhesives because they were more expensive but consumer preferences for natural products 

has led researchers to focus on the application of sustainably sourced bioadhesives as 

emulsifiers  (Guo & Wang, 2016). Also, food scientists have suggested the use of fish slime 

as emulsifiers based on the fact that they are consumed for its animal protein, micronutrients, 

and long-chain key PUFAs; for instance, hagfish, which includes its mucilage, is part of the 

diet in Japan and Korea (Ellis et al., 2015; Böni, et al. 2016b; Böni et al. 2016b) . Consequently, 

authors have reported that hagfish mucilage have been applied as emulsifiers in food-grade 

emulsions (Böcker et al., 2016; Böni, et al. 2016a; Böni et al. 2016b; Kuster et al 2017). 

Emulsions are basic constituents of many products in industries such as beverages, 

cosmetics, drug delivery, foods, nutraceuticals, and personal care products (Bai et al., 2017; 

McClements & Jafari, 2018; Mikulcová et al., 2017; Azmi et al., 2019). They can be classified 

as flavor emulsions which exist as colloids that are kinetically unstable and contain small oil 

globules dispersed within an aqueous phase (McClements, 2015; Bai et al., 2017; Maphosa 

et al., 2017). Kinetic instability of O/W emulsions can be ascribed to the presence of positive 

free energy made available when dispersions are formed that allows colloids to separate 

through creaming, coalescence, flocculation, Ostwald ripening, and sedimentation (Maphosa 

et al., 2017; McClements & Jafari, 2018; Bai et al., 2019). Emulsifiers are materials that 

kinetically stabilise emulsions by coating the oil globules and generate repulsive forces that 

hinder oil globules aggregation (Ozturk & McClements, 2016; McClements $ Jafari, 2018; Xu 

et al., 2019). The food industry has legally approved the use of several food-grade emulsifiers, 

however, costs, ease of use, and functionality make it difficult for food scientists to select the 

most proper emulsifier for an application (Bai et al., 2017; McClements & Jafari, 2018; Ferreira 
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and Nunes, 2019). Kinetic stability of O/W emulsion has been increased by adding emulsifiers, 

stabilisers, and biopolymers (Maphosa et al., 2017; McClements & Jafari, 2018; Drapala et 

al., 2018; Focsan et al., 2019). Literature supports the efficacy of emulsifiers such as 

biopolymers, hydrocolloids, and polysaccharides in stabilising O/W emulsions (Dickinson, 

2017; Felix, Romero, & Guerrero, 2017; Maphosa et al., 2017; Maravić et al., 2019). 

Emulsifiers made from natural biopolymers are available, biocompatible, cost-effective, non-

toxic, therapeutic, and can be sourced sustainably than synthetic ones (McClements & 

Gumus, 2016; Koller, 2018). Authors have reported that FSM protects the fish by 

incapacitating the binding of pathogens, and also acts as carriers of mucins and humoral 

immune factors (Peatman et al., 2015; Borges et al; 2018; Brinchmann et al., 2018). The 

humoral immune factors are antimicrobial peptides, cytokines, immune-globulins, and lectins 

while mucins are glycoproteins joined to considerable amounts of high molecular weight 

sugars that play a vital role in fish defense  (Guardiola et al., 2017; Reverter et al., 2018). The 

use of fish skin mucus (FSM), as an efficient natural emulsifier, has been reported in the 

literature Böni et al. (2016a) and Böni et al. (2016b); African catfish mucilage (ACM) is a waste 

product formed when fish undergoes stress (Cabillon & Lazado, 2019). Authors have reported 

that the mucus from fish has antimicrobial and lubricating properties; and contains proteins, 

sugars, and nucleic acid (Böcker et al., 2016; Böni et al., 2016a; Reverter et al., 2018). 

Literature supports the claim that the low free fatty acid content in sunflower oil makes 

it an oil of good quality and its low peroxide value makes its consumption reduce the risk of 

coronary and inflammatory health conditions (Ruiz Ruiz, Ortiz Vazquez, & Segura Campos, 

2017; Bush et al., 2019; Konuskan et al., 2019; Salles et al., 2019). Food scientists have been 

faced with the challenge of formulating biologically nutritious semi-solid foods either as 

colloids, emulsions, gels, or simple solutions for different classes of individuals (Leong, Martin, 

& Ashokkumar, 2017a; Krasulya et al., 2016; Tiong et al., 2019). The challenges have been 

complicated because the biologically nutritious components tend to be immiscible with water 

(Krasulya et al., 2016; Leong et al., 2017a; Tiong et al., 2019). Researchers have therefore 

shifted focus to high-energy techniques of delivering (McClements & Jafari, 2018; Trujillo-

Cayado et al., 2019). The high-energy techniques include systems that apply systems that 

require high-pressure, microfluidics, rotors, or ultrasonic equipment (Muschiolik & Dickinson, 

2017; McClements & Jafari, 2018; Trujillo-Cayado et al., 2019). High-energy emulsification 

techniques use machine-driven devices that create strong disruptive forces that fragment the 

dispersed phase and result in small oil globules (McClements & Jafari, 2018; Patil & Gogate, 

2018; Villalobos-Castillejos et al., 2018; Trujillo-Cayado et al., 2019)  Authors have proposed 

ultra-sonication which involves shearing the interface between oil and water globules to form 

stable dispersions (Krasulya et al., 2016; Leong et al., 2017a; Tiong et al., 2019). 
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D-optical mixture design methodology (RSM) is a multivariate statistical method that 

has been commonly used to optimize food processing techniques (Yeom et al., 2015; Derrien 

et al., 2017; Yolmeh and Jafari, 2017). RSM is a regression-based analysis that fits 

mathematical models, such as linear, square or quadratic polynomial functions, and other 

models, to the experimental response observed in the experiment by applying multivariate 

statistical analysis methods (Myers et al., 2016; Yolmeh and Jafari, 2017; Selamat et al., 

2018). The RSM strategy establishes relationships between input factors and responses with 

the aid of a mathematical model, deals with hindrances of optimizing with sole parameters, 

and provides an efficacious way to develop formulate emulsions (Montgomery, 2017; Trujillo-

Cayado et al., 2019). 

Various techniques have been used to investigate the physicochemical properties of 

O/W emulsions stabilised with bio-emulsifiers in other to explain how the bio-emulsifier 

influences the stability of the O/W emulsion (Maphosa et al., 2017; Shao et al., 2017; 

Gharibzahedi et al., 2019). Researchers have proposed other explanations that could better 

address O/W emulsion stability. For instance, it has been established that an emulsion could 

become kinetically unstable because its particle size increases with time (McClements & 

Gumus, 2016; Kale & Deore, 2017). However, an emulsifier reduces the repelling force 

between two liquids and diminishes the attractive forces between the molecules of the same 

liquid within an emulsion (McClements & Gumus, 2016; Kale & Deore, 2017). Hence an 

emulsifier lowers the interfacial tension between two immiscible liquids and stabilises an 

emulsion by the surface-tension theory (McClements & Gumus, 2016; Kale & Deore, 2017). 

Similarly, the interfacial-film theory states that the emulsifier forms a thin film on the oil globules 

by adsorbing onto the surface of the internal phase droplets and prevents contact or 

coalescence with the dispersed phase (Rajak et al., 2016; Kale & Deore, 2017; Zhang et al., 

2018b; Saani et al., 2019). Increased concentration or larger molecular weight of the emulsifier 

results in a more stable emulsion because a more resilient film has been formed on the internal 

phase of the oil globules (Rajak et al., 2016; Kale & Deore, 2017; Saani et al., 2019). Similarly, 

authors have reported that the amphiphilic polymers in bio-emulsifiers influence stability of 

O/W emulsions by forming nanoemulsions through a thermodynamic process when the 

concentration of polymeric micelles (PMs) of the bio-emulsifiers is much lower than the 

concentration called critical micellar concentration (CMC) (Cagel et al., 2017; McClements, 

Bai, & Chung, 2017; Reneeta et al., 2018; McClements & Jafari, 2018; Liang et al., 2018; 

Bergenståhl & Spicer, 2019; Langevin, 2019). PMs are beneficial because their interior core 

contains a hydrophobic portion that can entrap materials that have a low affinity for water and 

an outer hydrophilic wall that encapsulates materials that have a high affinity for water (Cagel 

et al., 2017; Hussein & Youssry, 2018; Wang et al., 2019). In recent times, this benefit of PMs 

has been exploited in beverages, cosmetics, drug delivery, foods, nutraceuticals, and personal 

(b) 
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care products because they provide improved solubility and stability for the incorporation of 

hydrophobic materials in O/W emulsions (Cagel et al., 2017; Hussein & Youssry, 2018; Wang 

et al., 2019). Furthermore, the literature supports the claim that the water solubility of an 

emulsifier is a rough estimate of hydrophilic-lipophilic balance (HLB) of an emulsifier and 

emulsifiers with HLB values between 8 and 15 are used to stabilise O/W emulsions (Burgos - 

Díaz et al., 2016; Nejadmansouri et al., 2016; Kale & Deore, 2017). The combination of data 

obtained from physicochemical properties such as particle size, backscattering flux %, and 

functional groups of bio-emulsifiers in conjunction with CMC and HLB correlations have been 

used by researchers to explain how bio-emulsifiers stabilise O/W emulsions (Burgos - Díaz et 

al., 2016; Nejadmansouri et al., 2016; Kale & Deore, 2017, Hussein & Youssry, 2018). 

Literature supports the micelle theory which proposes that bio-emulsifiers stabilised O/W 

emulsions is achieved through a hydrophobic portion that can entrap materials and 

simultaneously encapsulates materials that have a high affinity for water through its outer 

hydrophilic wall (Cagel et al., 2017; Hussein & Youssry, 2018; Laredj-Bourezg et al., 2017, 

López‑Martínez & Rocha‑Uribe, 2018; Wang et al., 2019). 

Authors have reported research on the ability of hagfish mucus a waste product 

secreted from hagfish as an emulsifier (Böcker et al., 2016; Böni, et al. 2016a; Böni et al. 

2016b; Bai et al., 2017; Böni et al., 2017; Böni et al., 2018: Chaudhary et al 2018: Kim, Beak, 

& Song, 2018; Jeewanthi & Paik, 2018). Although FSM a waste as both lubricating properties 

and antimicrobial properties research has focused on its antimicrobial properties (Elavarasi et 

al., 2013; Guardiola et al., 2017). Similarly, studies by Gobinath & Ravichandran, (2011) and 

Elavarasi et al, (2013) stated that the FSM of freshwater fishes such as estuarine catfish, 

African catfish, and tilapia have anti-microbial properties because it contains of anti-microbial 

peptides (Tyor & Kumari, 2016; Mahadevan et al., 2019). Hence, African catfish mucilage 

(ACM) could be a potential emulsifier, however, the literature on its physicochemical 

properties is scarce. Also, in spite of the lubricating and anti-microbial benefits of African 

catfish mucilage knowledge about the literature on its physicochemical properties and how it 

affects the stability and rheological properties of emulsions is limited. 

Even though automated and rheological analyses were earlier used to characterise 

biopolymers, studies have revealed that the investigations on microstructure, stability and 

spectra, could be used to describe the physicochemical properties of biopolymers. Fourier 

Transform Infrared (FTIR) spectroscopy has been used in the analysis of biomaterials for more 

than half a century (Glassford, Byrne, & Kazarian, 2013; Sarroukh et al., 2013; Fernando et 

al., 2017). In the last decade FTIR in conjunction with attenuated total reflectance (ATR) 

spectroscopy, has been used to ascertain the structure of biopolymers (Staniszewska Malek, 

& Baranska. 2014; Moghaddam et al., 2017). FTIR-ATR is now commonly used to express 
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highly automated subcellular investigations, for examining spectra of bio-systems and 

chemical changes at a molecular level that can be used to predict detailed information on the 

structural and functional groups in a biopolymer (Angulo & do Amaral Sobral, 2016). Also, 

transmission electron microscopy (TEM) has been used to investigate the microstructure of 

bio-polymers because it produces highly magnified images (Fudge & Schorno, 2016; Drapala, 

Mulvihill, & O'mahony, 2018; Zielke, Stradner, & Nilsson, 2018). However, the literature on the 

allocation of functional groups, morphology, and stability has been scarce; also an in-depth 

study of the functional groups, morphology, rheological, and stability properties of African 

catfish mucilage limited in the literature. 

The South African fishing industry is currently plagued with under-utilisation of wastes 

from fish that could add value to the industry. The research work focuses on the use of ACM 

as a sustainable natural emulsifier resource while ensuring that the ACM a waste product from 

African catfish is disposed of in an environmentally friendly way. Therefore, the objective of 

this work is to characterise the physicochemical properties of African catfish mucilage (ACM) 

with the focus to investigate the effectiveness of ACM as an emulsifier in stabilising 

dispersions and emulsions for food-grade, personal care, and drug delivery emulsion systems. 

1.2 Rationale 

The research is intended to be an innovation in the advancement of an emulsifier that could 

be used as feedstock in food-grade, personal care, and drug-release products. This was 

carried out by investigating the role of the emulsifier in stabilising soy milk emulsions and oil 

in water (O/W) emulsions. Economic advantages would be visible, through sales and 

exportation of the freeze-dried African catfish skin mucilage that could have possible 

applications as stabilisers in food-grade emulsions, creams in personal care products and 

drug carriers in the pharmaceutical industries. The product is in line with the national goal of 

achieving global competitiveness, optimizing the investment in science through improving 

social, economic and environmental benefits. A key goal of the South African National 

Research Priorities is economic growth and wealth creation which are based on innovation. 

This work seeks to fulfill this goal by attempting to create innovation in the area of advancing 

and producing ACM as a natural alternative emulsifier that could be used as a feedstock in 

food-grade, personal care, and pharmacological industries. 

1.3 Problem Statement 

The application of emulsion technology to foods, cosmetics, and medicine has received much 

attention lately as researchers are focusing on novel techniques to improve the stability and 

rheological properties of dispersions and emulsions. Previously, synthetic biopolymers such 
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acacia gum, polylactic acid, poly-lactic-co-glycolic acid which are polysaccharides have been 

used as emulsifiers (Li et al., 2018). However, due to consumer choices, researchers have 

been inspired to use natural bio-products as acacia gum, emulsifiers instead of synthetic 

biopolymers and surfactants (McClements & Gumus, 2016). Although a plant-based emulsifier 

is sourced, from nature its sustainability is in question as it is also a food source. 

African catfish mucilage (ACM) obtained as a waste product from fish production could be a 

potential natural emulsifier and its usage could lead to eco-friendly environment. The 

polysaccharide composition of ACM shows that it has emulsification potential as feed-stocks 

in food, cosmetic and medical industry. This benefit coupled with consumer preference for 

natural products and the added advantage of its apploication could lead to greener 

environments However, not much is documented about its potential as an emulsifier. It is 

therefore of interest to investigate the potential of ACM in stabilising dispersions and 

emulsions. 

1.4 Alignment to CPUT focus area 

This research aligns with the focus area “Farmer to Pharma” value chain identified by the 

Department of Science and Technology’s Innovation in its Ten-Year Plan for South Africa to 

strengthen the bioeconomy. It also aligns with the National Development Plan: enabling 

milestones. 

1.1.1 Economic growth and international competitiveness 

African catfish mucilage (ACM) a waste product sustainably sourced from fish production has 

potential as a natural emulsifier as it stabilises dispersions and emulsions. Moreover, ACM 

has the benefit of customer preference, its application as an emulsifier could reduce its 

disposal challenges and result in greener environments. The use of the ACM a waste product 

as an emulsifier in feed-stocks for food, personal care, and pharmaceutical industries would 

lead to economic growth through creating employment opportunities and income generation. 

Also, the use of ACM as an emulsifier would lead to the development of a knowledge base 

that could enhance global competitiveness for South Africa. 

1.5 Research aim 

The study aims to investigate the performance of African catfish mucilage (ACM) as an 

emulsifier on the stability and rheological properties of dispersions and oil in water (O/W) 

emulsions with a view for its possible application as feedstock in food, personal care, and 

pharmaceutical industries. 
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1.5.1 Research objectives 

The objectives of this study were to:  

1. To collect and preserve African catfish mucilage from the African catfish. 

2. To characterise African catfish mucilage by determining its physicochemical 

properties. 

3. Investigate the effect of African catfish mucilage (ACM) on the stability of soya milk 

emulsions using Ultra-Turrax T-25 homogenizer. 

4. Investigate the effect of ACM on the stability of oil in water-type nanoemulsions 

prepared by ultrasonication using D-optimal mixture design. 

5. Investigate the flow and viscoelastic rheological behaviour of ACM, and ACMs’ most 

stable emulsion and nanoemulsions. 

1.5.2 Research questions 

The research questions were: 

1 How do the chemical and physical constituents of African catfish mucilage affect its 

use as an emulsifying agent in dispersions and O/W emulsions? 

2 What optimum concentrations of African catfish mucilage are more suitable for stability 

of soya milk emulsions? 

3 Would ultrasonication of oil and water using D-optimal mixture design methodology 

result in O/W-type nanoemulsions? 

4 What optimum concentrations of African catfish mucilage are more suitable for stability 

of ultrasonified O/W-type nanoemulsions using d-optimal technique? 

5 Does soy milk emulsion and O/W-type nanoemulsions stabilised with African catfish 

mucilage has shear-thinning and viscoelastic properties? 

1.6  Delineation 

Laboratory studies would be conducted to determine, assess and predict the influence of 

various factors on the parameters of soy milk and oil-in-water emulsions stabilised with African 

catfish mucilage (ACM). Sensory study was not conducted on the ACM, ACM stabilised soya 

milk emulsions and O/W-type nanoemulsions systems. The metabolic profile and microbial 

activity of ACM were not investigated in this study. This work focussed only on mucus of 

African catfish. Sunflower oil/soya milk served as the hydrophobic phase for this work. The 

properties investigated in this work iwere, emulsion stability and rheological properties of ACM 

and emulsions stabilised with African catfish mucus. This work did not focus on testing the 
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freeze-dried ACM or its emulsion systems for its pharmacological properties or benefits. 

1.7 Research outcomes 

Findings from the current study was presented in international/national conferences and one 

article has been published in peer-reviewed accredited academic journals. Other articles 

would subsequently follow.  The outcome of the study would also increase the economic value 

of the African catfish mucilage. 

1.8 Summary 

This chapter provided a broad overview of the problem statement and research questions. 

The main aim and objectives of the study as well as the significance and contribution of the 

research were presented. The problem statement elucidated throughout literature is that the 

application of emulsion technology to foods, cosmetics, and medicine has resulted in the need 

for novel techniques to improve the stability and rheological properties of dispersions and 

emulsions. The problem statement has led to the formulation of fish research questions: (1) 

how do the chemical and physical constituents of African catfish mucilage affect its use as an 

emulsifying agent in dispersions and O/W emulsions? (2) What optimum concentrations of 

African catfish mucilage are more suitable for stability of soya milk emulsions? (3b) would 

ultrasonication of oil and water using D-optimal mixture design methodology result in O/W-

type nanoemulsions? (d) What optimum concentrations of African catfish mucilage are more 

suitable for stability of ultrasonified O/W-type nanoemulsions using d-optimal technique? (e) 

soy milk emulsions and O/W-type nanoemulsions stabilised with African catfish mucilage has 

Shear-thinning and viscoelastic properties. Therefore, the study aimed to investigate the role 

of African catfish mucilage (ACM) as an emulsifier on the stability and rheological properties 

of dispersions and oil in water (O/W) emulsions with a view for its possible application as 

feedstock in food, personal care, and pharmaceutical industries. 

The overarching significance of the study is to provide the food, cosmetics, drug delivery, and 

personal care industry with a low cost, eco-friendly alternative emulsifier. The African catfish 

mucilage (ACM) was collected and preserved from a fish farm after obtaining ethical clearance 

Faculty of Engineering. The mucus was collected based on South African Bureau of Standards 

approved procedures, the Guidelines for Ethical conduct in the care and use of nonhuman 

animals in research and Ethical considerations for field research on fishes (SABS, 2008; 

Dunbar et al., 2012; Bennett et al., 2016). Scientific tests were carried out on the ACM, ACM 

stabilised soy milk emulsions and ACM stabilised O/W-type nanoemulsions. A Zetasizer and 

Turbiscan were used to measure stability, morphology was determined with Transmission 

electron microscopy (TEM), while functional groups in ACM, ACM-stabilised soya milk 
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emulsions and ACM stabilised O/W-type nanoemulsions were determined using Attenuated 

Total Reflection Fourier Transform Infra-red spectroscopy. In addition rheological tests were 

carried out to determine the flow and viscoelastic properties of ACM, ACM-stabilised soya milk 

emulsions and ACM stabilised O/W-type nanoemulsions. A description on how the data were 

collected and analyzed is presented in the thesis. Findings from the research revealed how a 

low cost, eco-friendly alternative emulsifier such as African catfish mucilage (ACM) could be 

used in stabilising soy milk and O/W-type nanoemulsions. 

1.9 Organisation of the thesis 

This dissertation consists of seven chapters and it includes references and appendices. The 

chapters are organized to link the progression of the thesis from the title through to the 
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conclusion. The clarification of how each of the chapters are organised is elucidated in 

 

Figure 0.1. 

Chapter One: The first chapter is as described under the summary section. The chapter 

concludes with the layout of the thesis. 
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Chapter Two: Provides an in-depth review of the literature on the issues of that currently 

affect application of emulsion technology to foods, cosmetics, and medicine. It highlights the 

novel techniques that researchers are focusing on to improve the stability and rheological 

properties of dispersions and emulsions. This chapter reviews the literature on emulsions, 

formulations of emulsions, the use of ultrasonication in formulating biologically nutritious semi-

solid foods either as colloids, emulsions, gels or simple solutions, emulsion stability and 

mechanisms of emulsion breakdown during storage and techniques used to investigate 

emulsion stability. Furthermore, the chapter reviews the literature on rheology, flow and 

viscoelastic behaviour of emulsions. Also the chapter reviews literature on mixture design 

methodology and different designs that could be used to model the effect of independent 

variables on dependent variables in a mixture component. In addition the chapter reviews the 

literature on biology, characteristics, antimicrobial function and immunological components of 

fish skin mucus (FSM), its rheological characteristics and application of fish skin mucus as 

bioemulsifiers. 
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Figure 0.1: Clarification for the organisation of chapters 

Chapter Three: Details the research materials and methods used in the investigations. In 

addition, it details the scientific tests conducted, the equipment used and how the data 

obtained were analyzed using statistical tools. It also presents the experimental design used 

and the data analytical methods. The ethical guidelines used are also indicated. The African 

catfish mucilage (ACM) was collected and preserved from a fish farm after obtaining ethical 
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clearance Faculty of Engineering. The ACM was collected based on South African Bureau of 

Standards approved procedures, the Guidelines for Ethical conduct in the care and use of 

nonhuman animals in research and Ethical considerations for field research on fishes (SABS, 

2008, Dunbar et al., 2012; Bennett et al., 2016). 

Chapter Four: Provides a description of the collection and preservation of the African catfish 

mucilage (ACM), the investigations conducted and the data collected, analysis, and findings 

for research objectives one, two and three. The chapter describes the findings on the 

extraction, and characterisation of African catfish mucilage and details role of ACM as a 

bioemulsifier that stabilises soy milks. It also details the result of the analysis of the data 

obtained on ACM stabilised soy milk emulsions using the GraphPad Prism version 5.00 for 

Windows, GraphPad Software, La Jolla, CA, USA. 

Chapter Five: Provides a description of the investigations conducted and the data collected, 

analysis, and findings for research objectives two, three and four. The chapter describes the 

findings on the characterisation of African catfish mucilage and details role of ACM as a 

bioemulsifier that stabilises oil in water (O/W)-type nanoemulsions. It details the results of the 

D-optical mixture design used in preparing the ACM stabilised O/W-type nanoemulsion. It also 

details the result of the effect of the independent variables (ACM, oil and water) on the 

dependent variables Sauter mean diameter and backscattering % flux. 

Chapter Six: Provides a description of the investigations conducted and the data collected, 

analysis, and findings for research objective five. The chapter describes the findings on the 

Investigate the flow and viscoelastic rheological behaviour of ACM, ACM stabilised soya milk 

emulsions and ACM stabilised O/W-type nanoemulsions. It details the results of the effect of 

African catfish mucilage on the viscosity of o/w type nanoemulsions, Shear-thinning behaviour 

of ACM and ACM stabilised emulsions, flow behaviour of o/w emulsions as described by 

different models. It also details the results obtained from the response of ACM, soya milk, 

ACM stabilised O/W-type nanoemulsion, ACM stabilised O/W-type nanoemulsion enriched 

with soya milk Fiber, and ACM stabilised soya milk emulsion at various strains, frequency, 

temperature and time. 

Chapter Seven: Summarizes the discussion of findings and closing the thesis through 

presenting the recommendations and conclusion of the study.  

The next chapter presents the literature review with a special focus on keywords featuring in 

the context of the background and problem statement.  
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Chapter 2  

LITERATURE REVIEW 

2.1 Overview of Emulsion 

Emulsions are mixtures of two non-miscible liquids in which droplets in one the dispersed 

phase is immersed into the other one the continuous phase (McClements, 2015; Perazzo et 

al., 2015). An emulsion could also be defined as a dispersion made up of two non-miscible 

liquid phases homogenised with the aid of mechanical shear and emulsifiers (Kale & Deore, 

2017). Amphiphilic surface acting agents of natural/synthetic origins have been used in 

stabilising emulsions because they reduce the interfacial tension between the two phases 

thereby contributing to the stability of dispersed droplets with electrostatic or steric effects 

(Kale & Deore, 2017; George, Shah, & Shrivastav, 2019). Emulsions could change phases 

thermodynamically and can destabilise overtime via processes such as coalescence, 

creaming, flocculation, phase inversion, and Ostwald ripening (McClements, 2015; Lu, Kelly, 

& Miao, 2016; McClements & Jafari, 2018). Emulsions are also grouped as bi-phasic systems 

of granular meta-stable dispersions that comprise of two liquids that are non-miscible, 

commonly oil/milk and water where one of the liquids forms small sphere-shaped droplets 

known as dispersions in the other which act as an aqueous dispersion vehicle; (McClements, 

2015; McClements & Jafari, 2018). Commonly, emulsions are generated when oil/milk and 

water are homogenised; but, after homogenisation stops the emulsion starts to become 

unstable due to thermodynamic instability (McClements & Jafari, 2018). In categorising 

emulsions, the relationship between the spatial distribution of the oil/milk and aqueous phase 

has to be considered. If the emulsion particles are ordered as oil droplets distributed in an 

aqueous phase it is known as oil-in-water (O/W) emulsion, commonly used for lotions, hand 

cream, mayonnaise and beverages (McClements, 2015). However, if the water droplets of the 

emulsion are distributed in the oil phase is known as water-in-oil (W/O) emulsion, commonly 

used for topical ointments (Tadros, 2011). A key material needed to disperse two immiscible 

liquids is an emulsifier and emulsions are categorised based on the kind of the emulsifier or 

the system composition (Tadros, 2011; Foudazi et al., 2015). 

Emulsion with various appropriate compositions has been patented for the delivery and 

protected encapsulation of many kinds of bioactive nutrients with major health benefits 

(Tadros, 2011; Lu et al., 2016). Industrially, emulsions have been used as essential 

encapsulation systems in the cosmetics, food, nutraceuticals, and pharmaceutical industries, 

therefore, current research has focused on its preparation, composition, function relationship 

and delivery characteristics  (Tadros, 2015; Zhu et al., 2019; Choi & McClements, 2020). 

Emulsification, a method used industrially to formulate cosmetic, food and pharmaceutical 
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products involves dispersing two immiscible liquids, one a dispersed phase into another a 

continuous phase (Fasinu et al., 2015; Lu et al, 2016). This process results in a system in 

which the molecules of the two phases are indirectly interfacing with each other and have a 

great propensity for phase separation i.e. thermodynamic instability (Fasinu et al., 2015; 

McClements, 2015; Lu et al., 2016). 

2.2 Emulsion formulation 

In formulating emulsions, homogenisation which involves blending at elevated speeds is used, 

this process causes the dispersed phase to be suspended in the continuous phase (Fasinu et 

al., 2015). This process increases the system entropy but does not counteract the upsurge in 

enthalpy that arises when the hydrophilic and hydrophobic molecules of the system come in 

contact (Fasinu et al., 2015). Therefore; emulsions are unstable due to the presence of 

interfacial forces that cause repulsion between the hydrophilic and hydrophobic molecules of 

the system (Fasinu et al., 2015). The stages in emulsification include droplet deformation, 

droplet disruption and interface stabilization with the aid of an emulsifier (Dickinson, 2017; 

McClements & Jafari, 2018). The effectiveness of emulsifiers in producing small droplets 

during homogenisation is determined by its physicochemical features (McClements, 2015). 

These features are its adsorption kinetics, surface-activity, stabilization, surface coverage and 

its ability to reduce interfacial tension (McClements, 2015). Successful homogenisation 

involves the use of emulsifiers that speedily adsorb to droplet surfaces as this facilitates a 

reduction in interfacial tension and prevents droplet aggregation. The emulsion forming ability 

of natural emulsifiers depends on how they can lower interfacial tensions, inhibit aggregation 

droplet and adsorb to surfaces (McClements, 2015). 

2.3 Emulsion ultra-sonication 

Food scientists have been faced with the challenge of formulating biologically nutritious semi- 

solid foods either as colloids, emulsions, gels or simple solutions for different classes of 

individuals (Krasulya et al., 2016; Leong et al., 2017a; Leong et al., 2017b; Dickinson, 2018). 

This challenge have been complicated because the biologically nutritious components tend to 

be immiscible with water (Krasulya et al., 2016; Dickinson, 2018). Consequently, new methods 

of delivery as emulsions apart from homogenisation have been on-going. Authors have 

proposed ultra-sonication which involves shearing the interface between oil and water to form 

stable droplets (Krasulya et al., 2016; Leong et al., 2017a; Leong, et al., 2017b; Dickinson, 

2018). Ultrasonication is the science and technology of using acoustic wave-fields with 

vibrations in the range 18 kHz to 1 GHz (Guimarães et al., 2019; Madhu et al., 2019). 

Ultrasonication has been grouped into sonochemistry with frequency ranging from 18–100 
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kHz and intensities higher than 1W/m2, and diagnostic ultrasound with frequencies higher than 

500 MHz (Guimarães et al., 2019; Madhu et al., 2019). Acoustic cavitation depends on 

dissolved gas content, fluid viscosity, temperature of the emulsion, acoustic and oscillatory 

pressure (Krasulya et al., 2016; Leong et al., 2017a; Leong et al., 2017b). 

Acoustic cavitation  involves two key stages the formation of unstable unrefined bubbles by 

breaking-up the droplets in dispersed phase into the continuous phase and an extreme 

cavitation of the bubbles that results in breaking-up and homogenising the oil and water 

phases to formulate droplet with micro or nano sizes (Patil & Gogate, 2018; Modarres-Gheisari 

et al., 2019). Authors have reported the application of ultrasound cavitation in sunflower oil in 

water emulsions, and milk and juice nutraceuticals (Krasulya et al., 2016; Leong et al, 2017b; 

Patil & Gogate, 2018). Authors have reported that droplet formation and size which determines 

emulsion stability is affected by pH, ionic strength, and emulsifier concentration (Ozturk & 

McClements, 2016; Maphosa et al., 2017; Schmidt, Schütz, & Schuchmann, 2017). Ultra-

sonication has being used to internalise bio-nutrients through encapsulation as it stabilises 

internalised components from degradation and provides a mode of delivering bio-nutrients 

efficiently (Leong et al., 2017a; Leong et al., 2017b). 

2.4 Emulsion stability 

Emulsion stability is the capacity of an emulsion to sustain its physicochemical properties 

during long periods of storage (McClements, 2015). In characterising emulsions; emulsion 

stability, texture interfacial properties and interactions are vital. Also, emulsion stability has 

been described as the preservation of the composition accomplished after the homogenisation 

of the two (or more) phases. Emulsions are thermodynamically unstable and tend to 

breakdown over time (McClements, 2015; Dickinson, 2017; McClements & Jafari, 2018). 

Solutions to thermodynamic instability, are emulsifiers and stabilisers, which are substances 

that can adsorb at the interfacial areas of emulsions (McClements, 2015; McClements & Jafari, 

2018). 

During storage, emulsion breakdown can arise due to certain processes which are 

influenced by phase inversion, the distribution of the oil droplets and the difference in density 

between the droplets and the medium, and the solubility of the dispersed droplet (Komaiko,. 

& McClements, 2016; Kumar, & Mandal, 2018). This processes determines Ostwald ripening, 

the stability of the liquid film between the droplets, which determines coalescence and the 

magnitude of the attractive versus repulsive forces, and flocculation (Tadros, 2013; Tadros, 

2015). Instability of emulsions commonly occurs based on more than one phenomenon and 

can run concurrently. Emulsions need to retain their stability throughout its shelf-life; however, 

they may become unstable through creaming, flocculation, and coalescence (Ozturk & 
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McClements, 2016). 

2.5 Mechanisms of emulsion breakdown during storage 

Emulsion droplets are interfaced mainly by three kinds of interaction energies namely: 

Electrostatic repulsion, the van der Waals attractions of which London dispersion interactions 

are the most important and steric repulsion. The van der Waals forces of attraction are 

commonly accountable for the breakdown of an emulsion during storage (McClements, 2015). 

Emulsions become unstable due to flocculation, creaming or sedimentation, coalescence, and 

phase inversion. Figure.0.1 outlines different emulsion destabilisation mechanisms. 

 

 

Figure.0.1: Pictorial image of emulsion breakdown mechanisms 
Source: (Whitby & Wanless, 2016; Yamashita, Miyahara, & Sakamoto, 2017) 

Flocculation occurs when two or more droplets in an emulsion aggregate without the interface 

stabilising layer rupturing (Whitby et al., 2016; Dickinson, 2017; McClements and Jafari, 2018). 

Flocculation depends on Brownian, centrifugal and gravitational forces which cause creaming 

or sedimentation (Karthik, Ezhilarasi, & Anandharamakrishnan, 2017; Gharehbeglou et al., 

2019). An emulsion can undergo creaming or sedimentation due to the difference in density 

between the continuous or dispersed phases (Gupta et al., 2016). Sedimentation occurs when 

the droplet has a higher density than the fluid it is dispersed in while creaming arises when 

the density of the droplets is lower than that of the medium (Tadros, 2013; Stounbjerg et al., 

2018). An emulsion can undergo coalescence when droplets irreversibly merge into each 

other to form a sole larger droplet (McClements, 2015; Jin et al., 2017). Due to the increase 
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in particle size the droplets of the emulsion rapidly cream or sediment and results in oiling off 

in beverages, a situation in which a layer of oil develops on top of the emulsion (Piorkowski & 

McClements, 2014, Karthik et al., 2017). This phenomenon called oiling off is observed as 

shiny layers of oil on top of unstable emulsions and the mechanism of coalescence involves; 

film drainage and film rupture (Piorkowski & McClements, 2014).  

Ostwald ripening results from the solubility difference within small and large particles in an 

emulsion which allows large particles in an emulsion to grow larger at the expense of small 

particles (Gustafsson & Holmberg, 2017; Zhang & McClements, 2018). Ostwald ripening is 

common in oils which are highly water-soluble such as essential oils but less common in oils 

which are less water-soluble such as sunflower oils and fish oils (Karthik et al., 2017; Salvia-

Trujillo et al., 2017) . Ostwald ripening has been controlled in emulsions by enhancing the 

Gibbs elasticity or by controlling interfacial tension (Powell, Damitz, & Chauhan, 2017; 

McClements & Jafari, 2018). Another mechanism of destabilisation is phase inversion which 

results from phase exchange whereby the continuous phase inverts into the diffused droplets 

while the disperse phase inverts into the droplets such as when a W/O emulsion reverts to an 

O/W emulsion or vice versa (Dickinson, 2017; Powell et al., 2017). Therefore, when inversion 

takes place in an emulsion, there is a reversal of the continuous and dispersed phases, this 

occurrence is exploited in nanoemulsions (McClements & Jafari, 2018). Phase inversion 

commonly occurs when the composition of an emulsion is changed and can be triggered by 

solvent types, amount and kind of emulsifying agent used, mechanical forces or the volume 

fraction of the disperse phase (McClements, 2015; McClements & Jafari, 2018). The goal of 

emulsification is to maintain the initial state attained after the homogenisation of two immiscible 

liquids (McClements, 2015; McClements & Jafari, 2018). In the food industry, emulsions that 

are kinetically stable for days, or weeks, months or even years require the incorporation of 

emulsifiers (McClements, 2015; Costa et al., 2017; McClements & Jafari, 2018). 

As surface acting agents, emulsifiers must possess a good surface activity and the ability to 

form a condensed interfacial film (Dickinson, 2018). Various theories of emulsification have 

been proposed in order to explain the stabilising effects of emulsifiers. The surface tension 

theory explains emulsification as the lowering of the interfacial tension between the aqueous 

and the oily phase leading to a reduction in the repellant forces between the two liquids and a 

decrease in the attraction between the molecules of the same liquid (Kale & Deore, 2017). 

The oriented-wedge theory proposes the formation of a mono-molecular layer of the 

emulsifying agents which is curved around the droplets of the dispersed phase (Kale & Deore, 

2017; Dickinson, 2018). The interfacial film theory explains emulsification as the prevention of 

contact and coalescence of dispersed phase due to the formation of a film of emulsifying 

agents which stabilise the emulsion (Kale & Deore, 2017). In addition to the ability to hold 
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together the dispersed phase in the continuous phase, an ideal emulsifier must be a stable 

material or compound, be non-toxic, must not inflict unacceptable color, taste or odor on the 

emulsion system, and must be compatible with other components of the preparation 

(McClements, 2015; McClements & Jafari, 2018). 

2.6 Techniques used to investigate emulsion stability 

In characterising emulsions the evaluation of emulsion particle size is vital as it affects 

emulsion qualities such as appearance, creaming velocity, flavor, texture, and rheology 

(Chung & McClements, 2014; Hu et al., 2017). The common techniques used to investigate 

emulsion stability are:  

2.6.1 Emulsion particle size 

One of the common ways of predicting the stability of an emulsion to gravitational separation 

is the use of mathematical model described by Stokes' Law (McClements, 2015). The Stokes' 

law relates emulsion stability to the particle size of bi-phasic systems of granular meta-stable 

dispersions that comprises of two non-miscible liquids with diverse densities (Miyagawa et al., 

2015; Querol, Barreneche, & Cabeza, 2017). According to this law, the rate (v) at which an 

isolated rigid spherical droplet particles creams/sediments in an ideal liquid environment is 

directly proportional to the particle size (measured as particle radius r) and the density 

difference between the particle and the medium (ρ2 − ρ1); and inversely proportional to the 

viscosity (𝜂₁) of the medium (McClements, 2015) as shown in Equation 2.1: 

𝑽 =
𝟐𝒈𝒓𝟐(𝝆𝟐−𝝆𝟐)

𝟗𝜼₁
     Equation 0.1 

Where g is the acceleration due to gravity. 

Hence the rate at which discrete droplet particles cream/sediments (V) can be controlled as 

negative V is ascribed to sedimentation while positive V is ascribed to creaming. Therefore, 

for homogenous emulsions, emulsion stability can be attained when shear viscosity is 

increased; and density difference between the dispersed and continuous phases is small and 

the droplet size is decreased (McClements, 2015; Hu et al., 2017). However, the Stokes law 

is limited in non-homogenous dispersions as droplets are poly-diverse (Tadros, 2015). Other 

factors that influence non-homogenous dispersion include; droplet to droplet interface, 

interfacial thickness, droplet charge and concentration, and non-Newtonian fluid behaviour of 

the continuous face (Tadros, 2015). Several authors have investigated emulsion particle size 

and reported it as the volume mean diameter (Hu et al., 2015; Santos, Carignano, & 

Campanella, 2017), equivalent volume mean diameter (McClements, 2015; McClements & 
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Jafari, 2018), mean diameter number (Dapčević Hadnađev et al., 2013) and Sauter mean 

diameter (Dokić, Krstonošić, & Nikolić, 2012; Gordiychuk et al., 2016; Martinez et al., 2019). 

The particle or droplet size has a considerable influence on emulsion creaming stability 

(Maphosa et al., 2017; Nieto de Castro et al., 2017). An emulsion can attain stability when 

particle size is reduced, the density difference between the dispersed and continuous phases 

is low, or when the viscosity of the continuous phase is high. However, charges, droplet 

concentration, interfacial forces between the droplets, interfacial thickness, non-Newtonian 

fluid behaviour of the continuous phase and non-homogeneity of the droplets limit the Stokes 

law (Tadros., 2015). 

2.6.2 Optical scrutiny 

Various authors have identified optical scrutiny as a cheap, easy, simple and quick technique 

to investigate emulsion stability affects as it affects’ the products’ appearance, and it is directly 

observed by the naked human eye (McClements, 2015; Hu et al., 2017). Many researchers 

have visually observed emulsions and quantified emulsion stability using the creaming index 

method. For instance, Zhang et al. (2020) studied how oil phase volume fraction, pH and 

particle size affected the morphology, rheological, and stability of O/W emulsions stabilised 

with cellulose and soy protein stabilised by concentrated flaxseed protein stored for seven 

days in tightly sealed glass test tubes The total height of the emulsion (HE) and the height of 

the serum (HS) were measured and extent of creaming (CI) was determined using Equation 

2.2 (Zhang et al., 2020). 

𝑪𝑰 = 𝟏𝟎𝟎[𝑯𝑺/𝑯𝑬]     Equation 0.2 

Optical scrutiny investigations are best performed through agitation tests using transparent 

tubes where the phase separation of the emulsion is assessed with the human eye 

(McClements, 2015; Hu et al., 2017). Phase separation of non-miscible emulsions can occur 

through creaming or sedimentation (Tadros., 2013; McClements, 2015; Hu et al., 2017). The 

extent of phase separation can be determined as the creaming index (CI) according to 

Equation 2.3. (Zhang et al., 2020). 

𝑪𝑰 =
𝑯𝒄

𝑯𝒆
× 𝟏𝟎𝟎     Equation 0.3 

Where Hc is the height of the creamed layer and He the total height of the emulsion. The 

Creaming index has been recommended as a test of emulsion stability by many researchers 

as it is a good test of stress during long-term stability (McClements, 2015; McClements & 

Jafari, 2018). The creaming index is used to identify the extent of droplet aggregation in an 

emulsion as faster creaming of droplets results in larger particle size. (McClements, 2015; 
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McClements & Jafari, 2018). Data obtained from creaming tests can be used in assessing 

emulsion instability as information on the factors that affect the stability of the emulsion can 

be deciphered from creaming tests (McClements, 2015; Dickinson, 2018; McClements & 

Jafari, 2018). 

Although the extent of phase separation by observation of thickness of 

creaming/sedimentation layers with naked eyes has been reported, optical scrutiny though 

convenient, is not appropriate in studying other mechanisms of emulsion breakdown during 

storage such as flocculation, coalescence, and Ostwald ripening (McClements, 2015; Hu et 

al., 2017). Researchers have noted that thickness in the creaming layer is only observed when 

the extent of phase separation is substantial. Therefore accurate investigations of emulsion 

stability have been performed by analyzing data from backscattering flux percentage, electron 

microscopy, and Zeta potential (McClements, 2015; Hu et al., 2017; McClements & Jafari, 

2018). 

2.6.3 Microscopic scrutiny 

Microscopic scrutiny using devices such as atomic force, electron, optical, electron, and 

confocal fluorescent microscopy has been used in investigating mechanisms of emulsion 

breakdown for droplets that cannot be seen through optical scrutiny (Hu et al., 2017; Drapala 

et al., 2018). Imaging studies have been used to investigate droplets distribution and sizes 

and also investigate factors that impact emulsion stability (Fudge & Schorno, 2016; Drapala 

et al., 2018). Emulsion stability has been described by observing  droplet flocculation, 

coalescence or Ostwald ripening by using different modes of microscopy (Hu et al., 2017; 

Drapala et al., 2018). Researchers have noted drawbacks such as tedious dilution and slide-

spreading for microscopy samples; time-consuming preparations; subjective results which 

could be difficult to standardize; and the need to analyze a single sample slide from different 

angles to have reliable data (Hu et al., 2017, Drapala et al., 2018). Based on these drawbacks, 

authors combine data from other measurements such as backscattering flux, particle size and 

Zeta potential with the imaging studies to correctly analyze unstable emulsion mechanisms 

(Maphosa et al., 2017; Hu et al., 2017). 

2.6.4 Zeta potential 

The Zeta-potential is the potential difference between the neutral electrical area of the solution 

and the surface of the tightly bound layer of ions on the particle surface and it estimates the 

net charge on the particle (Bhattacharjee, 2016; Moussa et al., 2017). Zeta-potential is 

contingent upon the actual charge of the particle, nature, and composition of the medium 

surrounding the emulsion and the interfacial adsorbed layer (McClements, 2015; 
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Bhattacharjee, 2016; Moussa et al., 2017). It is influenced by pH, electrostatic 

attractive/repulsive forces  and droplet charges of excited species in the dispersed phase 

(McClements, 2015; Hu et al., 2017; Moussa et al., 2017). Zeta-potential is influenced by 

droplet concentration, the electrical charge of the ions in the droplet and pH of the aqueous 

dispersions (Bhattacharjee, 2016; Hu et al., 2017). Hence the zeta potential of the particle 

strongly influences emulsion stability and analytical measurements have been carried out 

using electroacoustic or electrophoretic light scattering: techniques (McClements, 2015; 

Bhattacharjee, 2016; Hu et al., 2017).  

2.6.5 Rapid stability 

Several authors have reported that the Turbiscan Lab Expert (Formulation, France) can give 

accurate, rapid and  reproducible measure of emulsion stability (Li et al., 2018; Xu et al., 2019). 

Hence this rapid technique has been used to predict long-term emulsion stability and 

investigate the destabilisation profiles of emulsions. This involves measurements made over 

relatively short times to extrapolate long-term effects. A number of authors have reported that 

analysis of Turbiscan results can characterise stability without emulsion dilution, provide data 

on particle migration, variations in particle size, optimising emulsion formulations, shelf life  

and quality control (Maphosa et al., 2017; Li et al., 2018; Xu et al., 2019). The Turbiscan MA 

2000 operates on the principle of multiple light scattering Figure 2.2 and the Turbiscan MA 

2000 is used in determining the instability mechanisms in an emulsion (Lu et al., 2016; 

Maphosa et al., 2017; Xu et al., 2019) The procedure involves using optical sensors to 

measure the changes in mean path length of photons in the dispersion as a function of 

backscattered and transmitted (T) light fluxes (Liu et al., 2014; Maphosa et al., 2017; Li et al., 

2018; Xu et al., 2019). Figure 0.2 shows the Turbiscan MA 2000 measurement principle while 

Figure 0.3 shows the possible backscattering % profiles of an emulsion. 

 

Figure 0.2: Turbiscan MA 2000 measurement principle 

Source: (Liu et al., 2011; Liu et al., 2014) 
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Figure 0.3: Backscattering profiles of Turbiscan. 

Source: (Liu et al., 2011; Liu et al., 2014) 

2.7 Rheology 

Rheology has been identified as a science that deals with the study of deformation and flow 

flow of matter in emulsions on the application of stress (Guzmán et al., 2017; Zhu et al., 2019). 

A material such as an emulsion would undergo structural changes known as a strain when 

force is applied (Foudazi et al., 2015; Berton-Carabin et al., 2018; Kwok et al 2019; Tang 

,2020). The stress of a material/emulsion is defined as the force per unit/drop area for 

materials/emulsions respectively (Rao, & Wong, 2018; Håkansson, 2019)). Authors have 

reported that for certain materials to undergo flow the stress needs to exceed a specific value 

known as the yield stress (Bonn et al., 2017; Malkin, Kulichikhin, & Ilyin, 2017; Townsend et 

al., 2019). 

Hence, a materials’ internal structure would respond to applied force based on its physical 

state and the response would show its rheological properties (Geremias-Andrade et al., 2016; 

Adeyi et al., 2018; Khayat et al., 2019; Liu et al., 2019). Data obtained from rheological 

parameters can be fit into mathematical equations known as flow models which explain 

relationships between the deformation and the applied force (Dickinson, 2012; Rao, 2014; 

Hamza, 2016). Hence the degree of fit of the data on the flow models can be used to describe 

flow characteristics and predict the quality of the material. (Rao, 2014; Bhardwaj et al., 2019; 

Zhu et al., 2019). The rheological response of ideal materials to the applied force is governed 

by Hooke’s law and Newton’s law of elasticity which depends on a materials’ flow 

characteristics (Fecarotti et al., 2012; Rao, & Wong, 2018). 

Authors have used sweep tests to investigate the responses of a specific value for various 

rheological parameters over a specific strain/stress range. (Jamshidi et al., 2015; Alghooneh 
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et al., 2017; Kolawole et al, 2020). Rheological sweep tests are divided into oscillatory and 

rotational measurements and are executed using either small or large deformations (Läuger 

& Stettin, 2016; Barzic & Ioan, 2016). 

 

Figure 0.4: Schematic divisions of rheology 

 gives the schematic divisions of rheology. 

Rotational tests investigate a material’s rheological behaviour at large deformation and 

correspond to brushing, pumping, and stirring operations (Vignali et al., 2019). Oscillatory tests 

at small deformations investigate a material’s rheological behaviour and provide information 

on the structural state of a material at rest (Meerts et al., 2017). Small amplitude oscillatory 

tests correspond to long term elasticity and storage stability (Yuan et al., 2017). There are two 

types of rotational sweep tests controlled shear rate and controlled shear stress but the tests 

can be ramped or conducted in a stepwise manner (Tadros, 2011; Stettin, 2016; Whaley et 

al., 2019). Rotational and oscillatory measurements can be conducted via steady-state or non-

steady state settings (Blau, 2015). Authors have conducted steady-state rheological 

measurements to characterize time-independent properties of materials (Morales-Contreras 

et al., 2018; Jiao et al., 2019). Shear stress and shear rate sweep tests under steady-state 

conditions is appropriate for very low to medium viscosity fluids while dynamic stress/strain 

sweep is appropriate for high  viscosities (Tadros, 2011). Reliable data can be obtained from 

samples that are allowed to equilibrate, however, the physical instability of food systems to 

attain equilibrium is a challenge (Aditya et al., 2017). This occurs because colloidal fluids and 

food materials are heterogeneous and structurally disordered therefore rheological 

investigations of this materials are complex (Fischer & Windhab, 2011; Rao, 2014). Also, 
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because of the structurally complex nature of these materials, their modelling has posed a 

challenge hence, rheological investigations of these complex material have been conducted 

under steady-state-conditions (Ivanova & Kotsilkova, 2018; Delgado et al., 2019). 

.



 

 

Figure 0.4: Schematic divisions of rheology 

Source: (Malkin and Isayev, 2017; Kubo et al., 2019)
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Error! Reference source not found. illustrates the rheological tests that are used to 

nvestigate the properties of materials. In food rheology, investigations are essential to design 

industrial machines, define the limits of packaging and storage plans, determine engineering 

factors, unit operations, quality control, and product development (Rao, 2014; Aguilera, 2018).In 

food emulsion systems, the measurement of viscosity which is the resistance of the material 

to deformation during flow or flow as a result of the applied stress on the food is vital (Zhu et 

al., 2019). Depending on flow properties a material can be classified as Newtonian or non-

Newtonian. A Newtonian fluid is one with viscosity remains constant, no matter the amount of 

shear applied at at a constant temperature (Malkin & Isayev, 2017; Dickinson, 2018). 

Consequently, the relationship between the viscosity and shear stress of such fluids remains 

linearExamples of materials that exhibit Newtonian behaviour are air, water, chloroform, and 

glycerol. A non-Newtonian, material is one in which its viscosity depends on shear rate, hence 

a non-linear relationship exists between viscosity and shear stress (Malkin & Isayev, 2017; 

Dickinson, 2018). Examples include several hydrocolloids and polysaccharides which have 

been used as emulsifiers (McClements, 2015; Maphosa et al., 2017; McClements & Jafari, 

2018). 

The flow and viscoelastic characterisation of emulsions provide the necessary 

rheological information on both its viscous and elastic properties (Javidi et al., 2019). Several 

authors have related the long term physical stability with short term rheological measurements 

in the first few weeks of storage (Böni et al., 2016a; Böni et al., 2016b; Maphosa et al., 2017; 

Marín et al., 2018). For instance, Maphosa et al. (2017) investigated the stabilising effect of 

soluble fibers (SF) obtained from four varieties of Bambara groundnut (BGN) on orange oil 

emulsion. These authors’ analysed results obtained from the chemical composition with the 

characteristics of the orange oil emulsions stabilised with SF BGN. They observed that BGN 

variants with higher arabinose, galactose, and xylose content were more stable than variants 

with lower arabinose, galactose, and xylose content as these sugars increased the viscosity 

of the SF BGN stabilised emulsions (Maphosa et al., 2017). The authors reported that SF BGN 

stabilised emulsions with variants that had higher viscosity had a higher consistency 

coefficient (Maphosa et al., 2017). Analysis of the hysteresis loop area of SF BGN stabilised 

emulsions stabilised with this high viscosity variant and a higher consistency coefficient 

recorded the lowest structural damage with respect to time and applied shear (Maphosa et al., 

2017). Hence Maphosa et al. (2017) concluded that SD BGN fibers could improve the stability 

of orange oil emulsions. In the same vein, Böcker et al. (2016) investigated the effect of fibres 

on the cohesive property of hagfish stabilised emulsions. The authors investigated the flow 

behaviour of hagfish slime dissolved in Milli-Q water and solutions made with biopolymers to 

re-enforce the structural cohesive network of hagfish slime (Böcker et al., 2016). The 
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rheological tests involving amplitude sweep at an angular frequency of ω = 1 rad/s and specific 

strain amplitude of γ =1%, shear rates from 0.01 to 100 s−1 and back from 100 to 0.01 s−1 were 



 

 

Figure 0.5: Rheological tests used to investigate the properties of materials 

Source: (Stettin, 2016, Barzic & Ioan, 2016)



33 
 

used to investigate the shear viscosity and obtain the flow parameter at 10 °C (Böcker et al., 2016; 

Böni et al., 2017; Böni et al., 2018). The authors observed that Hagfish slime had a viscoelastic 

network with G′ almost equal to G″, and an ordered linear viscoelastic behaviour at strains of about 

100% even with slime concentrations of 0.01 w/w% in Milli-Q water (Böcker et al., 2016; Böni et 

al., 2017; Böni et al., 2018). Although the authors observed a hysteresis when hagfish slime 

concentrations were sheared the slime lost its viscosity and could not maintain its original 

interconnected network formation and reported that hagfish slime was not stable to shear  (Böcker 

et al., 2016; Böni et al., 2017; Böni et al., 2018) The authors improved the mechanical stability of 

the slime with biopolymers such as chitosan ,starch and κ-carrageenan. Improvements with 1 

w/w% aqueous chitosan solution led to aggregation, precipitation, and structural collapse of 

hagfish slime. Improvements with 1 w/w% of the starch solution formed an opaque and watery 

phase formed from hagfish slime and starch (Böcker et al., 2016; Böni et al., 2017; Böni et al., 

2018). Elements of stabilised starch-hagfish slime complex did not show aggregation but were 

formed from low concentrations of hagfish slime and a watery phase (Böcker et al., 2016; Böni et 

al., 2017; Böni et al., 2018). The authors compared the amplitude sweeps of the stabilised starch-

hagfish slime complex and native starch and observed a two-decade increase in G’ and G” moduli 

(Böcker et al., 2016). Native starch was distinctly viscous while stabilised starch-hagfish slime 

complex had a clear G′ modulus even at strains within the range of 1-1000% (Böcker et al., 2016). 

Stabilised starch-hagfish slime complex was Shear-thinning, had a higher shear viscosity than the 

native starch solution, did not have a hysteresis loop compared with hagfish slime, and had an 

increased mechanically stabilised structure (Böcker et al., 2016). They reported that a 

homogeneous emulsion was formed when the κ-carrageenan solution was mixed with hagfish 

slime (Böcker et al., 2016). Although, the κ-carrageenan solution has a low viscosity and is entirely 

viscous the complex it forms with hagfish slime is viscoelastic and has a distinct G′ modulus. The 

addition of hagfish slime significantly increased both G’ and G” moduli and led to a higher G’ 

modulus and an ordered linear viscoelastic behaviour at strains of 100% (Böcker et al., 2016). 

Similarly, the authors reported that Shear-thinning characteristics were observed on κ-

carrageenan biopolymer solution and hagfish slime−κ-carrageenan complex and higher shear 

viscosity as observed in stabilised starch-hagfish slime complex. The authors concluded that the 

complex formed with 1% (w/w) κ-carrageenan had improved mechanical stability and did not show 

network structural collapses like hagfish slime and Milli-Q mixtures. Authors have investigated the 

effect of fiber obtained from soy protein isolate and soy milk on hagfish slime (Böcker et al., 2016; 

Böni et al., 2016b). The rheological tests involving amplitude sweep at an angular frequency of ω 
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= 1 rad/s and specific strain amplitude of γ =1% were used to determine the Linear viscosity range. 

Viscosity was measured at shear rates ranging from 0.1 to 100 s−1 at a temperature of 20°C (Böni 

et al., 2016b). The authors reported that when subjected to frequency sweeps hagfish slime was 

an uncommonly mushy and delicate elastic substance, with a forcefully increasing G” at higher 

frequencies as a result of effects from inertia and a disappearing elastic modulus G’ at ≥ 

frequencies of 3 rad/s (Böni et al., 2016b). Examples of materials that exhibit Newtonian behaviour 

are air, water, chloroform, and glycerol. A non-Newtonian, material is one in which its viscosity 

depends on shear rate, hence a non-linear relationship exists between viscosity and shear stress 

(Malkin & Isayev, 2017; Dickinson, 2018). Examples include several hydrocolloids and 

polysaccharides which have been used as emulsifiers (McClements, 2015; Maphosa et al., 2017; 

McClements & Jafari, 2018).The flow and viscoelastic characterisation of emulsions provide the 

necessary rheological information on both its viscous and elastic properties (Javidi et al.,2019). 

Several authors have related the long term physical stability with short term rheological 

measurements in the first few weeks of storage (Böni et al., 2016a, Böni et al., 2016b, Maphosa 

et al., 2017, Marín et al., 2018). For instance, Maphosa et al. (2017) investigated the stabilising 

effect of soluble fibers (SF) obtained from four varieties of Bambara groundnut (BGN) on orange 

oil emulsion. These authors’ analysed results obtained from the chemical composition with the 

characteristics of the orange oil emulsions stabilised with SF BGN. They observed that BGN 

variants with higher arabinose, galactose, and xylose content were more stable than variants with 

lower arabinose, galactose, and xylose content as these sugars increased the viscosity of the SF 

BGN stabilised emulsions (Maphosa et al., 2017). The authors reported that SF BGN stabilised 

emulsions with variants that had higher viscosity had a higher consistency coefficient (Maphosa 

et al., 2017). Analysis of the hysteresis loop area of SF BGN stabilised emulsions stabilised with 

this high viscosity variant and a higher consistency coefficient recorded the lowest structural 

damage with respect to time and applied shear (Maphosa et al., 2017). Hence Maphosa et al. 

(2017) concluded that SD BGN fibers could improve the stability of orange oil emulsions. In the 

same vein, Böcker et al. (2016) investigated the effect of fibres on the cohesive property of hagfish 

stabilised emulsions. The authors investigated the flow behaviour of hagfish slime dissolved in 

Milli-Q water and solutions made with biopolymers to re-enforce the structural cohesive network 

of hagfish slime (Böcker et al., 2016). The rheological tests involving amplitude sweep at an 

angular frequency of ω = 1 rad/s and specific strain amplitude of γ =1%, shear rates from 0.01 to 

100 s−1 and back from 100 to 0.01 s−1 were used to investigate the shear viscosity and obtain the 

flow parameter at 10 °C (Böcker et al., 2016; Böni et al., 2017; Böni et al., 2018). The authors 

observed that Hagfish slime had a viscoelastic network with G′ almost equal to G″, and an ordered 
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linear viscoelastic behaviour at strains of about 100% even with slime concentrations of 0.01 w/w% 

in Milli-Q water (Böcker et al., 2016; Böni et al., 2017;  Böni et al., 2018). Although the authors 

observed a hysteresis when hagfish slime concentrations were sheared the slime lost its viscosity 

and could not maintain its original interconnected network formation and reported that hagfish 

slime was not stable to shear  (Böcker et al., 2016; Böni et al., 2017; Böni et al., 2018). The authors 

improved the mechanical stability of the slime with biopolymers such as chitosan, starch, and κ-

carrageenan. Improvements with 1 w/w% aqueous chitosan solution led to aggregation, 

precipitation, and structural collapse of hagfish slime. Improvements with 1 w/w% of the starch 

solution formed an opaque and watery phase formed from hagfish slime and starch (Böcker et al., 

2016; Böni et al., 2017; Böni et al., 2018). Elements of stabilised starch-hagfish slime complex did 

not show aggregation but were formed from low concentrations of hagfish slime and a watery 

phase (Böcker et al., 2016; Böni et al., 2017; Böni et al., 2018). The authors compared the 

amplitude sweeps of the stabilised starch-hagfish slime complex and native starch and observed 

a two-decade increase in G’ and G” moduli (Böcker et al., 2016). Native starch was distinctly 

viscous while stabilised starch-hagfish slime complex had a clear G′ modulus even at strains within 

the range of 1-1000% (Böcker et al., 2016). Stabilised starch-hagfish slime complex was Shear-

thinning, had a higher shear viscosity than the native starch solution, did not have a hysteresis 

loop compared with hagfish slime, and had an increased mechanically stabilised structure (Böcker 

et al., 2016). They reported that a homogeneous emulsion was formed when the κ-carrageenan 

solution was mixed with hagfish slime (Böcker et al., 2016). Although, the κ-carrageenan solution 

has a low viscosity and is entirely viscous the complex it forms with hagfish slime is viscoelastic 

and has a distinct G′ modulus. The addition of hagfish slime significantly increased both G’ and 

G” moduli and led to a higher G’ modulus and an ordered linear viscoelastic behaviour at strains 

of 100% (Böcker et al., 2016). Similarly, the authors reported that Shear-thinning characteristics 

were observed on κ-carrageenan biopolymer solution and hagfish slime−κ-carrageenan complex 

and higher shear viscosity as observed in stabilised starch-hagfish slime complex. The authors 

concluded that the complex formed with 1% (w/w) κ-carrageenan had improved mechanical 

stability and did not show network structural collapses like hagfish slime and Milli-Q mixtures. 

Authors have investigated the effect of fiber obtained from soy protein isolate and soy milk on 

hagfish slime (Böcker et al., 2016; Böni et al., 2016b). The rheological tests involving amplitude 

sweep at an angular frequency of ω = 1 rad/s and specific strain amplitude of γ =1% were used to 

determine the Linear viscosity range. Viscosity was measured at shear rates ranging from 0.1 to 

100 s−1 at a temperature of 20°C (Böni et al., 2016b). The authors reported that when subjected 

to frequency sweeps hagfish slime was an uncommonly mushy and delicate elastic substance, 
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with a forcefully increasing G” at higher frequencies as a result of effects from inertia and a 

disappearing elastic modulus G’ at ≥ frequencies of 3 rad/s (Böni et al., 2016b). 

However, the moduli of the complex formed from slime and soy protein isolate (SPI) were 

nearly independent of frequency sweep and about three dimensions higher than that of hagfish 

slime (Böni et al., 2017; Böni et al., 2018). The authors also reported lower strain values for 

amplitude tests for hagfish slime and the complex formed from slime and SPI (Böni et al., 2016b). 

The authors observed a low G’ and high G” in hagfish slime but observed both low G’ and G” in 

the complex formed from slime and SPI which is evident in soft glassy materials (Böni et al., 

2016b). Hence the authors stated that the microstructure of the complex formed from slime and 

SPI was modified as a result of the gel-like nature of hagfish slime (Böni et al., 2016b). In the same 

vein, Felix et al. (2017) examined the viscoelasticity of emulsions derived from animal and 

vegetable oils emulsified with crayfish protein concentrate and xanthan gum stabilisers at pH 

range 3, 5 and, 8. The authors reported that fibers in Xanthan gum enhanced the viscoelasticity 

of the crayfish–XG stabilised emulsions key and resulted in the formation of a cohesive gel-like 

network (Felix et al., 2017). 

2.8 Flow behaviour of fluids 

Fluid materials can be grouped rheologically according to their flow behaviour. Fluids are ideal if 

the relationship between shear rate and shear stress is linear and the proportionality constant is 

referred to as viscosity. Viscosity is the resistance the fluid shows under shear. When a material 

is deformed continuously under shear stress it displays flow behaviour (Yang & Pan, 2017; Qian 

& Kawashima, 2018; Jia et al 2019). A flow curve characterises the flow behaviour for a material 

and is expressed by the relationship between stress and strain (Ducloué et al., 2017; Zheng, 

2019). Flow behaviour is categorised  as either Newtonian or non-Newtonian (Sharma et al., 

2016; Malkin & Isayev, 2017). Ideal fluids are referred to as Newtonian fluids because they obey 

Newton’s law. Examples are air, milk, water, oil, clarified juices, and juice serum. Newtonian fluids 

show a linear proportionality between the stress and strain rate with a viscosity which remains 

constant (Mohammadi et al., 2015). Conversely, because the structural arrangement of almost all 

fluid foods changes when subject to applied forces they do not obey Newton’s law they are 

referred to as non-Newtonian fluids (Figure 2.5). Non-Newtonian fluids show a non-linear 

proportionality between the stress and strain rate with varying viscosity. Non-Newtonian fluids 

show different flow behaviour and are categorised as time-independent, time-dependent, or 

viscoelastic (Kubo et al., 2019; Souza Mendes de & Thompson 2019). Four divergent behaviours 
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occur in time-independent non-Newtonian fluids they are: Bingham, dilatant, Herschel–Bulkley, 

and pseudoplastic (Kubo et al., 2019; Ionescu et al., 2020). 

Figure: 0.6 shows the schematic grouping of fluids based on their shear stress/shear rate 

relationship. The viscosity of non-Newtonian fluids is not a constant property in relation to the 

shear rate hence it is referred to as apparent viscosity. The apparent viscosity of a pseudoplastic 

fluid decreases as the shear rate is increased (Kubo et al., 2019; Ionescu et al., 2020). This occurs 

because the particles of the fluid align with the flow under shear examples are ketchup, 

mayonnaise, mustard, and fruit purees (Kubo et al., 2019; Ionescu et al., 2020). However, the 

apparent viscosity of dilatant fluids increases as the shear rate is increased. The apparent 

viscosity of a dilatant fluids increases because the suspended particles of the fluid collide under 

shear and increases its resistance to flow examples are crystallized honey, suspensions of sand 

in water and concentrated suspensions of starch in water (Kubo et al., 2019; Ionescu et al., 2020). 

 

 

Figure: 0.6: Schematic grouping of fluids based on their shear stress/shear rate relationship.  

Source: (Whaley et al., 2019) 

2.8.1 Steady flow characterisation of emulsions 

Steady flow curves are used to show the rheological behaviour of fluids and this information is 

very useful in various industrial applications (Vadodaria et al., 2018; Kubo et al., 2019). It is used 

to describe product flow behaviour and is applied to machinery design and the design of unit 

operations such as heat transfer processes, mixing, and fluid moving (Kubo et al., 2019). The 

properties of fluids under steady-shear over wide ranges of shear rates have been described using 

several flow models. Flow models are mathematical equations that describe rheological data, for 
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instance, shear rate versus shear stress diagrams can be used as appropriate and succinct 

methods of depicting data obtained from rheological measurements (Rao, 2014). Fundamental 

flow models describe the simple flow behaviour of fluids. They are well suited to studying materials 

over a small shear range or where only a simple relationship is required. 

In time-independent fluids the strain rate of the material at a specific point depends on the stress 

at the same point. When time-independent fluids are sheared they exhibit pseudoplastic or dilatant 

properties. Pseudoplastic fluids exhibit a shear-thinning flow behaviour i.e. an increase in shear 

rate results in decrease in viscosity (Anvari et al., 2016; Kelimu et al., 2017). Dilatant fluids exhibit 

a shear-thickening flow behaviour characterised by an increase in viscosity as the shear rate 

increases (Comtet et al., 2017; Gürgen, Kuşhan, & Li, 2017). Shear-thinning behaviour is common 

with ketchup, paints, slime, and syrups while shear-thickening flow behaviour is common with corn 

starch (Gürgen et al., 2017). The time-independent behaviour of food systems have been 

determined through rheological models such as Power Law, Hershel Bulkley, Casson, and 

Bingham plastic respectively. 

The Power law model or Ostwald de waele is expressed by Equation 2.4 and the 

Herschel−Buckley model which is used when yield stress is taken into consideration can be 

expressed by Equation 2.5; (Vadodaria et al., 2018; Kubo et al., 2019; Hentati et al., 2020). 

𝝉 =   Ƙʏ̇𝜼     Equation 0.4 

𝝉 = 𝝉 𝟎 + Ƙʏ̇𝜼    Equation 0.5 

 Where 𝜏 shear stress (Pa) is, 𝜏 0 is yield stress (Pa), ʏ̇ is shear rate (s-1), K is consistency 

coefficient (Pa sn) and η is flow behaviour index (where η = 1 represents Newtonian behaviour, η 

> 1 (shear-thickening) dilatant and η < 1 (Shear-thinning) pseudoplastic (Wang et al., 2016; 

Vadodaria et al., 2018; Kubo et al., 2019; Hentati et al., 2020).  

Also, other models like the Bingham and Casson, (Equations 2.6 and Equation 2.7), have used to 

characterise food-grade emulsions  (Vadodaria et al., 2018; Kubo et al., 2019; Hentati et al., 2020). 

𝝉 =  𝝉0 
𝐵  + ƞ𝐵 ʏ ̇      Equation 0.6 

𝝉0.5 = 𝝉(0
𝐶)0.5 + (ƞ𝐶)0.5 𝑌̇0.5     Equation 0.7 

Where 𝝉 is the shear stress, the 𝝉0 
𝐵  is the Bingham yield stress, the ʏ ̇ is the shear rate (s-1), ƞ𝐵 is 

the Bingham plastic viscosity (Pa.s), ƞ𝐶   is the Casson plastic viscosity (Pa.s),and  (𝝉0
𝐶)0.5 is 
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Casson yield and 𝑌̇0.5 is the Casson shear rate (Vadodaria et al., 2018; Kubo et al., 2019; Hentati 

et al., 2020). 

For time-dependent fluids, the time duration of shear and the applied shear amount are 

considered in expressing the relationship between apparent viscosity, and shear stress and the 

relationship is described by thixotropic and rheopectic behaviour (Kubo et al., 2019). When the 

effect of rheological parameters is examined with time duration of shear, relationships between 

structure and flow in food emulsions can be determined. Time-dependent rheological properties 

are related to changes in the internal structure and the equilibrium within the structure of a fluid 

as it is deformed when sheared and structure reorganization due to particle attractive forces. 

Thixotropic behaviour is observed when a fluids’ viscosity decreases with the time duration of 

shear (Mortazavi-Manesh & Shaw, 2014; Souza Mendes de & Thompson, 2019). Thixotropy 

relates to breakdown of structure when the particles of the fluid interacts under shear. Thixotropic 

behaviour has been observed in colloids, gels and yogurt (Capitani et al., 2015; Hahn et al., 2015). 

Rheopectic behaviour is observed when a fluids’ viscosity increases with the time duration of 

shear and this occurs when the internal structure reorganizes under shear stress (Souza Mendes 

de & Thompson, 2019; Tsugawa, et al.,, 2020). Rheopexy behaviour has been observed in non-

food products such as cement pastes and paints (Souza Mendes de & Thompson, 2019; 

Tsugawa, et al., 2020). 

In characterisng the time-dependent rheological behaviour of materials it is vital to note that the 

response could be reversible or irreversible (Mendes et al., 2015; Santos et al., 2016) The 

response is reversible if, the equilibrium viscosity of the time-dependent materials recovers after 

applied shear ceases and a relaxation time follows. It is however irreversible when the applied 

shear is above the yield stress and the material does not recover (Mendes et al., 2015; Santos et 

al., 2017). A reversible time-dependent response could be either thixotropic or anti-thixotropic. In 

thixotropic emulsions,  the viscosity decreases as the applied stress increases with time and the 

structure recovers when the applied stress ceases e.g. colloids (Mendes et al.,2015; Santos et 

al., 2017). Hence the emulsion is said to display Shear-thinning behaviour. It is vital to note that 

some emulsions do not fully recover after the stress is applied e.g. yogurt. In anti-thixotropic 

emulsions, however, viscosity increases continuously as the stress is applied and displays a 

shear-thickening behaviour (Mendes et al.,2015; Santos et al., 2017). Figure: 0.77 shows the 

different responses a material could exhibit when subjected to applied stress and the time duration 

of the shear. 
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Time-dependent rheological characteristics of semi-solid food materials have been 

described by researchers to describe food thixotropic quality (Augusto et al., 2012; Mendes et 

al.,2015; Santos et al., 2017). The common time-dependent models are expressed by the Figoni 

and Shoemaker (Equation 2.8), Hahn (Equation 2.9), and Weltman (Equation 2.10) models 

respectively. 

 

Figure: 0.7: Material responses to time-dependent applied stress. 

Source: (Paraskevopoulou et al., 2017). 

 

 𝝉 = 𝝉 e + (𝝉𝒎𝒂𝒙 − 𝝉 e )𝒆𝒙𝒑(−𝒌𝒕)    Equation 0.8 

Where 𝜏𝑚𝑎𝑥 represents the initial shear stress, 𝜏 e  the equilibrium shear stress, 𝜏 is the shear 

stress (Pa), 𝑡 the time of shearing (s), and 𝑘 the kinetic constant (Basu and Shivhare, 2013). 

𝑳𝒐𝒈(𝝉 −  𝝉 e ) = 𝜬 − 𝜶𝒕     Equation 0.9 

Where 𝜏e indicates the equilibrium shear stress, P the initial shear stress (Pa), t the time of 

shearing (s), and ∝ the sample’s structural breakdown (s-1) (Basu and Shivhare, 2013, Singla et 

al., 2013) 

𝝉 = 𝑨 − 𝑩 𝒊𝒏𝒕      Equation 0.10 

Where 𝜏 is the shear stress (Pa), t the time of shearing (s), A the initial stress (Pa), and B the time 

coefficient (Basu and Shivhare, 2013). 
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The influence of temperature on the rheological behaviour of food emulsions is important as food 

emulsions are exposed to diverse temperatures in the course of processing, storage, and 

consumption. Several authors have investigated the influence of temperature on the parameters 

of rheological models in food emulsions using the Arrhenius model expressed as Equation 2.11 

(Gonçalves et al., 2017; Junqueira et al., 2019; Kubo et al., 2019) 

η = 𝑨𝒐 𝐞𝐱𝐩(
𝑬𝒂)

𝑹𝒙𝑻
     Equation 0-11 

Where η is the is the viscosity (Pa s), A0 is a constant, Ea is the activation energy (J mol¹־(, R is 

the gas constant (J mol K¹־(, and T is the temperature in K (Gonçalves et al., 2017; Junqueira et 

al., 2019; Kubo et al., 2019). 

2.9 Viscoelastic Properties 

Literature supports the claim that when fluids undergo applied stress they show both fluid-like 

(viscous) and solid-like (elastic) behaviour (Peters, Majumdar, & Jaeger, 2016; Majumdar et al., 

2017). Hence, food emulsions exhibit viscoelastic properties and behave either as fluids or semi-

solids (Patil & Gogate, 2018). Fluids that exhibit viscoelastic properties include lubricants, hagfish 

slime, tomato, and whipped cream (Junqueira et al., 2019; Kubo et al., 2019). Authors have 

investigated the stability of foods through viscoelastic properties and associated these rheological 

parameters with the structural changes that occur during processing. The fluid-like parameter is 

the loss modulus denoted by G’’ while the solid-like parameter is the storage modulus denoted 

by G’. The storage modulus is the amount of the stored energy within the fluid while the loss 

modulus which is the energy within the fluid that is released in the form of when a stress is applied 

(Amirdivani & Baba, 2013). Another parameter the yield stress gives information about structure 

breakdown and is the least stress that would enable the fluid to start flowing (Augusto et al., 2012). 

The viscoelastic properties of food emulsions have been investigated using dynamic oscillatory 

tests or creep and recovery tests. (Rao, 2014; Kubo et al., 2019). The dynamic oscillatory tests 

involve applying sinusoidal shear stress with a determined amplitude within the linear behaviour 

and determining the resulting stress response over time (Kubo et al., 2019). The three rheological 

parameters involved in dynamic oscillatory tests are shear stress (σ), strain (γ), and oscillatory 

frequency (ω), and the test involves measuring one of the parameters by keeping one constant 

and varying the other (Kubo et al., 2019). Most tests involve, applying an oscillatory force to the 

fluid and measuring the strain as a response. Figure: 0. shows responses that could occur for 

purely viscous materials, viscoelastic, or purely viscous material dependent on the phase 



42 
 

difference. The deformation of purely elastic materials is in phase with the stress purely elastic, 

I.e. δ =0° and the deformation is directly proportional to the applied stress (Kubo et al., 2019). The 

stress response in viscoelastic materials has a phase angle δ <0° >90° while that of purely viscous 

material is 90° (Kubo et al., 2019). Oscillatory tests that can be used in assessing the 

viscoelasticity of a material are the amplitude, frequency, temperature, and time sweep tests. 

Several authors have used creep-compliance tests to investigate the viscoelastic properties of 

food (Lorenzo et al., 2018; Kubo et al., 2019). The test involves the application of a rapid stress  

 

Figure: 0.8: Stress-strain response in a purely elastic, viscoelastic, or purely viscous material 

dependent on the phase difference  

Source: (Kubo et al., 2019). 

(σ) to a material, keeping the stress constant for a period of time, and measuring the changes in 

strain change (γ). The stress is then released, and the recovery behaviour is observed. Figure: 0. 

shows a pictorial outline of a creep and recovery process for a viscoelastic material. In creep and 
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recovery tests, a graph of compliance the inverse of the modulus of elasticity is plotted against 

time.to outline the viscoelastic properties. 

2.9.1 Dynamic (oscillatory) characterisation of emulsions 

Several authors have used oscillatory/ dynamic rheology to characterise the structure and texture 

of materials such as colloids, emulsions, gels or glass (Dickinson, 2012; Faber, Van Breemen, & 

Mckinley, 2017; Lorenzo et al., 2018). Oscillatory investigations involve subjecting the emulsion 

to oscillation stress-strain of varying frequency (Lorenzo et al., 2018; Zhu et al., 2019). 

 

Figure: 0.9: Representation of a creep and recovery process for a viscoelastic material 

Source: (Kubo et al., 2019) 

Each investigation determines the amplitude and loss shift (δ) of the strain relative to the stress to 

evaluate shear modulus (G) that has both an elastic (G’) and viscous (G’) component. The ratio 

of the Storage modulus (G′) to the loss modulus G″ is evaluated as the loss angle (δ) which 

influences the structure and texture of emulsions (Zhu et al., 2019; Chen et al., 2020). Authors 

have established the importance of the linear viscoelastic region (LVR), which signifies strain 

domain in which emulsion basic structure is maintained when a stress is applied (Niu et al., 2016; 

Felix et al., 2017). Hence larger LVR implies that the emulsion is highly stable (Chen et al., 2019; 

Javidi et al., 2019). Javidi et al. (2019) indicated that the LVR is the phase at which the rate of 
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structural breakdown and reorganization are balanced. Several authors have established that the 

rheological parameters G′ and G″ influence emulsion stability. Niu et al. (2016) studied the 

viscoelastic behaviour of oil-in-water emulsions emulsified with gum Arabic (GA) and ovalbumin 

(OVA) at different proportions and pH range 3.8 - 7. These authors established that the emulsions 

investigated had a weak gel-like structural network with G′ > G″ at frequency range 0.01 to 10 Hz 

with a 0.5% strain in the LVR (Niu et al., 2016). The authors also noted that G’ increased gradually 

as the dynamic frequency increased in the LVR which implied that interface that contributed to 

higher G’ relaxed with time (Niu et al., 2016). Felix et al. (2017) examined the viscoelasticity of 

emulsions derived from animal and vegetable oils emulsified with crayfish protein concentrate and 

xanthan gum stabilisers at pH range 3, 5, and, 8. The authors established that the fabricated 

emulsions had strong gel-like properties with G′ > G″ at frequency range 0.01 to 20 Hz at a 

constant strain amplitude of 0.01 and 0.30% within the linear viscoelastic region at low pH of 3 

(Felix et al., 2017);. However, an increase in pH led to progressive weak gel-like properties. The 

authors noted that the emulsion structural network was reinforced at low pH consequent upon 

electrostatic interactions between crayfish protein and oil in water emulsion interface (Felix et al., 

2017). 

The viscoelastic properties of materials have been done using oscillatory tests such as amplitude, 

frequency, temperature, and time sweep tests (Figure 2.4). The amplitude sweep is used in 

establishing the limit of the viscoelastic region (LVR) and is the point where the storage modulus 

starts becoming non-linear (Safaei & Castorena, 2017) The amplitude sweep test is also used to 

establish the flow point (Notani et al., 2019). Amplitude sweeps are performed at constant 

frequency but at various strains to establish the flow point and the LVR but low frequencies of 

about 1 HZ are usually used (Anvari & Joyner, 2017; Mendoza et al., 2018). Oscillatory shear 

tests have however been performed at large and small shear amplitudes (Melito, Daubert, & 

Foegeding, 2012). Small amplitude oscillatory shear tests that apply small strains/stress do not 

disrupt the materials’ structure hence it is used designate the LVR (Lorenzo et al., 2018). 

However, large shear amplitude tests are used to establish elastic and viscous behaviour in 

complex fluids and also characterize the texture and sensory properties of food (Faber et al., 

2017). Figure: 0.8 is a schematic representation of a sweep test with increasing strain at a fixed 

frequency. The strain point chosen in the linear region is normally used to conduct the frequency 

sweep (Lorenzo et al., 2018; Irani et al., 2019). Authors have used a frequency range of 0.01 to 

100 rad/s to determine the viscoelastic properties of food emulsions (Silva et al., 2017; Chen et 

al., 2019). The structural network of dispersed and entangled polymers of hydrocolloids can be 
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shown through oscillatory viscoelastic frequency sweeps (Mahmood et al., 2017; Pérez-Orozco, 

Sánchez-Herrera, & Ortiz-Basurto, 2019; Velásquez-Cock et al., 2019). Therefore, a hydrocolloid 

can be classified based on its viscosity and elasticity data under frequency sweeps into: 

1. Entangled networks which have solid-like structures at higher frequencies indicated by G’ 

and G’’ crossing at the middle of the frequency range (Wang et al., 2018). 

2. Dilute polymer solutions where both G’ and G’’ are frequency-dependent with the G’ 

smaller than the G’’ over the entire frequency range (Mahmood et al., 2017). 

 

 

Figure: 0.80: Schematic representation of a sweep test with increasing strain at a fixed frequency. 

Source: (Safaei and Castorena, 2017). 

 

3. Weak gels where both moduli moderately depends on frequency and G’ is slightly greater 

than G’’ ( Mahmood et al., 2017; Hess et al., 2020). The tan 𝛿 of a weak gel is higher than 

the tan 𝛿 of a strong gel (Rafe and Razavi, 2017). 

4. Strong gels where both moduli are independent of frequency and G’ is far greater than G’’ 

( Mahmood et al., 2017; Douglas, 2018). Strong gels are defined by 𝐺 ′′/𝐺′ (𝑤) ≤ 0.1 (Patel 

et al., 2015). 

High-frequency sweep tests mimic short-term storage stability while low-frequency sweep tests 

mimic long-term storage stability (Nasr & Pakshir, 2019). Authors have used time sweep tests to 
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determine G’ and G’’ as a function of time at a constant frequency and temperature (Torres, 

Chenlo, & Moreira, 2018). It has also being used to determine the gelling time of the material (Rafe 

& Razavi, 2013; Kazazi et al., 2017; Torres et al., 2018). Authors have also used a temperature 

sweep test to describe the effect that temperature on G’ and G’’ at a constant frequency 

(Hesarinejad et al., 2014; Sherahi et al., 2018). It has also being used to characterize gel formation 

in materials containing protein (Saini, Sharma, & Sharma, 2018). Literature supports the claim that 

food and hydrocolloids should be stored at different temperatures in order to maintain its quality 

and authors have proposed guidelines for food storage (Hygreeva & Pandey, 2016; Sohail et al., 

2018; Tsang et al., 2018). In this work, temperature sweeps were performed to determine the 

effect of temperature (5 to 50°C) on the viscoelastic properties of African catfish mucilage (ACM), 

ACM stabilised O/W-type nanoemulsion ACM stabilised O/W-type nanoemulsion enriched with 

soya milk fiber The purpose of increasing the temperature up to 50°C was to determine the 

rheological characteristics of ACM and its stabilised O/W-type nanoemulsion at temperatures 

above room. 

2.9.2 Constant stress (creep) characterisation of emulsions 

When constant stress is applied to materials such as colloids, emulsions, gels or glass a slow 

deformation occurs which can be reversed if the stress does not get to the critical fracture point 

(Lidon, Villa, & Manneville, 2017; Malkin & Isayev, 2017; Bonn et al., 2017; Minami, Suzuki, & 

Urayama, 2019). Hence the material is referred to as plastic in nature. However, when constant 

stress is applied to materials such as metals, ceramics, or minerals they permanently deform even 

when the constant stress applied does not get to the fracture point (Lidon et al., 2017). This 

phenomenon which occurs because the material is deformed as a result of the application of 

constant stress is called creep (Lidon et al., 2017; Malkin & Isayev, 2017). Therefore depending 

on the morphology, these materials can exhibit slow deformation if the constant stress does not 

rise above the critical fracture point (Lidon et al., 2017; Malkin & Isayev, 2017). This ability allows 

colloids, emulsions, gels or glass to behave as both elastic and viscous materials simultaneously 

and is referred to as viscoelastic materials (Lidon et al., 2017; Minami et al., 2019). 

Literature has shown that a creep test involves applying constant stress to materials and 

evaluating the strain with respect to time (Kim & Mason, 2017; Lidon et al., 2017; Lorenzo, 

Zaritzky, & Califano, 2018). Therefore, colloid, emulsions, and gels exhibit viscoelasticity and the 

strain behaviour for these materials are non-linear when constant stress applied (Joshi & 

Petekidis, 2018; Felix et al., 2019). Several authors have evaluated creep compliance as the ease 
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of deformity of material and it has been evaluated as the ratio of strain to stress with respect to 

time (Joshi & Petekidis, 2018; Lorenzo et al., 2018; Minami et al., 2019). 

2.10 Mixture design methodology 

Mixture design methodology is a regression-based analysis that fits mathematical models, such 

as linear, square or quadratic polynomial functions, to obtain experimental data observed in the 

experiment by applying multivariate statistical analysis methods (Myers et al., 2016; Yolmeh & 

Jafari, 2017; Selamat et al., 2018). The development of complicated formulations gernerally 

requires time and the use of enormous resources when it is approached traditionaly (Myers et al., 

2016; Yolmeh & Jafari, 2017). Thus, applying designing and modeling experiments has been 

used to develop of complicated multi-variable formulations (Myers et al., 2016; Montgomeryi, 

2017). Box-Behnken designs, central composite designs factorial designs, and D-optical mixture 

design are available and used by many scientists for multi-variable formulation. The components 

of the mixture (factors) affect other components of the mixture to produce an experimental 

response depending on the physicochemical property studies. Mixture designs are a type of 

statistical design that involve mixture components where, acceptable component values is 

constrained. 

The mixture experimental design, all data analysis, desirability optimisation ability and all 

graphical plots was done using the Design-Expert statistical software. In Scheffe polynomial 

mixture models it is suggested that mixture design surfaces are used to interpret the effects of 

mixture constituents rather than being interpreted with quadratic coefficients which depends on 

the difference between the coefficients rather than their absolute magnitude (Baugreet et al., 

2017; Konar et al., 2019). Two plots, the Trace (Piepel), and three dimensional surface plots were 

therefore used to interpret the effects of the mixture components on the measured responses. 

The trace plot was compared with the component effects on the design space, while the 3D plot 

desribes the mixture design surface. 

2.11 Fish skin mucus 

Wastes such as fish skin mucus (FSM) have generated much attention lately due to its function 

and immunological constituents and have been applied in medicine, cosmetics, and cell cultures 

(Elavarasi et al., 2013; Guardiola et al., 2017). Authors have reported that fishes exhibit a high 

diversity and represent about half of the vertebrates living today (Tyor, & Kumari, 2016). Global 

estimates in fisheries production were about 171 million tonnes in 2016 out of which about 20 
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million tonnes of fisheries by-products end up as wastes which humans discard (Tyor, & Kumari, 

2016). However, authors have reported that discarded by-products from fish are vast stores of 

valuable in enzymes, flavors, long-chain key polyunsaturated fatty acids, micronutrients, minerals, 

pigments and proteins (Béné et al., 2016; Tyor, & Kumari, 2016; Chen et al., 2019).  

The mucus obtained as a by-product of fish when it is stressed is a natural protective barrier for 

the skin against microbial attack and it also serves the dual purpose of immunization for the fish. 

(Tyor, & Kumari, 2016; Guardiola et al., 2017; Bansil & Turner, 2018). Several authors have 

reported that mucus on fish skin has lubricating properties as they act as a barrier between the 

inner and outer skin surfaces (Tyor, & Kumari, 2016; Guardiola et al., 2017; Bansil & Turner, 

2018). Authors have noted that fish epithelial surfaces are enveloped by an intricate adhesive 

discharge known as mucus which is a colloidal adhesive gel that adherently covers the fishes’ 

entire body (Tyor, & Kumari, 2016; Guardiola et al., 2017; Bansil & Turner, 2018). Thus mucus 

which occurs in the alimentary tract, gills, and the epithelium is secreted from the mucosa-

associated lymphoid tissue of fish (Salinas, 2015; Guardiola et al., 2017; Jiang et al., 2018; Wang 

et al., 2019). Mucus from teleost fish is predominantly made up of water and mucins and is much 

like mucus from mammals (Guardiola et al., 2017; Salinas & Magadán, 2017; Reverter et al., 

2018). Mucus protects the fish by incapacitating the binding of pathogens, and also acts as carriers 

of mucins and humoral immune factors. The humoral immune factors are antimicrobial peptides, 

cytokines, immune-globulins, and lectins while mucins are glycoproteins joined to considerable 

amounts of high molecular weight sugars that play a vital role in fish defense (Guardiola et al., 

2017; Salinas & Magadán, 2017; Reverter et al., 2018). Mucus has been defined as an adhesive 

gel that contains antibacterial enzymes, proteins, and water that serves as a vital role in natural 

defense (Dash et al., 2018). Mucosal composition, consistency, and how often the mucus is 

secreted depend on the fish species and stress conditions in the environment, microbes present, 

and pH of the medium. (Tyor, & Kumari, 2016; Guardiola et al., 2017; Bansil & Turner, 2018). 

Authors have reported that mucus obtained from fish shields it from neural pain, heals wounds, 

has bactericidal, anti-inflammation, and anti-fungal properties and also helps to aggregate 

platelets (Tyor, & Kumari, 2016; Guardiola et al., 2017; Rahman et al., 2018). Furthermore, the 

secreted mucus plays the role of lubricant that has mechanical protective properties by serving as 

a barrier between the interior and exterior environment of the fish (Gobinath & Ravichandran 2011; 

Böni et al., 2016a; Böni et al., 2016b). Hence authors have investigated the bacteriocidal affinity, 

biochemical, biological, defensive and ecological characteristics of the mucus of fish and its 

metabolites (Tyor, & Kumari, 2016; Guardiola et al., 2017; Reverter et al., 2018). Literature has 

shown that the external epithelium of fish namely the alimentary tract, gills, and the skin secretes 
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mucus which is the first line of defense against microbial attack (Reverter et al., 2018). 

Furthermore, Gobinath & Ravichandran (2011), Elavarasi, et al. (2013), and Shabir et al. (2018) 

reported that the fish skin mucus (FSM) of freshwater fishes such as African and South Australian 

catfish, and tilapia have bactericidal properties due to the presence of anti-microbial peptides 

(AMP) which impart them with immunological properties. The authors further stated that the fish 

skin mucus (FSM) of African and South Australian catfish are bio-active, therapeutic, exhibits a 

broad spectrum activity on pathogens and are prospective sources of designing novel drugs 

against bacterial ailments. The literature has shown that the FSM acts as an exchange portal for 

the fish and its habitat, where it functions by chemically conveying messages for defense for the 

fish and protection from other species in its habitat (Reverter et al., 2018; Legrand et al., 2020). 

Several authors studied the FSM of marine and freshwater fishes and observed that FSM 

stimulated immune activity and could be used to boost human immunity (Su, 2011; Tsutsui et al., 

2011; Tyor & Kumari, 2016). Su (2011) observed that the isolated AMP, pelteobagrin was an 

intrinsic part of the defensive mechanism of yellow catfish. Similarly, Tsutsui et al. (2011) identified 

lectins in the mucus of catfish which serve as an immunity booster by binding to saccharides on 

the surface of pathogenic microbes. 

The elements of the FSM include; carbohydrates, enzymes, lipids, metabolites, proteins, and 

water (Dash et al., 2018; Reverter et al., 2018). Several authors have established that vital 

enzymes and proteins have been identified in FSM which is responsible for its natural defense 

(Guardiola et al., 2017; Dash et al., 2018; Reverter et al., 2018). These include antimicrobial 

peptides (AMP), glycoproteins, immunoglobulin, lectins, lysozyme, mucins, complement proteins, 

proteases, transferrins, and various other antibacterial proteins and peptides. (Guardiola et al., 

2017; Dash et al., 2018; Reverter et al., 2018). Glycoproteins that exist in FSM exist either as 

carboxylated monosaccharides or sulfated monosaccharides (Dash et al., 2018; Reverter et al., 

2018). The carbohydrate portion of FSM is involved in protective roles but occurs in the form of 

glycoconjugates and is different from other types of mucus by its ability to bind with lectins 

(Guardiola et al., 2017; Dash et al., 2018). Mucus from finfish and mammals mainly contains 

mucins (Guardiola et al., 2017; Salinas & Magadán, 2017; Reverter et al., 2018). Carbohydrate 

sequences called mucins which exist as thread-like objects with high molecular mass form the 

bulk of the FSM and is about 50% of FSM dry matter; (Guardiola et al., 2017; Dash et al., 2018). 

Mucins adhere forcefully to any material, play a key function in the defense mechanism of the 

FSM, and are the structural backbone of bacteriocidal molecules (Guardiola et al., 2017; Dash et 

al., 2018; Reverter et al., 2018). Mucins described as vastly glycosylated glycoproteins with a high 

molecular weight that confer rheological and viscoelastic properties on the mucus. (Bansil & 
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Turner, 2018; Dash et al., 2018). Mucins commonly contain side by side recurrent units abundant 

in proline serine and threonine amino acids which are protein functional sites that form hydrogen 

bonds with polar substrates (Guardiola et al., 2017; Dash et al., 2018; Svensson et al., 2018). The 

fatty acids in FSM are a vital part of the defensive action of mucus on pathogenic attacks while 

the metabolites in FSM such as azelaic acid, N-acetylneuraminic acid, and N-acetylglucosamine, 

have been reported to hinder bacteria (Ekman et al., 2015; Guardiola et al., 2017; Dash et al., 

2018). The other constituents of mucus include anti-microbial peptides (AMPs), immunoglobulins, 

lectins, lysozymes., toxins, mycosporine-like amino acid, and unidentified semiochemicals 

(Salinas, 2015; Guardiola et al., 2017; Salinas & Magadán, 2017; Reverter et al., 2018). 

Consequently, FSM protection to the fish in its aquatic habitat, lubrication, and a first-line of 

defense harmful microbes via AMPs, lectins, lysozyme, complement proteins, and proteases. 

2.12 Antimicrobial peptides 

Antibacterial polypeptides (AMPs) are a class of short polypeptides that have amphipathic-helical 

configurations and occur naturally (Dash et al., 2018; Ongey et al., 2018; Chrom et al., 2019). 

They are found in animals and plants where they fulfill the purpose of defense and are essential 

parts of immune systems  (Shabir et al., 2018; Chrom et al., 2019). AMPs are categorised  by, its 

biological functions and sources, bio-genesis mechanism, covalent boding type, type of surface 

targeted, structure peptides, and secondary structure (Gonzalez Moreno, Lombardi, & Di Luca, 

2017; Ongey et al., 2018; Shabir et al., 2018). The secondary structures exist as alpha-helical, 

beta-sheet, alpha-beta and non-alpha-beta peptide conformations (Gonzalez Moreno et al., 2017; 

Ongey et al., 2018; The alpha-helical (cecropins, dermaseptin) and beta-sheet (defensins, 

protegrin) peptide secondary structures are both common in nature (Gonzalez Moreno et al., 2017; 

Ongey et al., 2018; Shabir et al., 2018). 

Researchers have reported that AMPs have broad-spectrum bactericidal activity, function as 

immunity agents and signaling molecules hence many studies have been carried out on its biology 

and structure to ascertain why it resists disease (Bansil & Turner, 2018; Dash et al., 2018; Jiang 

et al., 2018; Shabir et al., 2018). Although AMPs are found in other organisms such as animals, 

microbes, and plant it plays a more vital role in fish as the fish depends on AMPs as a form of 

defense in its aquatic habitat. An abundance of AMPs occurs in fish and major categories of 

peptides which include cathelicidins, defensins, hepcidins, histone-derived peptides, and piscidins 

specifically occur in fish species (Valero et al., 2013; Dash et al., 2018). Fish AMPs perform more 

vital roles than AMPs of other organisms because they can act in diverse ways depending on the 

stress condition. Table 0.1 shows the bioactivity and homology of some vital antimicrobial peptides 
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present in fish skin mucmucilage as adapted from Dash et al. (2018). Apart from the benefits of 

broad-spectrum activity of AMPs on microbes researchers have focused on detecting and 

extracting AMPs because they have been used in treating tumors and wounds and are produced 

with minimal energy (Su, 2011; Elavarasi et al., 2013; Zhu et al., 2015; Dash et al., 2018; Reverter 

et al., 2018; Shabir et al., 2018). 

2.12.1 Lectins 

Lectins belong to a class of glycoproteins that act against infections by initiating an immunity 

barrier while eliminating pathogens (Dash et al., 2018).These innate glycoproteins possess 

several domains  that agglutinate cells or precipitate glycoconjugates (Dash et al., 2018; Reverter 

et al., 2018). Lectins are also glycoproteins that contain sites that accept electrons and binds to 

carbohydrates that are not catalytic in targeted microbes’ or viruses and this is used to destroy 

matching and phagocytic cells. Lectins have also been shown to identify links associated with 

glycosides, sugar, and polysaccharides associated with bacteria. Authors have reported the 

bacteriocidal action of lectins that bind with fructose, galactose, and mannose in catfish, and 

Atlantic salmon (Tsutsui, et al., 2011; Valdenegro-Vega et al., 2014; Stowell, Ju, Cummings, 2015; 

Cordero et al., 2016; Dash et al., 2018). Authors have suggested that lectins are abundant in the 

FSM of many fish species because hemagglutination a major characteristic of lectins occurs in 

many species (Dash et al., 2018). Several authors have researched on fish mucus to report on 

the bioactivity of anti-body lectins of fisheries resources and have categorised  lectins into four 

major categories (Ogawa et al., 2011; Coelho et al., 2017; Dash et al., 2018; Palanisamy et al., 

2018). Lectins are categorised  on the basis of; basic framework, the cation required and fold 

formations (Anju et al., 2013). They include C-type lectins which bind with lactose; galectins which 

bind with galactose; the fucolectins (F-type lectins) which bind with fucose and rhamnose binding 

lectin (RBL). C-type lectins attach to sugars when calcium ions are present to adhere, transport 

materials into a cell, and neutralize pathogens (Ogawa et al., 2011; Allam & Espinosa, 2015)). 

Authors have reportedly identified C-type lectins in freshwater eels (Tsutsui et al., 2015), Japanese 

yellowtail, (Nakamoto et al., 2017); and pearl spot (Rubeena et al., 2019). Table 0.2 shows some 

lectins in FSM based on lectin type and sugar bioactivity as adapted from Ogawa et al. (2011).
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Table 0.1: Bioactivity and homology of some vital antimicrobial peptides in fish mucilage 

Peptide 
 

Species Homology Bioactivity References 

Cathelicidins  Atlantic salmon (Salmo 

salar) 

Cationic, amphipathic, α-helix  Bacteria Scocchi et al. (2016) 

Dash et al. (2018) 

Epinecidins    Orange-spotted grouper 

(Epinephelus coioides) 

Cationic, amphipathic, α-helix  Bacteria, virus Dash et al. (2018)  

Sathyamoorthi et al. (2019) 

Gaduscidins   Atlantic cod (Gadus 

morhua) 

Cationic, amphipathic, á-helix  Bacteria, virus Browne et al. (2011);  

Valero et al, (2013);  

Dash et al.,(2018)  

Grammistins  Goldenstriped   soapfish 

(Grammistes 

sexllineatus) 

Cationic, amphipathic, á-helix  Bacteria Valero et al. (2013); 

Dash et al. (2018);  

Cipolari et al. (2020) 

Hipposin  Atlantic halibut 

(Hippoglossus 

hippoglossus) 

Histone H2A N-terminal fragment Gram-positive and 

Gram-negative bacteria 

Bustillo et al. (2014);  

Dash et al. (2018) 

Moronecidins  Hybrid striped bass 

(Morone saxatilis) 

Cationic, amphipathic, á-helix Gram-positive and 

Gram-negative bacteria, 

fungi, yeast 

Shin et al. (2017); 

Dash et al. (2018)  

Mohammadi et al. 2018) 

Oncorhyncin 

III R 

 Rainbow trout 

(Oncorhynchus mykiss) 

A cleavage product of the non-

histone chromosomal protein H6 

Gram-positive and 

Gram-negative bacteria 

Rajanbabu & Chen (2011);  

Dash et al. (2018) 

Adapted from Dash et al.,(2018).  
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Peptide Species Homology Bioactivity   References  

Pardaxin  Moses sole 

(Pardachirus 

marmoratus) 

Cationic, amphipathic, á-helix Gram-positive and Gram-

negative bacteria 

Scocchi et al. (2016);  

Dash et al. (2018) 

Parasin I  Amur catfish 

(Parasilurus asotus) 

Histone H2A N-terminal 

fragment 

Gram-positive and Gram-

negative bacteria, fungi 

Falanga et al. (2016);  

Dash et al. (2018) 

Pelteobag

rin 

 Yellow catfish 

(Pelteobagrus 

fulvidraco) 

Unclear homology with any 

known bioactive peptides. 

Gram-positive and Gram-

negative bacteria, fungi, 

Su (2011);  

Dash et al. (2018) 

Reverter et al. (2018) 

Pluerocidi

n 

 Winter flounder 

(Pseudopleuronectes 

americanus) 

Cationic, amphipathic, á-helix  Gram-positive and Gram-

negative bacteria 

Falanga et al. (2016);  

Dash et al. (2018) 

Piscidins  Atlantic cod (Gadus 

morhua)  

Cationic, amphipathic, á-helix  Bacteria Ruangsri et al. (2012);  

Dash et al. (2018) 

Salmon 

antimicro

bial 

peptide 

(SAMP 1) 

 Atlantic salmon (Salmo 

salar) 

Proline-rich histone H1 

Nterminal peptide fragment 

Gram-positive and Gram-

negative bacteria 

Rajanbabu & Chen 

(2011);  

Dash et al.,(2018);  

Wu et al. (2019) 

Adapted from Dash et al. (2018). 
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Table 0.2: Type and sugar bioactivity of some lectins isolated from fish skin mucus 

Species Lectins Sugar bioactivity Lectin type References 

Catfish (Silurus asotus) saIntL d-Mannose intelectin Tsutsui et al. (2011); 

Watanabe et al. (2013) 

Ogawa et al. (2014); 

 

1. Catfish (Arius thalassinus)                        

2. Catfish (Silurus asotus) 

 

1. OLL                                           

2. SAL 

 

1. l-Rhamnose              

2. l-Rhamnose 

 

1. RBL                                                

2. RBL 

 

1. Ogawa et al. (2014)                 

2. Hosono et al. (2013) 

3. Carp (Cyprinus carpio) 3. CarpFEL 3. GlcNAc 3. 6x β-

propeller 

/Tectonin 

3. Watanabe et al. (2013); Capaldi et al. 

(2015)  

Chum salmon (Oncorhynchus 

keta) 

CSL-1–3 l-Rhamnose RBL Watanabe et al. (2013); 

Ogawa et al. (2014) 

Conger eel (Conger myriaster) 1.  Congerin I                   

 

2.  Congerin II                   

 

3.  Congerin P                   

4. conCL-s 

1. Lactose                                              

 

2. Lactose                         

 

3.  Lactose /mannose           

4. Mannose 

1. Galectin                                    

 

2. Galectin                                          

 

3. Galectin                                     

4. C-type   

1. Ogawa et al. (2014); Tsutsui et al. 

(2019). 

2. Ogawa et al. (2014); Tsutsui et al. 

(2019). 

3. Ogawa et al. (2014); Tsutsui et al. 

(2016); Brinchmann et al. (2018); 

Tsutsui et al. (2019).                                                          

4. Ogawa et al. (2014); Tsutsui et al. 

(2015). 

Electric eel (Electrophorus 

electricus) 

Electrolectin Lactose  Galectin Ballarin et al. (2013); Zhou et al. (2016). 

European eel  (Anguilla anguilla) AAA Fucose F-type  Brinchmann et al. (2018) 
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Species Lectins           

 

Sugar 

bioactivity 

Lectin type 

 

References 

Far-East dace (Tribolodon brandti) TBL-1–3 l-Rhamnose TBL Ogawa et al. (2011); Watanabe et al. (2013) 

Japanese eel (Anguilla japonica) AJL-1; AJL-

2; eCL-

1/eCL-2 

β-Galactoside,                                                             

Lactose 

Galectin C-type 

(,3) 

Ogawa et al. (2011); Tsutsui et al. (2016); 

Brinchmann et al. (2018). 

Japanese sea perch (Lateolabrax 

japonicus) 

JspFL Fucose F-type Ogawa et al. (2011);                                          

Watanabe et al. (2013); Vasta et al., (2017)  

Ponyfish (Leiognathus nuchalis) PFL-1,2 l-Rhamnose RBL Ogawa et al. (2011);Watanabe et al. (2013) 

Pufferfish (Fugu rubripes) Pufflectin d-Mannose Lily-type Tasumi et al. (2016). 

Scorpionfish (Scorpaena plumieri) plumieribetin d-Mannose Lily-type Ogawa et al. (2011); Costa et al.,(2014) 

Sea bass (Dicentrarchus labrax) DlFBL Fucose F-type Ogawa et al. (2011); Parisi et al. (2015). 

Shishamo smelt (Osmerus 

lanceolatus) 

OLABL d-Galactose C-type Ogawa et al. (2011); Zhang et al. (2011 

Steelhead trout (Oncorhynchus 

mykiss) 

STL-1–3 l-Rhamnose RBL Ogawa et al. (2011);                        

Watanabe et al. (2013);                              

Motohashi et al. 2017) 

Spanish mackerel (Scomberomorus 

niphonius) 

SML l-Rhamnose RBL Ogawa et al. (2011); Hosono et al. (2013);                                       

Watanabe et al. (2013) 

Japanese sea perch  

Striped bass (Morone saxatilis) 

DlFBL Fucose F-type Ogawa et al. (2011);                                

Vasta et al. (2017).; Mahajan et al. (2017) 
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Species 
Lectins           

 

Sugar  
bioactivity 

Lectin type 

 

References 

White-spotted charr (Salvelinus 

leucomaenis) 

WCL-1, 3 l-Rhamnose RBL Ogawa et al. (2011); Watanabe et al. 

(2013) 

Windowpane flounder (Lophopsetta 

maculate) 

AJL-1 d-Galactose Galectin Ogawa et al. (2011); Dash et al.,(2018). 

Zebrafish (Danio rerio) Drgal1-L1–

L3 

LacNAc Galectin Ogawa et al. (2011);  

Brinchmann et al. (2018). 

    Adapted from Ogawa et al. (2011) 
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Galectins are lectins that attach to carbohydrates such as β-galactosides even when calcium ions 

are absent to aid in cell death and malignant cell inactivity, differentiation, growth, morphogenesis, 

and infection resistance of the fish. Galectins reported in the literature are Japanese eel (Tsutsui 

et al., 2016), electric eel ((Zhou et al., 2016), channel catfish (Brinchmann et al., 2018), 

windowpane flounder (Dash et al., 2018), zebrafish (Brinchmann et al., 2018), and conger eel 

(Tsutsui et al., 2019). F-type lectins (FTLs) are glycoproteins that serve as receptors based on 

patterns that they recognise (Anju et al., 2013; Dash et al., 2018). FTLs identify and attach to 

carbohydrate elements such as fucose which occur on surfaces of likely fish pathogens via 

carbohydrate recognition spheres (Anju et al., 2013; Bishnoi et al., 2015; Dash et al., 2018). 

Authors have categorised  FTLs as immunity recognition units in fishes such as gilthead bream 

(Cammarata et al., 2012), and Japanese eel (Vasta et al., 2017). 

2.12.2 Proteases 

Several authors have reported that fish skin is vital because the exudate from the skin the fish skin 

mucus (FSM) lubricates, protects and is the first line of defense from pathogenic attack (Elavarasi 

et al., 2013; Zhu et al., 2015; Dash et al., 2018; Reverter et al., 2018; Shabir et al., 2018; Tsutsui 

et al., 2019). Another natural immunity component of the FSM  is the protease an enzyme that 

efficiently degrades attacking pathogens by hydrolyzing peptide bonds in the proteins infectious 

microorganisms (Nigam et al., 2012; Esteban & Cerezuela, 2015; Dash et al., 2018). Fish 

proteases trigger and boost the generation of constituents such as antimicrobial peptides and 

immunoglobulin that supplement fish natural immunity (Nigam et al., 2012; Esteban & Cerezuela, 

2015; Dash et al., 2018). Proteases are categorised  into; aspartic, cysteine, serine, and 

metalloprotease on the basis of radicals that stimulate the natural immunity mechanism (Nigam et 

al., 2012; Dash et al., 2018). Authors have reported serine protease in over 25% of fishes they 

include; bagrid catfish (Nigam et al., 2012), Indian major carp (Srivastava et al., 2018), Rohu carp 

(Balasubramanian et al., 2012), South Asian carp (Dash et al., 2018) and spotted snakehead 

(Balasubramanian et al., 2012). Aspartic protease (cathepsin D), cysteine protease (cathepsin B 

and L), serine protease (trypsin) and metalloproteases have been characterized in fish mucus of 

Atlantic salmon, coho, Japanese eel, Indian major carp, and Rainbow trout (Nigam et al., 2012; 

Dash et al., 2018; Srivastava et al., 2018). Proteases characterized in the mucus of diverse fish 

have been classified based on function in Table 2. 3. 
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Table 2. 3: Classification of proteases characterised in fish skin mucus based on function 

Proteases  Species Function Reference 

Amino proteases Epidermal cell layer 

of Japanese 

eel/dorsal surface of 

European eel 

Bacteriolytic activity 

against the fish pathogen 

Dash et al. (2018) 

Amino-peptidase Epidermal cell layer 

of Japanese 

eel/dorsal surface of 

European eel 

Bacteriolytic activity 

against the fish pathogen 

Dash et al. (2018) 

Cathepsin B Epidermal cell layer 

of Japanese 

eel/dorsal surface of 

European eel 

Bacteriolytic activity 

against the fish pathogen 

Dash et al. (2018) 

Cathepsin D  Mucous surface of 

catfish 

Regulate production of 

parasin I 

Ren et al., (2015):                   

Dash et al. (2018) 

L-like proteases Epidermal cell layer 

of Japanese 

eel/dorsal surface of 

European eel 

Bacteriolytic activity 

against the fish pathogen 

Dash et al. (2018) 

Metalloproteases Epidermal cell layer 

of Japanese 

eel/dorsal surface of 

European eel 

Bacteriolytic activity 

against the fish pathogen 

Dash et al. (2018) 

Trypsin like proteases Rainbow 

trout/Atlantic salmon 

Bacteriolytic activity 

against the Gram-

negative fish pathogen/act 

against salmon louse 

Dash et al. (2018) 

Adapted from Dash et al.,(2018). 

2.12.3 Lysozyme 

Lysozyme is one of the class of non-specific antibody defense mechanisms in bony fishes which 

also function in roles in sustaining homeostasis (Firdaus-Nawi & Zamri-Saad, 2016; Kordon, Karsi, 

& Pinchuk, 2018). The non-specificity of lysozyme allows it to be multi-functional as it also 

mediates defense against pathogenic attack (Dash et al., 2018; Kordon, Karsi, & Pinchuk, 2018). 
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Lysozymes originate from the leucocyte and is a mucopeptide that has adhesive properties. They 

hydrolyze β-(1,4)-glycosidic bonds that alternate between N-acetylmuramic acid (NAM) and N-

acetyl glucosamine (Monaghan et al., 2018), residues of peptidoglycan of the bacterial cell wall 

and result in swift cell destruction in highly osmotic habitats. The non-specificity of lysozyme allows 

it to be multi-functional as it mediates defense against pathogenic attack and also hinders fungi, 

parasites, and viruses that do not have peptidoglycan units (Dash et al., 2018; Kordon et al., 2018). 

Lysozyme also directly activates polymorph nuclear leukocytes and macrophages or indirectly 

marks an antigen for immune responses to stimulate phagocytosis (Dash et al., 2018; Kordon et 

al., 2018), There are five broad categories of lysozymes namely bacterial lysozyme, chicken-type 

lysozyme (c-type), goose-type lysozyme (g-type), plant-type lysozyme, and T4 phage lysozyme 

known as the phage-type (Dash et al., 2018). Only the chicken-type and the goose-type lysozyme 

has been identified in FSM (Seppola et al., 2016; Dash et al. 2018; Zhang et al., 2018a). Authors 

have reported that the response of lysozymes depends on the fish species and the location of the 

tissue to support the theory that lysozymes are non-specific antibody defense (Falfushynska et 

al., 2015; Dash et al., 2018). For instance, Dash et al. (2018) investigated the skin structure and 

non-specific antibody defense properties in Atlantic and coho salmon, and rainbow trout FSM and 

plasma. The authors reported a rise in lysozyme activity of FSM in Atlantic salmon and Rainbow 

trout at the onset of sea lice and reduced lysozyme activity as infestation progressed (Dash et al., 

2018). In contrast, lysozyme activity of FSM was reduced at the onset of sea lice infestation in 

coho salmon but rose considerably as infestation progressed (Dash et al., 2018). Other authors 

have suggested lysozyme activity in fish is prompted very rapidly and is associated with the 

presence of bacteria and stress conditions that alarms the fish (Dash et al., 2018). Consequently, 

Dash et al. (2018) concluded that fish lysozymes acted as an acute-phase protein that was part 

of alarm responses in fishes. 

2.13 Rheological characteristics of fish skin mucus 

Authors have reported characteristics of fish skin mucus (FSM) that enables it to have lubricating 

properties (Böni et al., 2016a; Bansil & Turner, 2018). The FSM is a complex viscoelastic sticky 

exudate produced and secreted in the epithelia by unique goblet and mucous cells (Bansil & 

Turner, 2018; Rahman et al., 2018). Böcker et al. (2016), Böni et al. (2016a), and Böni et al. 

(2016b) described the FSM of hagfish as a soft gel with a complex moist network of elongated 

proteins strands and glycol-proteins of about 15 cm. However, in contrast to other hydrogels, the 

mucus of hagfish is highly diluted as it contains 99.996% water temporarily kept within the protein 

fibers (Böni et al., 2016a; Böni et al., 2016b; Bansil & Turner, 2018). The protein like fibers of 
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hagfish FSM consists of intermediate filaments (IFs) that have the same phylogeny as type II 

keratins (Böni et al., 2016a; Böni et al., 2016b). They occur as coiled protein coils and when 

exposed to deformation they experience α to β sheet transitions that significantly improves their 

mechanical characteristics (Böcker et al., 2016). Furthermore, the transition of hagfish FSM and 

deformations also imparts FSM of hagfish with better bio-physical features and handling 

potentials than spider silk (Böcker et al., 2016). Studies by Böcker et al. (2016) on hagfish FSM 

stated that when combined with biopolymers such as starch and κ‑Carrageenan the resultant 

emulsion had higher cohesiveness, stability, interaction, water retention, and visco-elasticity. 

These researchers concluded that hagfish FSM and biopolymers could be applied in food, 

cosmetics, and medicinal industries as novel fiber enforced gels (Böcker et al., 2016). 

The roles that mucus plays depends on the nature of FSM, its deformation, and flow 

characteristics (Guardiola et al., 2017; Bansil & Turner, 2018; Reverter et al., 2018).  Authors 

have established that mucus structure and exudate amount increases under pathogenic attack 

and this enables defensive action by the fish (Guardiola et al., 2017; Bansil & Turner, 2018; 

Reverter et al., 2018). Authors have defined mucus as a viscoelastic adhesive exudate made by 

special goblet and mucous cell in the epithelium that covers glands and organs which are 

vulnerable to external habitats (Corfield, 2018; Bansil & Turner, 2018).  

2.14 Application of fish skin mucus in emulsions 

Formally, researchers had focused on describing the biology and anti-microbial properties of fish 

skin mucus (FSM) generated from marine and freshwater fishes and stated that it could be used 

to boost human immunity (Su, 2011; Tsutsui et al., 2011; Tyor & Kumari, 2016; Guardiola et al., 

2017). However, research into ways of adding value to natural foods has targeted fish and fishery 

products for food security globally. Consequently, efforts in preventing wastage have led to studies 

on the rheology of FSM due to its antimicrobial and lubricating properties (Elavarasi et al., 2013; 

Conceição et al., 2016). Studies by Böni et al. (2016a) showed that the FSM obtained from hagfish 

are used as food in Japan and Korea as it compares very well to cooked “tofu”. The authors further 

stated that FSM generated from hagfish could be exploited in food-grade applications (Böni et al., 

2016a). Several authors also established that the FSM of fish is used to defend them from 

predators and boost immunity (Su, 2011; Tsutsui et al., 2011; Böni et al., 2016a; Tyor & Kumari, 

2016;  Reverter et al., 2018). Consequently, the suggestion by some authors that FSM of estuarine 

and African catfish could be used as potential sources of effective replacements for antibiotics 

could pave the way for novel natural antibiotics (Su, 2011; Tsutsui et al., 2011; Tyor & Kumari, 

2016). Hence, a knowledge of the rheological behaviour of emulsions stabilised with FSM could 
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innovate the use of catfish skin mucus as natural emulsion stabilisers in cosmetics and 

pharmaceutical industries (Gobinath & Ravichandran 2011; Elavarasi et al., 2013; Su, 2011; Tyor 

& Kumari, 2016). 

2.15 Role of emulsifiers in Oil in water emulsions 

Oil-in-water (O/W) emulsions are basic constituents of many products in industries such as 

beverages, cosmetics, drug delivery, foods, nutraceuticals, and personal care products (Bai et 

al., 2017; McClements & Jafari, 2018; Mikulcová et al., 2017; Azmi et al., 2019). They can be 

classified as flavor emulsions which exist as colloids that are kinetically unstable and contain 

small oil globules dispersed within an aqueous phase (McClements, 2015; Bai et al., 2017; 

Maphosa et al., 2017). Kinetic instability of O/W emulsions can be ascribed to the presence of 

positive free energy made available when dispersions are formed that allows colloids to separate 

through creaming, coalescence, flocculation, and sedimentation (Maphosa et al., 2017; 

McClements & Jafari, 2018; Bai et al., 2019). Emulsifiers are materials that kinetically stabilise 

emulsions by coating the oil globules and generate repulsive forces that hinder oil globules 

aggregation (Ozturk & McClements, 2016; McClements $ Jafari, 2018; Xu et al., 2019). The food 

industry has legally approved the use of several food-grade emulsifiers, however, costs, ease of 

use, and functionality make it difficult for food scientists to select the most proper emulsifier for an 

application (Bai et al., 2017; McClements & Jafari, 2018; Ferreira and Nunes, 2019). Kinetic 

stability of O/W emulsion has been increased by adding emulsifiers, stabilisers, and biopolymers 

(Maphosa et al., 2017; McClements & Jafari, 2018; Drapala et al., 2018; Focsan, Polyakov, & 

Kispert, 2019). Literature supports the efficacy of emulsifiers such as biopolymers, hydrocolloids, 

and polysaccharides in stabilising O/W emulsions (Dickinson, 2017; Felix et al., 2017; Maphosa 

et al., 2017; Maravić et al., 2019). Emulsifiers made from natural biopolymers are available, 

biocompatible, cost-effective, non-toxic, therapeutic, and can be sourced sustainably than 

synthetic ones (McClements & Gumus, 2016; Koller, 2018). Authors have reported that FSM 

protects the fish by incapacitating the binding of pathogens, and also acts as carriers of mucins 

and humoral immune factors (Peatman et al., 2015; Borges et al., 2018; Brinchmann et al., 2018). 

The humoral immune factors are antimicrobial peptides, cytokines, immune-globulins, and lectins 

while mucins are glycoproteins joined to considerable amounts of high molecular weight sugars 

that play a vital role in fish defense  (Guardiola et al., 2017; Reverter et al., 2018). The use of fish 

skin mucus (FSM), as an efficient natural emulsifier, has been reported in the literature Böni et al. 

(2016a) and Böni et al. (2016b); African catfish mucilage (ACM) is a waste product formed when 

fish undergoes stress (Cabillon & Lazado, 2019). Authors have reported that the mucus from fish 
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has antimicrobial and lubricating properties; and contains proteins, sugars, and nucleic acid 

(Böcker et al., 2016; Böni et al., 2016a; Reverter et al., 2018). 

Mixture design methodology is a multivariate statistical method that has been commonly 

used to optimize food processing techniques (Yeom et al., 2015; Derrien et al., 2017; Yolmeh and 

Jafari, 2017). RSM is a regression-based analysis that fits mathematical models, such as linear, 

square or quadratic polynomial functions, and other models, to the experimental response 

observed in the experiment by applying multivariate statistical analysis methods (Myers et al., 

2016; Yolmeh and Jafari, 2017; Selamat et al., 2018). The RSM strategy establishes relationships 

between input factors and responses with the aid of a mathematical model, deals with hindrances 

of optimizing with sole parameters, and provides an efficacious way to develop formulate 

emulsions (Montgomery, 2017; Trujillo-Cayado et al., 2019). 

Various techniques have been used to investigate the physicochemical properties of O/W 

emulsions stabilised with bio-emulsifiers in other to explain how the bio-emulsifier influences the 

stability of the O/W emulsion (Maphosa et al., 2017; Shao et al., 2017; Gharibzahedi et al., 2019). 

Researchers have proposed other explanations that could better address O/W emulsion stability. 

For instance, it has been established that an emulsion could become kinetically unstable because 

its particle size increases with time (McClements & Gumus, 2016; Kale & Deore, 2017). However, 

an emulsifier reduces the repelling force between two liquids and diminishes the attractive forces 

between the molecules of the same liquid within an emulsion (McClements & Gumus, 2016; Kale 

& Deore, 2017). Hence an emulsifier lowers the interfacial tension between two immiscible liquids 

and stabilises an emulsion by the surface-tension theory (McClements & Gumus, 2016; Kale & 

Deore, 2017). Similarly, the interfacial-film theory states that the emulsifier forms a thin film on 

the oil globules by adsorbing onto the surface of the internal phase droplets and prevents contact 

or coalescence with the dispersed phase (Rajak et al., 2016; Kale & Deore, 2017; Zhang et al., 

2018b; Saani, Abdolalizadeh, & Heris, 2019). Increased concentration or larger molecular weight 

of the emulsifier results in a more stable emulsion because a more resilient film has been formed 

on the internal phase of the oil globules (Rajak et al., 2016; Kale & Deore, 2017; Saani et al., 

2019). Similarly, authors have reported that the amphiphilic polymers in bio-emulsifiers influence 

stability of O/W emulsions by forming nanoemulsions through a thermodynamic process when 

the concentration of polymeric micelles (PMs) of the bio-emulsifiers is much lower than the 

concentration called critical micellar concentration (Cagel et al., 2017; McClements et al., 2017; 

Reneeta et al., 2018; McClements & Jafari, 2018; Liang et al., 2018; Bergenståhl & Spicer, 2019; 

Langevin, 2019). PMs are beneficial because their interior core contains a hydrophobic portion 

(b) 
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that can entrap materials that have a low affinity for water and an outer hydrophilic wall that 

encapsulates materials that have a high affinity for water (Cagel et al., 2017; Hussein & Youssry, 

2018; Wang et al., 2019). In recent times, this benefit of PMs has been exploited in beverages, 

cosmetics, drug delivery, foods, nutraceuticals, and personal care products because they provide 

improved solubility and stability for the incorporation of hydrophobic materials in O/W emulsions 

(Cagel et al., 2017; Hussein & Youssry, 2018; Wang et al., 2019). Furthermore, the literature 

supports the claim that the water solubility of an emulsifier is a rough estimate of hydrophilic-

lipophilic balance (HLB) of an emulsifier and emulsifiers with HLB values between 8 and 15 are 

used to stabilise O/W emulsions (Burgos - Díaz et al., 2016; Nejadmansouri et al., 2016; Kale & 

Deore, 2017). The combination of data obtained from physicochemical properties such as particle 

size, backscattering flux %, and functional groups of bio-emulsifiers in conjunction with CMC and 

HLB correlations have been used by researchers to explain how bio-emulsifiers stabilise O/W 

emulsions (Burgos - Díaz et al., 2016; Nejadmansouri et al., 2016; Kale & Deore, 2017, Hussein 

& Youssry, 2018). Literature supports the micelle theory which proposes that bio-emulsifiers 

stabilised O/W emulsions is achieved through a hydrophobic portion that can entrap materials 

and simultaneously encapsulates materials that have a high affinity for water through its outer 

hydrophilic wall (Cagel et al., 2017; Hussein & Youssry, 2018; Laredj-Bourezg et al., 2017, López‑

Martínez & Rocha‑Uribe, 2018; Wang et al., 2019). 

2.16 Recent applications of Affrican catfish mucus 

The skin of fish contains goblet and peneth cells which play a focal role in defending the fish by 

producing humoral immune factors and mucins (Guardiola et al., 2017; Salinas & Magadán, 2017; 

Reverter et al., 2018). The humoral immune factors include antimicrobial peptides, cytokines, 

immune-globulins, and lectins (Guardiola et al., 2017; Reverter et al., 2018).. Mucins on the other 

hand are glycoproteins joined to considerable amounts of high molecular weight sugars that play 

a vital role in fish defense (Guardiola et al., 2017; Salinas & Magadán, 2017; Reverter et al., 

2018). Glucoproteins are structurally intricate chemical compounds that comprise of proteins and 

carbohydrates (Bansil & Turner, 2018; Tang et al., 2019). Aurthors have reported that 

oligosaccharide chains of glycoproteins are covalently attached to the polypeptide side-chains 

and proteins secretd from fish are glycosylated (Bieczynski et al., 2017; Bansil & Turner, 2018; 

Tang et al., 2019). 

Studies on plant mucilage abound in literature, for instance the physicochemical properties of 

thale cress, cochineal cactus and coastal mallow has been documented in literature (McGee et 
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al., 2019; Zhou et al., 2018). Mucillage is secreted from various parts of the plant such as the 

leafy parts, seeds, stem and root wnd this mucilage have adhesive, defensive, nutritive, protective 

purposes (Galloway et al., 2020). The constituents in mucilage plant cell walls are normally 

include cellulose, hemicellulose,proteins, and pectin (Galloway et al., 2020). Authors have 

reported that stabilized oil in water emuslsions have been formulated with amphiphilic emulsifiers 

such as hagfish or saliva mucins which have the potentials to form crosslinked stable structures 

(Edwards et al., 2020). These emulsions were also shown to adhere to pig mucus in the buccal 

cavity, which confirms that amphiphilic emulsifiers can be used to formulate mucoadhesive oil-in-

water (O/W) emulsions (Edwards et al., 2020). In the past, hagfish mucilage have been used as 

emulsifiers because of its mucoadhesive properties the authors concluded that hagfish mucilage 

could emulsify soy milk emulsions (Böni et al., 2016b). The literature claims that the catfish 

mucilage contains about 2.3 % ash, 1 0 % fat 2 0 % fibre, 7.4 % protein, 10.9 % moisture 76.3% 

carbohydrates (Akune et al., 2016) .The mucin extract from fish has been reported to have 

exceptional antimicrobial, lubricating and wound healing properties (Akune et al 2016; Böni et al., 

2016b). Hence authors have proposed that it can be used to formulate nutritious neutraceutical, 

ccosmetic and drug-delivery systems.for animals and humans (Kouhi, Prabhakaran, & 

Ramakrishna, 2020). 

2.17 Summary  

African catfish mucilage (ACM) a waste product sustainably sourced from fish production has 

potential as a natural emulsifier that could be applied as feedstock in food emulsion formulations, 

in the cosmetic, and pharmaceutical industries. This chapter introduced the thesis and reviewed 

the literature on fish skin mucus, emulsions, ultrasonication, mixture design methodology, 

rheology of emulsions, characteristics of mucus and application of fish skin mucus in emulsions. 

The objective of the review was to discuss how emulsions can become kinetically unstable, the 

role of emulsifiers in emulsion formation, techniques used to investigate emulsion stability, 

emulsion rheology, and flow and viscoelastic properties of emulsions, The chapter provides an in-

depth review of the literature on the issues that currently affect application of emulsion technology 

to foods, cosmetics, and medicine. It highlights the novel techniques that researchers are focusing 

on to improve the stability and rheological properties of dispersions and emulsions. This chapter 

reviews the literature on emulsions, formulations of emulsions, the use of ultrasonication in 

formulating biologically nutritious semi-solid foods either as colloids, emulsions, gels or simple 

solutions, emulsion stability and mechanisms of emulsion breakdown during storage and 

techniques used to investigate emulsion stability. Furthermore, the chapter reviews the literature 
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on rheology, flow, and viscoelastic behaviour of emulsions. Also the chapter reviews the literature 

on biology, characteristics, antimicrobial function and immunological components of fish skin 

mucus (FSM), its rheological characteristics, and application of fish skin mucus as bioemulsifiers. 
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Chapter 3  

METHODOLOGY 

3.1 Source of materials, equipment and chemicals 

Cold pressed sunflower oil was purchased from Puris Natural Aroma Chemicals, South Africa.  

Clover brands of soy milk was procured from a Pick ’n’ Pay hypermarket in Cape Town, 

Western Cape, South Africa.The equipment used were a fish stimulation gadget (HPG1, 

Velleman Instruments, (18 V, 80 Hz), Perkin Elmer universal total reflectance-Fourier Transform 

Infra-Red spectrum II spectrometer (UATR-FTIR, Llantrisant, Wales, UK), shear rheometer 

(Physica MCR502), Anton Paar, Austria), FEI/Tecnai T20 transmission electron microscope 

(TEM) and FEI/Tecnai F20 Cryo-TEM with a high-resolution camera and electron energy loss 

spectroscopy system, a Turbiscan Lab Expert (MA 2000), and a particle electrophoresis Nano 

series ZS instrument (Zetasizer Nano-ZS, Malvern Instruments, Worcestershire, UK). The 

chemicals used in this work were laboratory grade ammonium chloride, MCT oil (medium 

chain triglycerides), methanesulfonate, PIPES buffer [piperazine-N,N′-bis(ethanesulfonic 

acid)], protease inhibitor cocktail (broad range of amino acids such as alanine, aspartic, 

cysteine & serine etc). Sodium bicarbonate, and sodium citrate purchased at Sigma Aldrich. 

3.2 Methods 

The methods used in this work have been sectioned based on the research objectives. Section 

3.3 details methods used in determining research objectives 1, 2, and 3, section 3.4 details 

with the methods used to determine research objective 4 while, section 3.5 details with the 

methods used in determining research objective 5. 

3.3 African catfish mucilage extraction, characterisation, and role in stabilising 

soy milk emulsions. 

This section deals with the methods used in achieving the collection and preservation of 

African catfish mucilage (ACM) and its characterisation. It also details the methods used to 

investigate the role of ACM in stabilising soy milk emulsions. The African catfish mucilage 

(ACM) was collected and preserved from a fish farm after obtaining ethical clearance Faculty 

of Engineering. The ACM was collected based on South African Bureau of Standards 

approved procedures, the Guidelines for Ethical conduct in the care and use of nonhuman 

animals in research and Ethical considerations for field research on fishes (SABS, 2008; 

Dunbar et al., 2012; Bennett et al., 2016). 
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3.3.1 Collection and preservation of African catfish mucilage 

The African catfish mucilage (ACM) was collected based on South African Bureau of Standards 

approved procedures, the Guidelines for Ethical conduct in the care and use of nonhuman 

animals in research and Ethical considerations for field research on fishes (SABS, 2008; 

Dunbar et al., 2012; Bennett et al., 2016). Before acquiring ACM, the African catfish was put 

under anesthesia using 100 mg per liter methanesulfonate (Guardiola et al., 2017). Figure: 0.1 

shows the fish stimulation gadget being used in collecting ACM. The anesthesised African 

catfish were blotted dry on a dissection tray, then placed in a bowl and a fish stimulation gadget 

(HPG1, Velleman Instruments, 18 V, 80 Hz) was used to enhance mucus discharge aseptically 

from mucus glands by placing the gadget on the ventral lateral section of the catfish (Gobinath 

& Ravichandran, 2011; Böni et al., 2016a). ACM secreted was collected from anaesthetised 

African catfish as described by Herr et al. (2010). The secreted ACM collected was stabilised 

in MCT oil or in a high osmolarity citrate/PIPES  bufer (0.9M sodium citrate and 0.1M PIPES 

at pH 6.7, 0.02% sodium azide and protease inhibitor, using the method modified by Böni et 

al. (2018) and instantly stored at 4 °C for measurements that involved ACM mucins (Herr et 

al., 2014; Böni et al., 2018). Proteolysis was avoided by adding 1 mL of protease inhibitor 

cocktail to every 100 mL of citrate/PIPES buffer using the method modified by Böni, et al. 

(2018). The ACM stabilised  in MCT could be used throughout the day that it was collected, 

while ACM stabilised in high osmolarity citrate/PIPES bufer (HOC/PIPES) could only be used 

for measurements immediately, as skeins stopped untangling when exposed to (HOC/PIPES)  

for too long (Bernards et al., 2014). Part of the retained ACM was frozen in liquid nitrogen and 

freeze-dried for storage at −80°C. The anesthesised African catfish were conveyed to a 

recuperation bath after the ACM was collected. 

A portion of the freeze-dried ACM was dissolved in Milli Q Water and used for zeta 

potential, morphology, and stability tests while the freeze-dried ACM was used to acquire 

wavelength peaks. 

3.3.2 African catfish mucus stabilised soy milk emulsion formulation 

The hydrophobic dispersed state used was Clove brands of soy milk. ACM stabilised soy milk 

emulsion was formulated from a dispersed state comprised of soya milk and a continuous 

state comprising of freeze-dried ACM dispersion. Precise quantities of freeze-dried ACM [1, 3 

and 5 % (w/w)] was dissolved in Milli-Q water. Measured quantities of soya milk [10, 30, 50 

and 75 % (w/w)] were added into the ACM dispersions to attain different soya milk emulsion 

concentrations. The precise quantities of freeze-dried ACM in Milli-Q water and measured 

quantities of soya milk were homogenized with the aid of an Ultra Turrax T-25 homogenizer 
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(IKA, Germany) at 11000 rpm for 10 min (Adeyi, khu-Omoregbe, & Jideani et al., 2014). The 

temperature was controlled using a thermal ice jacket at 20 ± 1ºC. 

 

.  

Figure: 0.1: Use of the fish stimulation gadget in the collection of ACM 

3.3.3 Transmission Electron Microscopy and particle size analysis 

Transmission electron microscopy (TEM) was used to investigate the microstructure of African 

catfish mucus (ACM) and soya milk emulsions stabilised by ACM using modifications of a 

method described by Kasiri & Fathi (2018).and soya milk emulsions stabilised by ACM using 

modifications of a method described by Kasiri & Fathi (2018). Figure: 0.2 shows the picture of 

the FEI/Tecnai T20 Transmission electron microscope. The microstructure of ACM and soya 

milk emulsions stabilised by ACM was investigated using aFEI/Tecnai T20 Transmission 

electron microscope (TEM) with a high-resolution camera and electron energy loss 

spectroscopy (EELS) system using modifications of methods described by Park et al. (2015) 

and Kasiri & Fathi  (2018). An accelerating voltage of 200 kV was used in investigating the 

ACM dispersion and each emulsion sample. One droplet of ACM in MilliQ water was 

transferred over the surface of the carbon-coated copper grid, negatively spotted with a 2% 

(w/w) solution of uranyl acetate and then dried at room temperature as described by  Park et 

al. (2015) and Kasiri & Fathi (2018). Digital image analysis was used to determine the particle 

size. The TEM images were acquired using the FEI/Tecnai T20 TEM and a charge-coupled 

device (CCD) camera size of 2048 × 2048; [Gatan, USA] as described by Park et al. (2015) 

and Kasiri & Fathi (2018). The images at 50 and 100 nm were taken to quantify the particle 

size of each soya milk globule and its distribution in each emulsion sample using the method 

adapted by  Dokić, et al. (2012). 
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Figure: 0.2: FEI/Tecnai T20 Transmission electron microscope 

The particle size distribution of ACM stabilised emulsions was elucidated by calculating Sauter 

mean diameter (D₍₃‚₂₎) using Equation 3.1 while the standard deviation i.e. value of the width 

of the milk goblets distribution in the ACM stabilised emulsion was calculated using . The 

average droplet size is given by Equation 3.3 where ni is the number of goblets in each size 

class, di is the particle diameter, ∑ni is the total number of droplets, and dn is average droplet 

size (Dokić et al., 2012). 
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Source: (Dokić et al., 2012). 

3.3.4 Absorption bands analysis 

Infrared spectra of ACM were gathered with a Perkin Elmer universal total reflectance Fourier 

Transform Infra-Red spectrum II spectrometer (UATR-FTIR, Llantrisant UK), run with 
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spectrum software as described by Zide et al. (2018). Figure: 0.3 shows the Perkin Elmer 

universal total reflectance Fourier Transform Infra-Red spectrum II spectrometer equipment. 

Wavelength bands were collected in the region of 4000 cm−1-400 c m−1 to categorize the 

functional groups in the ACM and ACM stabilised soy milk emulsion (Zide et al., 2018). 

 

Figure: 0.3: Perkin Elmer universal total reflectance Fourier Transform Infra-Red spectrum II 
spectrometer 

3.3.5 Zeta potential and particle size measurements 

The electrical charge was investigated with the aid of a particle electrophoresis Nano series 

ZS instrument (Zetasizer Nano-ZS, Malvern Instruments, Worcestershire, UK) by determining 

the electrophoretic mobility of the droplets using a capillary electrophoresis cell. The particle 

size was measured using the principle of direct light scattering with the aid of a particle 

electrophoresis Nano series (Zetasizer Nano-ZS, Malvern Instruments, Worcestershire, UK). 

The ACM dispersion electrical charge and ACM stabilised soy milk emulsion was analyzed in 

three replicates. 

3.3.6 Stability studies 

The Turbiscan MA 2000 (Formulaction, Toulouse, France) was used to evaluate the stability 

of the ACM stabilised soy milk emulsion as described by Adeyi et al. (2014). Figure: 0.4 shows 

the schematic representation of transmission and backscattering. African catfish mucilage 

stabilised soy milk emulsion of about 7 mL was measured into a Turbiscan tube (65 mm length) 

and measurements were taken. The measurement involved scanning each dispersion and 

emulsion along with its height for 3 h at 30 min intervals (Maphosa et al., 2017). The 

backscattering (BS) and transmission curve acquired provided the BS and transmission flux 
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percentage in relation to the instrument’s internal standard as a function of the height of the 

sample. To study the effect of ACM on the stability of ACM stabilised soy milk emulsion 

multiple scans was analyzed using the principle of Multiple Light Scattering in both 

Transmission (T) and Backscattering (BS) % flux mode. 

 

Figure: 0.4: Schematic representation of transmission and backscattering 

Source: (Qi et al 2017) 

3.3.7 Data and statistical analysis 

Data were expressed as mean, ± standard deviation, and as mean ± standard error for the 

backscattering flux percentage and particle size as a function of stability. GraphPad Prism 

version 5.00 for Windows, GraphPad Software, La Jolla, CA, USA, was used for data analysis 

of ACM stabilised soy milk emulsion. The results were subject to a two-way analysis of 

variance test.  

3.4 Investigation of the effect of African catfish mucilage on the stability of oil 

in water-type (O/W-type) nanoemulsions prepared by ultrasonication using 

D-Optimal mixture technique. 

This section details the methods used in investigating the effect of African catfish mucilage 

(ACM) on the stability of oil in water-type (O/W-type) nanoemulsions that were prepared by 

ultrasonication. D-optical mixture design methodology was used to study the influence of 

three-component mixture on the stability s a function of back scattering percentage flux and 

particle size. 
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3.4.1 Experimental Design 

The D-optical mixture design methodology was used to study the influence of the ACM, 

sunflower oil and MilliQ water concentrations on the stability. A D-optimal experimental mixture 

design design was used with the constraints African catfish mucus (A or ACM) + sunflower oil 

(B or Oil) + MilliQ water (C) = 100 %. The lower and high limits for ACM, oil and water were 

(1-to 5 %), (3-t0 10 %), and (85- to 96 %). The stability responses analysed using D-optical 

mixture design surface interface were backscattering flux percentage (BS % flux) and Sauter 

mean diameter (D₍₃‚₂₎) as a function of particle size (nm). Design Expert (version 10.0: Stat 

Ease, Inc. Minneapolis MN U.S.A) was used to generate the D-optimal mixture design 

experimental plan. The mixture studied was a three-component system: a mixture of ACM 

emulsifier (A), sunflower oil (B), and MilliQ water (C). The total sum of the mixture was 100 % 

(100 mL), The optimal combinations of ingredients proportions and levels of components for 

active oil water-type (O/W-type) nanoemulsions stabilised with free-dried ACM were 

determined by D-optimal mixture design using Design-Expert software (version 10, Stat-Ease, 

Inc.). The coded low and high for L_Pseudo Coding for ACM was (+0 ↔ 1 and +0.363636 ↔ 

5), that of oil was (+0 ↔ 3 and +0.636364) ↔ 10 while that of water was (+0 ↔ 85 and +1 ↔ 

96). 

The trace plot and the 3D plot were used to compare the component effects on the design 

space L-pseudo phase diagrams were constructed to predict and establish the regions where 

stable o/w-type nanoemulsions were formulated. D-optimal mixture design was set up to 

enable definition of quadratic model to quantify the effect of concentration of ACM emulsifier 

on emulsion stability properties (BS % flux and D₍₃‚₂₎). Model equations were calculated after 

converting the actual values of emulsifier concentration into l-pseudo levels. 

3.4.2 African catfish mucilage stabilised O/W-type nanoemulsion formulation 

The ACM stabilised O/W-type nanoemulsions were formulated using a modification of the 

premixing, sonication, and rest method developed by Lourdes de Pérez-González et al. 

(2020). Figure: 0.5 shows the ultrasonic processor used in the formation of nanoemulsions. It 

involved cavitating the oil flocs in the MilliQ water aqueous medium with the aid of an ultrasonic 

processor (Sonics & Materials, Inc. Newtown, CT, USA). Sunflower oil and MilliQ water were 

premixed for 5 min at a temperature set to 10 ± 2 °C. Then ACM was added to the sunflower 

and MilliQ water and the mixture was stirred with an acoustic amplitude (ζ) of 40 % for 2 min 

in periods of 0.5 min of stirring and 0.5 min of rest using a 20-kHz Vibracel processor, 750 W 

Sonics, a tip diameter of 13 mm, and a temperature set to 10 ± 2 °C (Lourdes de Pérez-

González et al., 2020). Oil-water mixtures containing 85-96 mL MilliQ water, and 3-10mL 
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sunflower oil were homogenized without ACM with the aid of an ultrasonic processor as control 

(Sonics & Materials, Inc. Newtown, CT, USA). 

 

 

Figure: 0.5: Ultrasonic processor used in the formulation of O/W-type nanoemulsions 

3.4.3 Cryo-Transmission Electron Microscopy and Particle Size Analysis 

Figure: 0.6 shows the picture of the FEI/Tecnai F20 Cryo-Transmission electron microscope. 

The structure of ACM stabilised sunflower O/W-type nanoemulsion was analyzed with the aid 

of an FEI/Tecnai F20 Cryo-TEM and a charged coupled device camera size 4096 X 4096 

Gatan UK Milton Park Innovation Centre Abingdon OX14 4RY United Kingdom Gatan, the 

USA (Tran et al., 2016, Acevedo-Estupiñan et al., 2019). The Sauter mean diameter (D(3,2)) 

was calculated from the particle size distribution using equations 1, 2, and 3 (captured in 

section 3.3.3 page 65) using methods developed by Dokić et al. (2012). 
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Figure: 0.6: FEI/Tecnai F20 Cryo-TEM microscope 

3.4.4 Stability studies 

The Turbiscan MA 2000 (Formulaction, Toulouse, France) was used to evaluate the stability 

of the ACM stabilised O/W-type nanoemulsion, as described by Adeyi et al. (2014). Figure 3.4 

shows the schematic representation of transmission and backscattering. African catfish mucus 

(ACM) dispersion of freeze-dried ACM in MiiliQ water, ACM stabilised O/W-type 

nanoemulsions, and ACM stabilised soy milk emulsion of about 7 mL separately, were 

measured into a Turbiscan tube (65 mm length) and measurements were taken. The 

measurement involved scanning each dispersion and emulsion along with its height for 3 h at 

30 min intervals (Maphosa et al., 2017). The backscattering (BS) and transmission curve 

acquired provided the BS and transmission flux percentage in relation to the instrument’s 

internal standard as a function of the height of the sample. To study the effect of ACM on the 

stability of both ACM stabilised emulsions multiple scans were analyzed using the principle of 

Multiple Light Scattering in both Transmission (T) and Backscattering (BS) mode. 

3.4.5 Optimisation and statistical analyses 

In determining the optimum ACM stabilised O/W-type nanoemulsion formulation, a D-optimal 

mixture design was chosen as the desirable design type based on the number and constraints 

of the selected mixture components. The 3 mixture constituents were: (A) ACM, (B) oil, and 

(C) water. Each constituent was constrained with lower and upper limits; the 3 components in 

real scale amounted to 100% (1 % to 5 % for ACM, 3 % to 10 % for oil, and 85 % to 96 % for 
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water) respectively. The design consisted of 16 formulations (Table 0.1) with which comprised 

11 different runs, and 5 runs had two replicates. The optimised formulation was used to 

determine experimental results of stability as a function of Backscattering (BS) flux % and 

Sauter mean diameter (D(3,2)). The research objective was to evaluate how the 

physicochemical properties of ACM affect its role as an emulsifier in sunflower O/W-type 

nanoemulsion using ultrasonication with a view to optimise the emulsion formation to provide 

the food, cosmetics, drug delivery, and personal care industry with a low cost, eco-friendly 

alternative emulsifier 

The optimisation was set to explain results on (a) maximising ACM concentration and 

minimising oil concentration and (b) maximising ACM concentration and maximising oil 

concentration. By applying the optimisation methods desired amounts of each variable for the 

final O/W-type nanoemulsions were obtained and choices could be made depending on 

purposes for either food, cosmetics, drug delivery, or personal care. A quadratic model was 

chosen for responses 𝑌 (BS flux % and D(3,2)) for the interpretation of results. The quadratic 

equation generated using statistical analysis of software, established the relationship between  

 

Table 0.1: Formulation sets as determined by the three-component D-optimal mixture 
design.a, b 

 Independent variable 

Formulation A: ACM (%) B: Oil (%) C: Water (%) 

1 1 9.6 89.4 

2 1 9.6 89.4 

3 1 3 96 

4 5 7.3 87.7 

5 1 5.7 93.3 

6 5 3 92 

7 5 3 92 

8 5 10 85 

9  2.3 10 87.7 

10 1 3 96 

11  2.9 3.1 93.9 

12  3.3 6.2 90.5 

13 5 10 85 

14 1 8.00 91.0 

15 5 4.6 90.4 

16  3.3 6.2 91.0 

aCorrespondent values indicated in actual scale. 
bAfrican catfish mucilage. 
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the formulation variables and responses. Each of the measured responses (dependent 

variables) was fitted to a quadratic model (Equation 3.4). 

𝑌 = 𝛽1𝑥1  + 𝛽2𝑥2 +  𝛽3𝑥3 +  𝛽4𝑥𝑖𝑥2 + 𝛽5𝑥1𝑥3 + 𝛽6𝑥2𝑥3.   Equation 3.4 

where 𝛽1–𝛽6 represent the regression coefficients. The values of these coefficients were 

calculated based on the synergy between the response and formulation variables. The 

terms 𝑥1, 𝑥2, and 𝑥3 represent the coded formulation variables, 𝑌 represents the measured 

response Analysis of variance (ANOVA) was used to assess both models' level of significance. 

P-value and Lack-of-fit of the selected models should be either significant (P < 0.05) or not 

significant (P > 0.05) respectively (Patel et al., 2015; Yeom et al., 2015). The model is 

adequate if it has a positive predicted R squared value and lack of fit value P - value of > 0.1 

(Yeom et al., 2015). The trace and contour plot were used to examine the role of mixture 

parameters ACM, oil and water on the studied stability properties (BS % flux and D(3,2)). The 

Piepel trace plot was used to assess the effect of changing each variable of the mixture on 

the studied responses, along an imaginary line from a reference blend to the vertex, while the 

proportion between the other components was kept constant (Yadav et al., 2017; Radfar et 

al., 2020). Trace plots ascertains the Independent variable that influence and have a dominant 

effect on the studied responses (Djuris et al., 2014; Radfar et al., 2020). The selected 

Independent variables from trace plots were used to construct the contour plots. The contour 

plot method provides a meaningful way to visualize the changes of a response that has various 

levels of constituents (Radfar et al., 2020). The D-optical mixture design surface in a contour 

plot connects all points that have the same responses within a two-dimensional plane 

(Nassar,Thom, & Parry, 2016; Radfar et al., 2020). 

3.4.6 Absorption bands analysis 

Infrared spectra of ACM stabilised O/W-type nanoemulsion was gathered with a Perkin Elmer 

universal total reflectance Fourier Transform Infra-Red spectrum II spectrometer (UATR-FTIR, 

Llantrisant UK), run with spectrum software as described by Zide et al. (2018). Figure: 0.3 

shows the Perkin Elmer universal total reflectance Fourier Transform Infra-Red spectrum II 

spectrometer equipment. Wavelength bands were collected in the region of 4000 cm−1-400 

cm−1 to categorize the functional groups in the ACM stabilised O/W-type nanoemulsion (Zide 

et al., 2018). 

3.4.7 Zeta potential and particle size measurements 

The electrical charge was investigated with the aid of a particle electrophoresis Nano series 

ZS instrument (Zetasizer Nano-ZS, Malvern Instruments, Worcestershire, UK) by determining 

the electrophoretic mobility of the droplets using a capillary electrophoresis cell. The particle 
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size was measured using the principle of direct light scattering with the aid of a particle 

electrophoresis Nano series (Zetasizer Nano-ZS, Malvern Instruments, Worcestershire, UK). 

The particle size of ACM stabilised O/W-type nanoemulsion was analyzed in three replicates. 

3.5 Flow and viscoelastic rheological behavior of African catfish mucilage 

(ACM) and ACM’’most stable emulsions 

This section details the methods used in investigating the flow and viscoelastic rheological 

behavior of African catfish mucilage (ACM), ACM stabilised soy milk emulsion, ACM 

stabilised O/W-type nanoemulsion and ACM stabilised O/W-type nanoemulsions enriched 

with soy milk fibre. The ACM stabilised O/W-type nanoemulsions enriched with soy milk fibre 

was formulated by using a modification of the premixing, sonication, and rest method 

developed by Lourdes de Pérez-González et al. (2020). It involved cavitating the oil flocs in 

the MilliQ water aqueous medium with the aid of an ultrasonic processor (Sonics & Materials, 

Inc. Newtown, CT, USA). Sunflower oil and MilliQ water were premixed for 5 min at a 

temperature set to 10 ± 2 °C. Then soymilk and ACM was added to the sunflower and MilliQ 

water and the mixture was stirred with an acoustic amplitude (ζ) of 40 % for 2 min in periods 

of 0.5 min of stirring and 0.5 min of rest using a 20-kHz Vibracel processor, 750 W Sonics, a 

tip diameter of 13 mm, and a temperature set to 10 ± 2 °C (Lourdes de Pérez-González et al., 

2020). Oil-water mixtures containing 85-96 mL MilliQ water, and 3-10mL sunflower oil were 

homogenized without ACM with the aid of an ultrasonic processor as control (Sonics & 

Materials, Inc. Newtown, CT, USA). 

3.5.1 Formation of mucilage 

The ACM stabilised in MCT and instantly stored at 4 °C was used to carry out rheological 

measurements that involved charcterising ACM In preparing ACMs most stable emulsions, 

MilliQ water was added to specific grams of freeze-dried ACM was placed in a glass flask with 

a plastic spatula based on the concentrations of each emulsion and nanoemulsion. The 

mixture was mixed by a gentle sloshing of heads for about eight times (Ewoldt, Winegard, & 

Fudge, 2011; Böni et al., 2016a; Böni et al., 2018). The resulting exudate concentration of the 

measurements was determined according to the assumption of Ewoldt et al, (2011) that the 

density of the exudate is close to 1 g/ml, as about 66% of the exudate mass is water. 

3.5.2 Flow and viscoelastic rheological tests 

The rheological tests were carried out using a controlled stress/strain rheometer (Physica 

MCR 502 rheometer, Anton Paar Com with sandblasted parrale plates geometry (and a gap 

size of 0.5 mm using a method developed by Böni et al. (2016a) with slight modifications 

(Figure: 0.7 and Figure: 0.8). Oscillatory and rotational tests were performed using the DIN EN 
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ISO 6721-10 and DIN 53019 standard to determine the flow and viscoelastic properties of 

ACM dispersion, soya milk, ACM stabilised O/W-type nanoemulsions, ACM stabilised soy milk 

emulsion, and African catfish mucus stabilised O/W-type nanoemulsion enriched with soya 

milk fiber respectively. ACM and its most stable emulsions were equilibrated for 10 minutes 

before conducting oscillatory tests as described by  Adeyi et al. (2014). 

 

Figure: 0.7: Anton Paar Stress/strain controlled rheometer Physica MCR 502 rheometer, 
with (a) 25 mm diameter stainless steel plates (b) geometry 

 

 

 

 

Figure: 0.8: Anton Paar Stress/strain controlled Physica assembled MCR 502 rheometer 
equipment 
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3.5.3 Flow and viscoelastic rheological test 

All samples were subjected to a constant shear rate of 100 s -1 for 10 minutes after which the 

shear rate was varied from 100-to 1000 s -1 at 25°C. The relationship between the shear stress 

versus shear rate was used to obtain the apparent viscosity. The data obtained from the 

rotational steady-state test was fitted to conventional time-independent models such as Power 

law, Bingham, Herschel-Bulkley and Casson using the Microsoft Excel solver function. The 

generalized reduced gradient (GRG2) nonlinear optimization code was used in optimizing the 

rheological flow data using a method described by Adeyi et al. (2014). The Analysis ToolPak 

regression tool under the Solver function in Microsoft Excel was used to calculate the R-

squared, adjusted R-squared, sum of square error (SSE) and root mean square error (RMSE). 

3.5.3.1 Oscillatory Amplitude Strain test 

The amplitude strain tests was performed within the strain range of 0.1 to 100% under a fixed 

frequency of 1 Hz. The plot obtained was used to determine the linear viscoelastic region 

(LVR) and the crossover point. Amplitude tests were limited to ACM dispersion, ACM 

stabilised O/W-type nanoemulsions, and ACM stabilised O/W-type nanoemulsion enriched 

with soya milk. 

3.5.3.2 Oscillatory frequency sweep test 

The frequency test was performed within the frequency range of 0.01 to 100 Rad/s at a fixed 

temperature 25°C and a constant strain of 0.1% obtained from the amplitude strain test. The 

G’ and G’’ were obtained at the various frequencies to show the effect of frequency on the 

rheological properties of ACM dispersion, soya milk, ACM stabilised O/W-type 

nanoemulsions, and ACM stabilised soy milk emulsion. Frequency sweep tests were limited 

to ACM dispersion, ACM stabilised O/W-type nanoemulsions, and ACM stabilised O/W-type 

nanoemulsion enriched with soya milk. 

3.5.3.3 Oscilatory temperature strain test 

The effect of storage temperature on the rheological properties of ACM dispersion, ACM 

stabilised O/W-type nanoemulsion, and ACM stabilised soy milk emulsion were investigated 

at a temperature of 0 to 50°C, at a constant strain of 0.1% and a constant frequency of 1 Hz. 

Temperature sweep tests were limited to ACM dispersion, ACM stabilised O/W-type 

nanoemulsions, and ACM stabilised O/W-type nanoemulsion enriched with soya 

3.5.3.4 Oscillatory time strain test 

The effect of time on the rheological properties of ACM dispersion, ACM stabilised O/W-type 

nanoemulsion, and ACM stabilised soy milk emulsion were investigated by subjecting these 

samples to a constant strain of 0.1% for 1 hour, at a frequency of 1 Hz and temperature of 
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25°C. Time sweep tests were limited to ACM dispersion, ACM stabilised O/W-type 

nanoemulsions, and African catfish mucus stabilised O/W-type nanoemulsion enriched with 

soya milk. 

3.5.3.5 Data and statistical analysis 

The rheological tests were conducted in three replicates and mean and standard deviation of 

the data were calculated with IBM SPSS version 21 software. Flow curve fitting was conducted 

using the Microsoft Excel solver function. The rheological parameters were determined by 

adopting the generalized reduced gradient (GRG2) nonlinear optimization code. The 

rheological parameters fitted for Power and Herschel-Buckley law were 𝜏 the shear stress, 

(Pa), 𝜏 0  the yield stress, (Pa),  K the consistency coefficient (Pa sn}, and η the flow behavior 

index (where η = 1 represents Newtonian behavior, η > 1 (shear-thickening) dilatant and η < 

1 (Shear-thinning) pseudoplastic Wang et al., 2016; Vadodaria et al., 2018; Kubo et al., 2019; 

Hentati et al., 2020). The rheological parameters fitted for Bingham and Casson laws were 𝝉 

the shear stress (Pa), 𝝉0 
𝐵  the Bingham yield stress (Pa), ʏ ̇ the shear rate (s-1), ƞ𝐵 the Bingham 

plastic viscosity (Pa.s), ƞ𝐶   the Casson plastic viscosity (Pa.s),and  (𝝉
0
𝐶)0.5 Casson yield, and 

𝑌̇0.5 the Casson shear rate (Vadodaria et al., 2018; Kubo et al., 2019)  The best fit line was 

defined by the minimum sum of square errors (SSE) and this was the only criterion  used 

during curve fitting. The goodness of fit, R2 was calculated as R2 = 1 - (SSE/SST), where SST 

is the total corrected sum of squares (Adeyi et al., 2014; Myers et al., 2016; Okuro et al., 2019). 

The best fit model was selected on the basis of coefficient of determination R2 and the root 

mean square error (RMSE) which was calculated using Equation 3.5 (Adeyi et al.., 2014; Dertli 

et al., 2016). 

𝐑𝐌𝐒𝐄 = [
∑ 𝐘𝐦−𝐘𝐩

𝐧
)

𝟏

𝟐    Equation 0.5 

Where 𝒀𝒎 is the measured shear stress data value (Pa), 𝑌𝑝 is the predicted shear stress data 

value (Pa) for each data point and 𝒏 is the number of observations made. 

The flow data for ACM, soy milk, ACM stabilised soya milk emulsion, ACM stabilised O/W-

type nanoemulsion, and ACM stabilised O/W-type nanoemulsion enriched with soy milk fiber 

were evaluated and fitted according to the rheological models of Power, Herschel-Buckley, 

Bingham and, Casson models (Equations 3.6, Equation 3.7, Equation 3.8, and Equation 3.9). 

𝝉 =   Ƙʏ̇𝜼
     Equation 0.6 

𝛕 = 𝛕 𝟎 + Ƙʏ̇𝛈
     Equation 0.7 
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 Where 𝜏 shear stress (Pa) is, 𝜏 0 is yield stress (Pa), ʏ̇ is shear rate (s-1), K is consistency 

coefficient (Pa sn) and η is flow behaviour index (where η = 1 represents Newtonian behaviour, 

η > 1 (shear-thickening) (shear-thickening) dilatant and η < 1 (Shear-thinning) pseudoplastic 

(Wang et al., 2016; Vadodaria et al., 2018; Kubo et al., 2019; Hentati et al., 2020).  

𝛕 =  𝛕𝟎 
𝐁  + ƞ𝐁 ʏ ̇    Equation 0.8 

𝛕𝟎.𝟓 = 𝛕(𝟎
𝐂)𝟎.𝟓 +  (ƞ𝐂)

𝟎.𝟓 
𝐘̇𝟎.𝟓

  Equation 0.9 

Where 𝝉 is the shear stress, the 𝝉0 
𝐵  is the Bingham yield stress, the ʏ ̇ is the shear rate (s-1), 

ƞ𝐵 is the Bingham plastic viscosity (Pa.s), ƞ𝐶   is the Casson plastic viscosity (Pa.s),and  (𝝉
0
𝐶)0.5 

is Casson yield and 𝑌̇0.5 is the Casson shear rate (Vadodaria et al., 2018; Kubo et al., 2019). 

The adequacy of the rheological models were checked based on the R2 and adjusted-R2. The 

quality of fit was evaluated by regression coefficient of determination along with an analysis of 

residuals (Ortiz-Viedma et al., 2018).  The fitting ability of the tested rheological models was 

also appraised by calculating the root mean squared error (RMSE) according to the literature 

(Rasouli-Pirouzian et al., 2017). 

  



82 
 

Chapter 4  

AFRICAN CATFISH MUCILAGE EXTRACTION, 

CHARACTERISATION, AND ROLE IN STABILISING SOY MILK 

EMULSIONS 

4.1 Extraction, characterisation, and role of ACM in stabilising soy milk 

emulsions 

This chapter details results and discussion on the results of the research objectives which 

involved: collecting and preserving African catfish mucilage (ACM) from the African catfish, 

characterising ACM by determining its physicochemical properties and investigating the effect 

of African catfish mucilage (ACM) on the stability of soya milk emulsions. My original 

contribution to knowledge from my research is that the results generated from the extraction 

of ACM could give the guidelines to enable the fish industry to collect and preserve ACM that 

could be used as an emulsifier in food-grade emulsions, cosmetic, and drug release products. 

Also, the results generated on the resuscitation and full recuperation of live fish could give the 

guidelines for the re-use of live African catfish for collection of ACM. Another original 

contribution to knowledge from my research is that the knowledge-base collected could result 

in the guidelines for the application of ACM in food-grade emulsions. 

The methodology for this research objective is described in Section 3.3 chapter three. 

The African catfish mucilage (ACM) was collected and preserved from a fish farm after 

obtaining ethical clearance Faculty of Engineering. The ACM was collected based on South 

African Bureau of Standards approved procedures, the Guidelines for Ethical conduct in the 

care and use of nonhuman animals in research and Ethical considerations for field research 

on fishes (SABS, 2008; Dunbar et al., 2012; Bennett et al., 2016). 

4.2 Results and discussion 

4.2.1 African catfish recuperation 

After the collection of ACM, the live African catfish were resuscitated and none of the live fish 

died. All the African catfish sampled fully recovered within three hours. The live fish were 

observed for five days and it was noted that the methanesulfonate used as anesthesia was 

excreted from the skin and the gills of the fish into the water. The water in the recuperation bath 

was changed every day and by day 4 there were no traces of the methanesulfonate in the water. 

It was vital to observe the fish sampled to ensure that the methanesulfonate was not present 

on the catfish skin or tissues as the catfish could be harvested and sold for consumption. The 

catfish sampled were not harvested until two weeks after methanesulfonate was excreted out 
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of the catfish system. In addition, the same fish samples could be used to further collect fresh 

ACM samples. 

4.3 Structural characteristics of African catfish mucilage 

Unmagnified freeze-dried African catfish mucilage (ACM) was found to be greyish-brown with 

a powdery appearance as shown in Error! Reference source not found.1 Freeze-dried 

frican catfish mucilage in MilliQ  

 

Figure 0.1: Structural characteristics of unmagnified ACM 

water formed a gel aggregate of fibrous material. Figure 4.1 shows the photographic image of 

the dispersion of freeze-dried ACM, and TEM images of ACM at 0.2 micrometre. Structure 

studies with the transmission electron microscope revealed that the ACM dispersion is 

spherical and forms aggregate networking into gel fibers (Figure 4.2). It was also observed 

that the ACM contained filamentous thread-like fibers. The particle size of ACM measured 

under TEM analysis and Zetasizer was 73-80 nm. The freeze-dried African catfish mucilage 

(Figure 0.2), was found to entrap the MilliQ water and formed a dilute hydrogel that was 

adhesive (Böni et al., 2016a; Böni et al., 2016b). The TEM image of African catfish mucilage 

in MilliQ water (Figure 0.2), show intermediate filaments which entrap MilliQ water. The 

formation of intermediate filaments and elastic gel-like stable structure (Figure 4.2), agrees 

with results obtained in TEM investigations of Atlantic and Pacific hagfish mucus as reported 

by other authors (Fudge & Schorno, 2016; Böni et al., 2017). 

4.3.1 Structural characteristics of ACM stabilised soy-milk emulsion 

Transmission electron microscopy (TEM) imaging of soy milk emulsion stabilised with ACM 
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Figure 0.2: Structural characteristics of ACM at 0.2 micrometer 

was investigated with concentrations of 30% and 50% (w/v) soy-milk to 3% and 5% 

concentrations of ACM (Figure 0.3). Figure 0.3a and Figure 0.3b depict the TEM Images of 

ACM stabilised soy-milk emulsion with ACM-emulsifier soy milk ratio (ESMR) of 3:30, and 5:30 

% at 50 nm. The images show the encapsulation of the soy-milk emulsion by the ACM to form 

a cohesive aggregate structure. Encapsulation was achieved when the emulsions were 

formulated through high shear homogenization. Furthermore, the images show that 

aggregates of thread-like filamentous fibers of ACM encapsulate the soy milk emulsion leading 

to the bridging and flocculation of the soy milk emulsion. Figure 0.3c and Figure 0.3d show 

the TEM Images of ACM stabilised soy-milk emulsion with ACM-emulsifier soy milk ratio 

(ESMR) of 5:30, and 5:50% at 50 nm respectively. In the same way, the images show the 

encapsulation of the soy-milk emulsion by the ACM to form a cohesive aggregate structure. 

The particle size measured for ACM stabilised soy-milk emulsion with ESMR 3:30 % (w.v) was 

118-120 nm while that for 5:30 % (w/v) was between 113-115 nm. The particle size measured 

for ACM stabilised soy-milk emulsion with ESMR 5:30 % (w.v) was 176-178 nm while that for 

5:50 % (w/v) was between 172-174 nm. The trend followed was the higher the concentration 

of ACM the lower the particle size of ACM stabilised soy-milk emulsion. Hence, the ESMR 

influences the particle size of the emulsions and the trend is the higher the ESMR the lower 

the particle size. Also, the TEM images obtained for both emulsions showed that the soy-milk 

emulsion was encapsulated by the ACM to form a cohesive aggregate raw structure. Thus, 

encapsulation of the soya-milk stabilised emulsion could be a result of the ACM potential to 

adhere to the soy milk emulsions’ droplets which induces a kind of cohesive interaction and 

confers stability as suggested by (Böni et al., 2016b). Encapsulation was achieved by high 

shear hmogenisation of soymilk globules which resulted in low particle size. ACM adsorbs at 

the soymilk/water interface resulted in ACM stabilized soymilk emulsions. 
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Even though automated and rheological analysis have been used to depict that 

biopolymers could be mucoadhesive, studies have revealed that the analysis of spectrum and 

image analysis could be used to establish the bio-adhesive properties of mucus based 

 

Figure 0.3:  Structural characteristics at 50 nm magnification for ACM-emulsifier soy-milk 
ratio (a) 3:30 % with thread like-fibers (b) 5:30 % (c) 3:50 % (d) 5:50 %. 

bio-polymers (Albaldawi, 2015; Mahdizadeh Barzoki et al., 2016). ‘The ACM contains 

amphiphilic filamentous threads that stabilises the network structure of stabilised emulsions. 

However, this stabilisation does not occur in every part of the matrix hence the stability is 

preferential as seen in Figure 4.3. It is more pronounced with stabilised emulsions having EOR 

of 5:30 and 5:50 % as they are more stable than emulsions containing 3 % ACM concentration. 

TEM imaging results of ACM stabilised soy milk emulsions revealed a form of entrapment by 

which the mucins in the African catfish entrapped and adhered to the droplets of the soy milk 

emulsion to confer stability. 

4.3.2 Functional group characteristics of freeze-dried ACM 

Several authors have reported that Attenuated Total Reflectance-Fourier transform infrared 

(ATR-FTIR) spectroscopy is a good tool to determine the functional groups of biopolymers 

(Staniszewska et al., 2014; Moghaddam et al., 2017). Attenuated Total Reflectance-Fourier 

transform infrared spectroscopy was employed in analyzing the functional groups of 
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unprocessed ACM (Table 0.1 and Figure 0.). The ATR-FTIR spectra of freeze-dried African 

catfish mucilage showing the wavelength peaks in the range 4000-400 cm-1 with the focal 

functional group are presented in Figure 0.. Table 0.1 also shows the focal functional groups 

in freeze-dried African catfish mucilage. Twelve vital absorption peaks were observed from 

the spectrum of ACM (Table 0.1). The peaks at 3301 and 3080 cm-1 were designated to 

stretching vibrations of hydroxyl groups of hydrophilic amino and defined aromatic overtone 

that may be due to aromatic amino acids(Choo et al., 2016; Trapella et al., 2018). The peak 

at 2958 cm-1 could be attributed to CH2, 1 could be attributed to the C—H symmetric and  

 

Figure 0.4: ATR-FTIR spectra of raw freeze-dried ACM 

antisymmetric stretching vibrations in CH2 ascribed to pyranose rings which point to aliphatic 

(—CH) chains in the mucilage (Angulo & do Amaral Sobral, 2016). The peaks at 1634 and 

1539 cm-1 could be as a result of amide stretch, from ß-sheets absorption bands (Amide I 

bands) and aromatic C=C bending or C=C stretch in the ring (Amide II) (Pellegrini, et al., 2016; 

Trapella et al., 2018). The peak at 1414 cm-1  represents a C—O of carboxyl COO group 

accepting zero or one H-bond or O—H (alcohols) bend while the peak at 1136cm-1 could 

represent anti-symmetric C—O—C glycoside bond, C—O strong bond stretch (Tabrizi et al., 

2016; Fernando et al., 2017). The peak at 1040 cm-1 is ascribed to a primary amine stretching, 

secondary R-carbon of amino acids for glycoprotein or mucus while the peak at 867 cm-1 

represents C—H out of plane bending (Lewis et al., 2013; Balasubramanian et al., 2016)Also, 

the peaks at 626 cm-1 are attributed to CH vibrating bends in RC=CH sites while peaks at 524 

cm-1 are linked to S—S disulfide stretch in biopolymers with proteins and collagen 

(Balasubramanian et al., 2016; Monaghan et al., 2018). The presence of amide A (N—H) 

stretching vibration found at around 3301 cm-1, amide I  at 1634 cm-1, and amide II near 1539 
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cm-1 in ACM suggests the presence of α helix with ß-turns (Glassford et al., 2013). Authors 

have. reported that although, amide I, II, and III bands could be used to affirm protein 

secondary structure, FTIR investigations of amide I give better results as it is most responsive 

to changes in conformation and establish the presence of peptide bonds. (Glassford et al., 

2013). The peak of amide I occurs as a result of stretching vibration of C—O bonds and N–H 

bending while C—H stretching vibration is responsible for the amide II band (Glassford et al., 

2013; Lewis et al., 2013). In the same way, studies by other authors revealed that amide I 

bands were found in the range 1600-1700 cm-1 with bands that show C—O stretching 

vibrations of protein-peptide bonds which is consistent with the results obtained in the ACM 

(Sarroukh et al., 2013). The distinctive absorption bands of 3301 cm-1, 1634 cm-1and 1539 cm-

1in the ACM designates the presence of peptide bonds (Lewis et al., 2013; Sarroukh et al., 

2013, Trapella et al., 2018).  

African catfish mucilage also showed wavelength peaks of 1136 cm-1, which suggested the 

possibility of anti-symmetric glycoside bond, C—O strong bond stretch. Several authors 

investigated the physicochemical characteristics of glycoprotein present in green algae and 

suggested that asymmetric stretch of bonds with intense bands around 1130 cm-1 could be 

used to identify glycosidic linkages (Lewis et al., 2013; Chylińska, Szymańska-Chargot, & 

Zdunek, 2016; Fernando et al., 2017; Tabrizi et al., 2016). Furthermore, FTIR analysis of 

brown algae polysaccharides indicated peaks around 1,135 cm-1 which are characteristics of 

vibrational stretches of the glycosidic C—O group of biopolymers. The authors stated further 

that broad peaks in the range 1,120-1,270 cm-1 pointed to S═O stretch for molecular branches 

of alginic acid or fucoidan (Lewis et al., 2013; Fernando et al., 2017). Hence, the wavelength 

peak of 1136 cm−1 recorded in the spectra of raw FTIR spectra of ACM could be attributed to 

the anti-symmetric glycoside bond. Several authors have established that the presence of the 

glycosidic bond in glycoproteins is the reason why a glycan can covalently attach to 

polypeptide side-chains and form stable structures that are suitable for biological processes 

(Lamriben et al., 2016; Varki et al., 2017; Xie et al., 2017). It can be inferred that the raw FTIR 

spectrum of African catfish mucilage probably has glycosidic linkages similar to other 

glycoproteins. Hence the presence of glycosidic linkages in ACM is similar to that found in 

other glycoproteins that have the potential of stabilising emulsions by covalently bonding with 

polypeptide side chains to form stable structures in emulsions in agreement with the authors 

(Lamriben et al., 2016; Varki et al., 2017; Xie et al., 2017).  
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Table 0.1: Functional groups of freeze-dried African catfish mucilage 

Wave number (cmˉ¹) Band assignment References 

3301 
Broad peak stretching vibrations of hydroxyl 

groups of hydrophilic amino acids 
(Choo et al., 2016) 

3080 
Defined aromatic overtone, due to aromatic 

amino acids 
(Trapella et al., 2018) 

2958 
Mucus/glycoprotein CH₂ out of plane 

vibration 
(Reneeta et al., 2018) 

2924 CH₂ symmetric and out of plane vibration 
(Angulo and do Amaral 

Sobral, 2016) 

1634 
Amide stretch, β-sheets absorption bands; 

Amide I 
(Pellegrini, et al., 2016) 

1539 
Aromatic C=C bending or C=C stretch in a 

ring ; Amide II 
(Trapella et al., 2018) 

1414 
C-O of carbonyl COO group accepting zero 

or one H-bond 
(Fernando et al., 2017) 

1136 
Anti-symmetric C-O-C glycoside bond; C-O 

strong bond stretch; 
(Tabrizi et al., 2016) 

1040 
Mucus/glycoprotein primary amine stretch or 

secondary R-carbon of amino acids 
(Lewis et al., 2013) 

867 C-H out of plane bending 
Balasubramanian et al., 

2016) 

626 C-H bending vibration of RC=CH 

(Balasubramanian et al., 

2016, Monaghan et al., 

2018) 

524 
S-S disulfide stretch in collagens and 

proteins 
(Monaghan et al., 2018) 

 

4.3.3 Functional group characteristics of ACM stabilised soy-milk emulsion 

The ATR-FTIR spectra of Soya-milk emulsion stabilised with freeze-dried African catfish 

mucilage showing the wavelength peaks in the range 4000-400 cm−1 with the focal functional 

groups are shown in Figure 0.5. Also, Table 0.2 compares the wavelength peak changes noted 

in ACM with the ACM stabilised soya-milk emulsions The shift in the amide I at 3336 cm−1 is 

similar to the stretching vibrations of hydroxyl groups of hydrophilic amino in the spectra of 

raw ACM however; the peak is much wider and profound (Table 0.2). This might have occurred 

as a result of interactions between the hydroxyl groups of hydrophilic amino groups in ACM 

that interact with soy milk. 
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Figure 0.5: ATR-FTIR spectra of ACM stabilised soy milk emulsion 

Similarly, the peak at 2924 cm−1 in ACM which was ascribed to CH2 symmetric and 

antisymmetric stretching vibrations shifted to a peak 2963 cm−1 in the ATR-FTIR spectra of 

Soya-milk emulsion stabilised with freeze-dried ACM (Table 0.2). 

Table 0.2 shows that the shifts for ACM stabilised soy milk emulsions were observed for amide 

I at 1638 cm−1, C—O of carboxyl COO group accepting zero or one H-bond at 1480 cm−1 and 

anti-symmetric C—O—C glycoside bond, C—O strong bond stretch at 1183 cm−1. This 

phenomenon was described by (Angulo & do Amaral Sobral, 2016) in the study of changes in 

the chemical composition of aloe vera and snail mucus composite scaffold using ATR-FTIR 

spectroscopy The higher wavelength bands for functional groups of amide A, amide I, C—O 

of carboxyl, COO group accepting zero or one H-bond, CH2 symmetric and antisymmetric 

stretching vibrations and anti-symmetric C—O—C glycoside bond observed in the spectra of 

ACM stabilised soy milk emulsions in (Figure 0.5 and Table 0.2) might suggest a type of 

bonding that leads to a stable structure. This is consistent with results observed in TEM 

images of ACM stabilised soya-milk emulsion (Figure 0.3). 

4.3.4 Stability of freeze-dried African catfish mucilage in MilliQ water using Zeta 

potential 

Zeta potential is a vital tool that could be used to evaluate if an emulsifier can stabilise 

dispersions or emulsions. It depicts the potential charge in the boundary double layer at the 

droplet boundary of the continuous and dispersed phases (Cheong et al., 2016; Zhai et al., 

2018). The absolute zeta potential of freeze-dried African catfish mucilage in MilliQ water was 

-36.2
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Table 0.2: Comparison of the wavelength peak changes noted in ACM with the ACM stabilised soya-milk emulsions 

Wave number ACM 

(CMˉ¹) 

Wave number soy 

milk stabilised 

emulsion (CMˉ¹) 

Band assignments References 

3301 3336 Possible broad peak stretching vibrations 

of hydroxyl groups of hydrophilic amino 

acids 

(Angulo & do Amaral Sobral, 2016; 

Choo et al., 2016) 

2958 2963 Possible mucus/glycoprotein CH₂ out of 

plane vibration  

(Angulo & do Amaral Sobral, 2016, 
Reneeta et al., 2018) 

2924 2963 Possible CH₂ symmetric and out of plane 

vibration 

(Angulo and do Amaral Sobral, 
2016) 

1634 1638 Possible Amide stretch, β-sheets 

absorption bands; Amide I 

(Angulo & do Amaral Sobral, 2016; 
Pellegrini, et al., 2016) 

1414 1480 Possible C-O of carbonyl COO group 

accepting zero or one H-bond 

(Angulo and do Amaral Sobral, 
2016, Fernando et al., 2017) 

1136 1183 Anti-symmetric C-O-C glycoside bond; C-

O strong bond stretch; 

(Angulo and do Amaral Sobral, 
2016, Tabrizi et al., 2016) 
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mV at a pH of 7.83. Hence, sufficient repulsion exists between the droplets of the African 

Catfish mucins and MilliQ water to keep particles away from each other. Published works 

propose that a dispersion becomes stable if its zeta potential is more than ± 30 mV (Konkena 

& Vasudevan, 2012; Sankhla et al., 2016; Zhai et al., 2018). Stability is a result of static 

electrical repulsive forces between the particles hence the dispersion does not form 

aggregates because the absolute zeta potential is more than ± 30 mV (Nieto de Castro et al., 

2017; Zhai et al., 2018). Hence African Catfish mucilage has the potential to stabilise 

emulsions. 

4.3.5 Stability of ACM stabilised soy milk emulsions 

Figures 4.6, 4.7, 4.8, and 4.9 show the changes in the stability of twelve ACM stabilised soy 

milk emulsions for 10, 30, 50, and 75 % soy milk with ACM concentrations of 1, 3, and 5 % 

respectively. Only the backscattering (BS) % flux for the ACM stabilised soy milk emulsions 

with ACM-emulsifier soy milk ratios (ESMR) of 1:50, 3:50 and 5:50 % was significant p-value 

< 0.05. The BS % flux  for ACM stabilised soy milk emulsions with ESMR of 1:10, 3:10, 510, 

1:30,3:30, 5:30 1:75, 3:75 and 5:75 % were not significant. The BS % flux as a function of 

stability was higher with 75 % soy milk than 50, 30, and 10 % respectively. For instance, the 

effect of 5 % concentration of ACM on 10, 30, 50, and 75 % soy milk was 35.7 ± 0.2, 46.4 ± 

0.2, 55.4 ± 0.2, and 78.5 ± 0.2 %, respectively (Figure 0., Figure 0., and Figure 0.). In the same 

vein, ACM concentrations of 1 and 3 % had the same effect on 10, 30, 50, and 75, % soy milk 

Figure 0.6, Figure 0., Figure 0., and Figure 0.). For instance, the effect of 3 % ACM on 10, 30, 

50 and 75 % soy milk was 31.8 ± 0.1, 36.3 ± 0.1, 43.8 ± 0.2, and 73.9  ± 0.2 % respectively 

(Figure 0.6, Figure 0., Figure 0., and Figure 0.). Also, the effect of 1 % ACM on 10, 30, 50, 

and 75 % soy milk was 20.4 ± 0.2, 28.4 ± 0.1, 41.4 ± 0.1, and 65.3 ± 0.2 %, respectively 

(Figures 4.6, 4.7, 4.8, and 4.9).  

Although the stability of soy milk emulsions with 75 % was higher than that of 10, 30 and 50 

% respectively further analysis on 75 % soy milk emulsions was discontinued to showcase the 

effect of ACM when the concentration of water was at least 45 % (Figure 0.6, Figure 0., Figure 

0., and Figure 0.). Table 0.3 shows the effect of ACM on the stability of soy milk emulsions. 

Hence the higher the concentration of ACM the higher the stability (backscattering flux 

percentage) of the emulsions no matter the concentration of soy milk (Table 0.3 and Figure 

0.6, Figure 0., Figure 0., and Figure 0.). Also, the ESMR influenced the stability of the 

emulsions, and the higher the ESMR the higher the stability of the emulsions as evidenced by 

BS flux %. To confirm if the stability (BS % flux) of the emulsions could be attributed to the 

ACM, the effect of homogenized mixtures of soy milk and MilliQ water emulsions were 

investigated with the Turbiscan to serve as a control Figure 0. shows that all emulsions 
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containing only homogenized soy milk 10, 30, 50, and 75 mL (w/v) and MilliQ water were 

unstable without the addition of ACM. This confirmed the role of ACM as an emulsifier. Based 

on stability tests for soy milk emulsions it is evident that the stability as a function BS % flux 

profile could only be attributed to the effect of African catfish mucilage which served as an 

emulsifier in the emulsion. 

Error! Reference source not found. compares the particle sizes of 50 % soy milk emulsions 

tabilised with 1, 3, and 5 % ACM in terms of the Sauter mean diameter (D₍₃‚₂₎) and its standard 

deviation. Authors have  

 

 

Figure 0.6: Changes in stability of ACM stabilised soy milk emulsions with emulsifier Soy 
milk ratios of (a) 1:75 % w/w (B) 3:75 % w/w (C) 5:75 % w/w. 
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Figure 0.7: Changes in stability of ACM stabilised soy milk emulsions with emulsifier Soy 
milk ratio (a) 1:50 % w/w (B) 3:50 % w/w (C) 5:50 % w/w. 
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Figure 0.8: Changes in stability of ACM stabilised soy milk emulsions with emulsifier Soy 
milk ratio (a) 1:30 % w/w (B) 3:30 % w/w (C) 5:30 % w/w. 
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Figure 0.9: Changes in stability of ACM stabilised soy milk emulsions with emulsifier Soy 
milk ratio (a) 1:10 % w/w (B) 3:10 % w/w (C) 5:10 % w/w 

.
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Table 0.3: Effect of ACM on the stability of soy milk emulsions a. b 

ACM (%) Soy milk (%) Water (%) pH D(3,2) (nm) Stability (%) 

1 50 49 7.85 179.2 ± 1.0a 41.4 ± 0.1a 

3 50 47 7.92 176.1 ± 0.9b 43.8 ± 0.2b 

5 50 45 7.95 172. 9 ± 0.6c 55.4 ± 0.2c 

1 30 69 7.72 123.3 ± 0.7 28.4 ± 0.1 

3 30 67 7.84 118.1 ± 0.5 36.3 ± 0.1 

5 30 65 7.86 113.6 ± 0.3 46.4 ± 0.2 

1 10 89 7.65 106.2 ± 1.0 20.4 ± 0.2 

3 10 87 7.71 103.1 ± 0.8 31.8 ± 0.1 

5 10 85 7.79 100.3 ± 0.6 35.7 ± 0.2 

aValues are means ± standard deviations from 5 replicates. 
bIndicated values within a column are significantly different (p-value < 0.05]  
 cD(3,2) is Sauter mean diameter. 
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Figure 0.10: Instability in homogenized soy milk and MilliQ water for (a) 10. (b) 30 (c) 50, and 
(d) 75 % (w/v) soy milk emulsions 
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established that the lower the particle size the more stable an emulsion becomes (Adeyi et al., 

2014; Maphosa et al., 2017). An increase in ACM concentration led to a decrease in D₍₃‚₂₎ of 

soy milk oil droplets for emulsions containing 50 % soy milk. The D₍₃‚₂₎ of the three emulsions 

formulated from 50 % soy milk and stabilised with ACM concentrations of 1. 3 and 5 % were 

179.2 ± 1.0, 176.1 ± 0.9, and 172. 9 ± 0.6 nm respectively (Table 0.3 and Table 0.4). Hence 

the higher the concentration of ACM the more stable the emulsion (low D₍₃‚₂₎ of soy milk 

droplets). 

Similarly, the D₍₃‚₂₎ of the three emulsions formulated from 30 % soya milk and stabilised with 

ACM concentrations of 1. 3 and 5% were 123.3 ± 0.7, 118.1 ± 0.5, and 113.6 ± 0.3 nm 

respectively (Table 0.3). In the same vein, the D₍₃‚₂₎ of the three emulsions formulated from 

10 % soya milk and stabilised with ACM concentrations of 1. 3 and 5% were 106.2 ± 1.0, 103.1 

± 0.8, and 100.3 ± 0.6 nm respectively (Table 0.3). The smallest D₍₃‚₂₎ was found in emulsions 

stabilised with ESMR of 5:10 % (100.3 ± 0.6 nm), 5:30 % (113.6 ± 0.3 nm) and 5:50 % (172. 

9 ± 0.6 nm) (Table 0.3 and Table 0.4). Literature supports the claim that the most physically 

stable emulsion has the lowest D₍₃‚₂₎ (Maphosa et al., 2017). Hence the trend followed was 

the higher the concentration of ACM, the more stable the emulsion i.e. the lower the D₍₃‚₂₎ of 

stabilised emulsions (Table 0.3 and Table 0.4). Also, the higher the ESMR the higher the 

stability i.e. the lower the D₍₃‚₂₎ of stabilised emulsions (Table 0.3 and Table 0.4). These 

observed results are in agreement with stability results as a function of backscattering % flux 

in Figure 0.6, Figure 0., Figure 0., and Figure 0.. The results also showed that the mean D₍₃‚₂₎ 

and stability (BS flux % and D₍₃‚₂₎) of ACM stabilised emulsions with ESMR of 1:50, 3:50, and 

5:50 % was significantly different p-value < 0.05 (Table 0.3 and Table 0.4). Hence, the soy 

milk emulsions containing 50 % and stabilised with 5 % ACM (ACM-ESMR 5:50) were selected 

to showcase the rheological properties of the emulsion. 

Table 0.4: Effect of ACM on the stability of soy milk emulsions a, b, c, and d 

Concentration of 

ACM (%) 

Concentration of 

soy milk (%) 

Concentration of 

water (%) 

D(3,2) (nm) BS % flux 

1 50 49 179.2 ± 1.0a 41.4 ± 0.1a 

3 50 47 176.1 ± 0.9b 43.8 ± 0.2b 

5 50 45 172. 9 ± 0.6c 55.4 ± 0.2c 

aIndicated values are reported as means ± standard deviation (n = 5). Si 
bIndicated values within a column are significantly different (p-value < 0.05]  
CD(3,2) is the Sauter mean diameter; dBS % flux-Backscattering percentage flux. 

The impact of ACM concentration on the particle size of an emulsion can also be revealed by 

changes in the particle size distribution of the emulsion as a function of the width of the 
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distribution. Several authors have computed the width of distribution i.e. standard deviation as 

a variance of the mean diameter of droplets in the diffuse state (Dokić et al., 2012; 

McClements, 2015). Table 0.3 and Table 0.4 presents the changes in the standard deviation 

of values of the particle size, dependent upon the ACM amount used to stabilise the 

emulsions. 

Changes in backscattering flux percentage (BS % flux) as a function of tube length of emulsion 

containing 50 % (w/w) soy milk stabilised with (a) 1 % w/w (B) 3 % w/w (C) 5 % w/w African 

catfish mucilage after 180 mins were investigated as depicted in Figure 0.. Emulsion stability 

alludes to an emulsions’ capacity to withstand changes in its physicochemical characteristics 

through time (Nieto de Castro et al., 2017). Due to the turbid appearance of all ACM stabilised 

emulsions after rapid stability tests, the analysis of the distinct backscattering characteristics 

of ACM stabilised soy milk emulsions as a function of tube magnitude were carried out to 

ascertain the stability of the system at room temperature (20 °C). The BS % flux for each 

concentration are presented in Figure 0.. The initial average BS % flux for ACM stabilised 

emulsions with ESMR of 1:50, 3:50, and 5:50 % were 41.4 ± 0.1 %, 43.8 ± 0.2 %, and 55.4 ± 

0.2 % respectively. It was observed that the BS % flux of all emulsions investigated depended 

greatly on the concentration of ACM in agreement with reports by (Maphosa et al., 2017; Nieto 

de Castro et al., 2017). Literature studies have established relationships between the BS % 

flux and particle size for Bambara groundnut flour stabilised emulsions (Adeyi et al., 2014). 

Studies have shown that the BS % flux depicts the arrangement of molecules before it 

becomes unstable hence a high percentage in BS % flux infers a more stable structure 

(Maphosa et al., 2017). 

In Figure 0., Figure 0., and Figure 0. the tube length is plotted on the x-axis while the 

BS % flux is plotted on the y-axis. It shows that all nine emulsions conformed to similar 

disintegration modes but, scans did not ideally align as slightly lower percentages in BS % flux 

were noted along the tube (Figure 0., Figure 0., and Figure 0.). The observed slightly lower 

percentages in BS flux % as emulsions disintegrate when particles aggregate could be as a 

result of kinetic instability. In all the three ACM stabilised soy milk emulsions, a peak was 

observed within the 0-20 mm range, followed by a stable phase within the 20-40 mm range, 

then a slight lowering within the 40-60 mm range and a final stage of rest within the 60-80mm 

range. All the ACM stabilised soy milk emulsions formed a cohesive network which suggests 

that the ACM stabilises emulsions through a different entrapment interaction as described for 

hagfish mucus stabilised soy milk emulsions by Böni et al. (2016b). The results also suggest 

that the ACM has the potential to emulsify emulsions even with low concentrations and form 

a cohesive interactive network as described by Böni et al. (2016b). The authors stated that a 

1% concentration of hagfish mucus was able to stabilise soy milk emulsions as a result of a 
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different entrapment interaction called mucoadhesion (Böni et al., 2016b). The average initial 

BS flux % of 55.4 ± 0.2 % exhibited by the ACM stabilised soy milk emulsions with ESMR of 

5:50 in comparison with other concentrations with ESMR of 1:50 (41.4 ± 0.1 %) and 3:50 (43.8 

± 0.2 %) showed that higher concentrations of ACM could lead to better stability. To better 

understand the stability kinetics of ACM stabilised soy milk emulsions, an evaluation of 

differences in BS flux % within the 20– 40 mm range over time was conducted using a Two-

way analysis of variance. The effect of ACM on the stability of soy milk emulsions using two-

way ANOVA on initial BS flux (%) and D₍₃‚₂₎ (nm) is presented in Tables 4.5 and 4.6 

respectively. The selected data points on BS flux % within the 20– 40 mm range overtime was 

compared with particle size to decipher the best-fit predictor of stability in ACM stabilized soy 

milk emulsions. The goodness-of-fit was assessed using the coefficient of determination (R2) 

to establish which effect was more significant in the response to stability between particle size 

and initial BS flux %. Two-way Analysis of variance (ANOVA) subsequent to Tukey’s multiple 

comparisons (TMC) test was performed using GraphPad Prism version 5.00 for Windows to 

evaluate whether the stability as a function of initial BS flux or the D₍₃‚₂₎ as a function of particle 

size (nm) better explained the stability characteristics of the ACM soy milk stabilized 

emulsions. A significant difference (p < 0.05) was established on all three ACM soy milk 

stabilized emulsions with respect to BS flux % and particle size at pH range 7.85-7.95. The F 

statistic of BS flux % was 5078 while the F statistic of particle size was 27 (Table 4.7). This 

result implies that the means in both responses i.e. BS Flux % and particle size significantly 

responded to concentrations of ACM. This establishes that we can reject the null hypothesis 

that ACM concentrations would not affect or enhance the stability of ACM soy milk emulsions. 

Furthermore, the adjusted P-value was calculated for both responses to establish the most 

significant response. The Adjusted P-value obtained for BS flux % using the TMC test was 

<0.0001 for all African catfish mucus concentrations (1, 3, and 5% w/w). However, the adjusted 

P-value obtained for particle size using the TMC test for ACM concentration 1 and 3 % (w/w) 

was 0.024 at both concentrations while that of ACM concentration 5 % was <0.001 

respectively (Figure 4.6) This result showed that the initial BS Flux % was a better response 

factor in comparison to particle size. A similar trend was followed with the R2 statistic with the 

values. The data analysed for BS % flux were the selected data points within the 20– 40 mm 

range as it gave a stable phase profile over-time in comparison with the 0-20, 40-60, and 60-

90 nm ranges (Figure 0.). The goodness-of-fit was assessed using the coefficient of 

determination (R2) to establish the most dominant effect on stability between. Two-way 

Analysis of variance (ANOVA) with Tukey’s multiple comparisons (TMC) test was performed 

using GraphPad Prism version 5.00 for Windows to evaluate whether the stability as a function 

of initial BS flux or the D₍₃‚₂₎ as a function of particle size (nm) better explained the stability 

characteristics of the ACM soy milk stabilised emulsions..
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Table 0.5: Effect of ACM on the on average initial backscattering % flux of soy milk emulsions using Two-way ANOVA a, b. 

Concentration of 

ACM (%) 

Concentration of 

soya milk (%) Average initial BS % flux  
pH 

Mean 

difference 

SE of 

difference 

Level of 

Significance 

Adjusted 

P Value 

1 50 41.39±0.13 7.85 -2.355 0.1488 Yes <0.0001 

3 50 43.75±0.17 7.92 -14 0.1488 Yes <0.0001 

5 50 55.39±0.23 7.95 -11.64 0.1488 Yes <0.0001 

       aSE of difference –Standard error of difference between two means bBS % flux-Backscattering percentage flux 

Table 0.6: Effect of ACM on the Sauter mean diameter of soy milk emulsions using Two-way ANOVA a, b 

Concentration of 

ACM (%) 

Concentration of 

soya milk (%) D(3,2) (nm) 
pH 

Mean 

difference. 

SE of 

difference 

Level of 

Significance 

Adjusted 

P Value 

1 50 179±1 7.85 3 0.8165 Yes 0.024 

3 50 176±1 7.92 6 0.8165 Yes 0.024 

5 50 173±1 7.95 3 0.8165 Yes <0.001 

a SE of difference –Standard error of difference between two means 
b D(3,2) -Sauter mean diameter 

Table 0.7: Two-way ANOVA statistics for stability behaviour 

Stability property Degrees of freedom P-value F value  R squared 

Average initial BS % flux 2 <0.0001 5078 0.9994 

D(3,2) (nm) 2 <0.001 27 0.90 

aBS % flux-Backscattering percentage flux, b D(3,2) -Sauter mean diameter 
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A significant difference (p-value < 0.05) was established on all three ACM soy milk stabilised 

emulsions for BS % flux and D₍₃‚₂₎ at pH range 7.85-7.95. The F statistic of BS % flux was 

5078 while the F statistic of particle size was 27 (Table 0.7). This result implies that the means 

in both responses i.e. BS % flux and D₍₃‚₂₎ significantly responded to changes in 

concentrations of ACM. This confirms earlier results obtained that the stability of ACM 

stabilised soy milk emulsions depends on the concentration of the ACM. It is also consistent 

with the inference that ACM-emulsifier soy milk ratio (ESMR) influences the stability of the 

emulsions. Furthermore, the adjusted p-value was calculated for both responses to establish 

the most significant response. The Adjusted p-value obtained for BS % flux using the TMC 

test was < 0.0001 for all African catfish mucilage concentrations (1, 3, and 5% w/w). However, 

the adjusted P-value obtained for particle size using the TMC test for ACM concentration 1 

and 3 % (w/w) was 0.024 at both concentrations while that of ACM concentration 5 % was p 

< 0.001 respectively (Figure 0.6 and Figure 0.). This result showed that the initial BS % flux  

was a dominant response factor in comparison to particle size. A similar trend was followed 

with the R2 statistic with the values 0.9994 and 0.9000 for BS % flux and and D₍₃‚₂₎ particle 

size respectively. The results show that data obtained from BS % flux closely fit the regression 

line by about 99.94% while the data for D₍₃‚₂₎ was 90% fit. Hence, both responses are good 

predictors of the stability of an emulsion. 

.
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Chapter 5  

MODELING OF THE PERFORMANCE OF AFRICAN CATFISH 

MUCILAGE IN THE STABILITY OF OIL IN WATER-TYPE 

NANOEMULSIONS 

5.1 Modeling fhe performance of ACM stabilised O/W-type nanoemulsions 

This chapter details results and discussion on the results of the research objectives which 

involved: investigating the effect of African catfish mucilage (ACM) on the stability of oil in 

water-type nanoemulsions prepared by ultrasonication using D-optimal mixture design 

methodology. My original contribution to knowledge is that application of the results could 

streamline the conditions needed to determine the effect of process variables (ACM, oil and 

water) in the stability of O/W–type nanoemulsions in food-grade emulsions, personal care, 

and drug delivery emulsion systems. Also these guidelines would streamline the optimisation 

and validation of the stability of O/W–type nanoemulsions in food-grade emulsions, personal 

care, and drug delivery emulsion systems. The process variables (ACM, oil and water) were 

used to investigate the stability of O/W–type nanoemulsions based on backscattering % and 

Sauter mean diameter. The methodology for achieving this research objective is described in 

section 3.4, chapter three. Authors have reported the multi-faceted applications of O/W-type 

nanoemulsion in beverages, cosmetics, drug delivery, foods, nutraceuticals, and personal, 

and personal care products (Bai et al., 2017; Mikulcová et al., 2017; Azmi et al., 2019). Based 

on the multi-faceted applications of O/W-type nanoemulsions, the data on the effect of the 

independent variables (ACM, oil and MilliQ water) on the dependent variables Sauter mean 

diameter [D(3,2)] and backscattering (BS) % flux was modelled using  D-optical mixture design 

surface methodology. 

5.2 Results and discussion 

5.2.1 Stability of ACM stabilised O/W-type nanoemulsion 

The particle size data from TEM imaging studies were identical to the measurements of 

particle size made on the Zetasizer The literature established that the lower the particle size 

the more stable an emulsion becomes (Adeyi et al., 2014; Maphosa et al., 2017). The Sauter 

mean diameter (D(3,2)) was calculated from the particle size distribution using equations 1, 2, 

and 3 as described in the methodology section 3.3.3 using methods developed by (Dokić et 

al., 2012; Nieto de Castro et al., 2017). Table 0.1 compares the D(3,2) of the sixteen different 

combinations in the randomized runs in the d-optimal mixture design of ACM stabilised O/W-
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type nanoemulsion with the stability as a function of initial % backscattering. Higher 

concentrations of ACM led to a decreas in D₍₃‚₂₎ of oil globules for all   investigated ACM 

stabilised O/W-type nanoemulsion. When ACM concentration was highest regardless of oil 

concentration the D₍₃‚₂₎ of emulsions was low. For instance, the average D₍₃‚₂₎ of stabilised 

O/W nanoemulsions containing an ACM-emulsifier oil ratio (EOR) of 5:3, 5:4.6. 5:7.3 and 5:10 

were 6.6 ± 0.1, 6.7 ± 0.2, 6.9 ± 0.2, and 7.5 ± 0.2 nm respectively (Table 5.1). Similarly, the 

average D₍₃‚₂₎ of stabilised O/W nanoemulsions with EOR of 1:3, 1:5.7, 1:7.3, and 1:10 % was 

10.0 ± 0.3, 23.2 ± 0.6, 29.1 ± 0.5, and 32.4 ± 0.6 nm respectively (Table 5.1). The D₍₃,₂₎ of 

emulsions with EOR 2.3:10, 2.9:3.1, and 3.3:6.2% was higher than that of emulsions stabilised 

with 5 % ACM but lower than that of emulsions stabilised with 1 % ACM they were 15.4 ± 0.4, 

15.9 ± 0.5, and 13.6 ± 0.4 nm (Table 5.1). It was also observed that particle size (D₍₃‚₂) of 

emulsions decreased as the ACM-oil ratio increased (Table5.1). The trend shows that the 

higher the EOR the lower the D (3,2)  (particle size) as seen in Table 5.1. Consequently, the 

ACM-emulsifier oil ratio (EOR) directly influence the D(3,2) of ACM stabilised O/W-type 

nanoemulsions. The trend was the higher EOR the lower the D₍₃‚₂). Literature supports this 

claim as revealed by a study conducted by Nejadmansouri et al. (2016),) which investigated 

the key elements that influenced the formulation of non-ionic surfactants-stabilised fish oil 

nanoemulsions using high-intensity ultrasound. The study focused specifically on the influence 

of hydrophilic-lipophilic balance (HLB), emulsifier-oil ratio (EOR), and effect of temperature on 

storage, as well as the physicochemical attributes and oxidative stability of the of 

nanoemulsion (Nejadmansouri et al., 2016). The authors observed that when the EOR and 

HLB were high the particle size was low and concluded that EOR and HLB influenced particle 

size (Nejadmansouri et al., 2016). Hence the results obtained on the D (3,2)  of ACM stabilised 

nanoemulsions that the higher the EOR the lower the D (3,2) of ACM stabilised nanoemulsions 

is consistent with results reported by Nejadmansouri et al. (2016) that the higher the EOR the 

lower the particle size of non-ionic surfactants-stabilised fish oil nanoemulsions. 

The width of the distribution can also be used to access the influence of ACM concentration 

on the particle size distribution of an emulsion. The changes in the particle size distribution of 

ACM stabilised nanoemulsions are shown in Table 0.1. The particle size distribution of 

emulsions stabilised with 5 % ACM was between 0.1 and 0.2 nm while that of emulsions 

stabilised with 1 % was between 0.5 and 0.6 nm (Table 0.1). The middle-value ranges of ACM 

concentration were between 0.4 and 0.5 nm (Table 0.1). The results show that the particle 

size distribution decreased as the ACM concentration increased from 1-5 % of ACM. This 

signifies that as the ACM-emulsifier oil ratio (EOR) increased the particle size distribution of 

ACM stabilised nanoemulsions (ASE) decreased (Table 0.1). Hence the higher the ACM-EOR 
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Table 0.1: Composition and observed responses from randomized runs for D-optimal mixture design a, b, and c. 

 Independent variable Dependent variable  

Run A: ACM (%) B: Oil (%) C: Water (%) Backscattering (%) flux D(3,2)  (nm) 

1 1.0 9.6 89.4 36.0 ± 0.9 31.9 ± 0.6 

2 1.0 9.6 89.4 36.0 ± 0.9 32.4 ± 0.6 

3 1.0 3.0 96.0 63.4 ± 0.2 10.0 ± 0.3 

4 5.0 7.3 87.7 73.0 ± 0.5 6.9 ± 0.2 

5 1.0 5.7 93.3 56.7 ± 0.2 23.2 ± 0.6 

6 5.0 3.0 92.0 77.9 ± 0.1 6.7 ± 0.1 

7 5.0 3.0 92.0 77.7 ± 0.1 6.6 ± 0.1 

8 5.0 10 85.0 73.6 ± 0.1 7.4 ± 0.2 

9  2.3 10 87.7 64.4 ± 0.1 15.4 ± 0.4 

10 1.0 3.0 96.0 63.4 ± 0.2 10.4 ± 0.4 

11  2.9 3.1 93.9 46.8 ± 0.1 15.9 ± 0.5 

12  3.3 6.2 90.5 73.2 ± 0.1 13.8 ± 0.4 

13 5.0 10.0 85.0 73.7 ± 0.1 7.5 ± 0.2 

14 1.0 8.0 91.0 46.9 ± 0.2 29.1 ± 0.5 

15 5.0 4.6 90.4 75.7 ± 0.3 6.7 ± 0.2 

16  3.3 6.2 91.0 73.2 ± 0.1 13.6 ± 0.4 

aIndicated values are reported as means ± standard deviation (n = 3).  
bACM-African catfish mucilage, oil-sunflower oil, and water-MilliQ water 
cD(3,2)- Sauter mean diameter. 
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the lower the D (3,2) (PS)  and PSD and the higher the stability of the ASE. For instance (Sharif 

et al., 2017), studied the influence of EOR on the particle size (PS) and particle size distribution 

(PSD) of flaxseed O/W-type nanoemulsions stabilised with two different chemically modified 

starch (CMS) as emulsifiers (Sharif et al., 2017). The authors concluded that the D (3,2) (PS) 

and PSD of the flaxseed O/W-type nanoemulsions decreased as the concentration of the 

CMS-emulsifier increased and concluded that the higher EOR the lower the D (3,2) (PS) and 

PSD of the flaxseed O/W-type nanoemulsions (Sharif et al., 2017). Similarly, Dokić et al. 

(2012) investigated the D (3,2) (PS) and PSD of O/W emulsion containing 5-60 % of sunflower 

oil and 8- 16 % octenyl succinic anhydride-emulsifier. The authors reported that D (3,2) (PS) 

and PSD decreased as the emulsifier concentration octenyl succinic anhydride  

(OSA)concentration increased and concluded that the higher EOR the lower the D (3,2) (PS) 

and PSD i.e the higher the stability of the sunflower O/W-type emulsions (Dokić et al., 2012) . 

The results obtained on the D (3,2)  (PS) and PSD of ACM stabilised nanoemulsions that the 

higher the EOR the lower the D (3,2) and PSD and the higher the stability are in agreement with 

results reported by the authors by Dokić et al. (2012), Nejadmansouri et al. (2016), Nieto de 

Castro et al. (2017)), and Sharif et al. (2017).  

Emulsion stability investigates the capacity of an emulsion to resist physicochemical 

changes in its structure during storage (Nieto de Castro et al., 2017). The average initial back 

scattering (BS) % flux and Sauter mean diameter (D (3,2)) for each run are shown in Table 0.1. 

When ACM concentration was highest regardless of oil concentration the initial average BS 

% flux of emulsions was high. For instance, the initial mean BS % flux for ACM stabilised O/W-

type nanoemulsions stabilised with 5 % ACM was 77.7 ± 0.1 % (3 % oil), 75.7 ± 0.3 % (4.6 % 

oil), 73.0 ± 0.5 % (7.29 % oil), and 73.6 ± 0.1% (10 % oil), while that of emulsions stabilised 

with 1 % ACM was 63.4 ± 0.2 % (3 % oil), 56.7 ± 0.2 % (5.7 % oil), 46.9 ± 0.2 (8 0 oil), and 

36.0 ± 0.9 % (9.6 % oil), respectively (Table 5.1). Similarly, the emulsions stabilised with EORs 

2.3:10 2.9:3.1, and 3.3:6.2 as BS % flux was 64.4 ± 0.1, 46.8 ± 0.1 and 73.2 ± 0.1 % 

respectively (Table 0.1). Hence, the higher the concentration of ACM the higher the stability 

and BS % flux of ACM stabilised O/W-type nanoemulsions (Table 5.1). Also, the concentration 

of ACM-emulsifier oil ratio (EOR) influenced BS % flux of ACM stabilised O/W-type 

nanoemulsion because as the concentration of ACM increased from 1 to 5 % the BS % flux 

increased (Table 0.1). The results obtained that the higher the EOR the higher the stability 

and the higher the BS flux percentage of ACM stabilised O/W-type nanoemulsion is consistent 

with the results obtained by Nieto de Castro et al. (2017).. Consequently, high BS % flux 

means that the nanoemulsions structure is more stable as the BS % flux reflects the 

arrangement of molecules before it becomes unstable (Maphosa et al., 2017). The 

backscattering (BS) % flux profile of ACM stabilised O/W-type nanoemulsion within180 mins 

were investigated as depicted in Figure 0.1, Figure 0.2 and Figure 0.3. The tube length is 
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plotted on the x-axis while the BS % flux is plotted on the y-axis. The cohesion observed in 

the structural matrix network of all the ACM stabilised O/W-type nanoemulsions implies that 

the emulsion stability of ACM is achieved by encapsulation mechanism called mucoadhesion 

as defined for hagfish mucus stabilised soya milk emulsions Böni et al. (2016b). Encapsulaton  

 

Figure 0.1: Changes in stability of ACM stabilised O/W-type nanoemulsions with emulsifier 
oil ratio (a) 2.27:10 % (b) 2.94:3.14 % (c ) 3.27:6.15 %. 
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Figure 0.2: Changes in stability of ACM stabilised O/W-type nanoemulsions with ACM-
emulsifier oil ratio (a) 1:3 % (b) 1:5.75 % (c ) 1:8 % (d) 1:9.64 % 

 



109 
 

 

 

 

 

Figure 0.3: Changes in stability of ACM stabilised O/W-type nanoemulsions with emulsifier 
oil ratio (a) 5:3 % (b) 5:4.64 %l (c ) 5:7.29 % (d) 5:10 %. 
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was achieved through ultrasonication a novel emulsification method which resulted in stable 

nanoemulsions (lower particle size and high BS% flux) as opposed to conventional 

homogenisation methods. The results are consistent with reports that ACM stabilises 

emulsions even with low concentrations and forms a cohesive interactive network as 

described by Böni et al. (2016b). The authors stated that 1 % concentration of hagfish mucus 

could stabilise soya milk emulsions as a result of a different entrapment interaction called 

mucoadhesion Böni et al. (2016b). The authors concluded that higher percentage 

concentrations of hagfish mucus led to higher stability. This phenomenon was also established 

in the previous chapter on the role of ACM as an emulsifier on soy milk emulsions. Hence 

ACM is an excellent natural emulsifier with mucoadhesive properties as it encapsulates soya 

milk to enhance stability. 

5.2.2 Model fit and adequacy for the stability of ACM stabilised O/W-type 

nanoemulsion 

The Design-Expert (Stat-Ease Inc., Minneapolis, Minnesota, U.S.A., version 10.0.7) statistical 

software was used to analyse the experimental data obtained for stability as a function of BS 

% flux. The precise stability parameters for BS % flux obtained from the mixture design for 

determining the ACM stabilised O/W-type nanoemulsion formulation is presented in Table 0.2. 

The summary of the model statistics and regression coefficients is shown in  



111 
 

Table 0.3. The quadratic mixture model for BS % flux obtained by analysng the experimental 

data was significant (F [557.86, 8.88] = 62.80; p-value < 0.0001) in describing the component 

effects (ACM, oil, and water) on BS % flux stability parameter ( 
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Table 0.3). There was only a 0.01% chance that a model F-value this large could occur due to 

noise. The model’s lack of fit (F [19.98, 6.990E-003] = 2858.24; p < 0.0001) was also 

significant, however, the predicted R-squared value was 0.9123 indicating a model with 

adequate goodness-of-fit (Table 5.3). This was also confirmed by the adequate precision 

(20.186) a value > 4 indicates adequate precision and a model, which can be used to navigate 

the design space. The precise stability parameters (D(3,2)) obtained from the mixture design for 

determining the ACM stabilised O/W-type nanoemulsion formulation is presented in  
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Table 0.3. The summary of the model statistics and regression coefficients is shown in Table 

0.4. The quadratic mixture model for D(3,2) was significant (F [235.71, 0.13] = 1805.99; p-value 

< 0.0001) in describing the component effects (ACM, oil, and water) on BS flux % stability 

parameter (Table 0.4.). There was only a 0.01% chance that a model F-value this large could 

occur due to noise. The model lack of fit (F [0.17, 0.11] = 0.3104; p = 1.49) was not significant, 

and the predicted R-squared value was 0.9977 and adequate precision was 104.158 

indicating a model with adequate goodness-of-fit (Table 0.4.). This was also confirmed by the 

adequate precision (104.158) a value > 4 indicates adequate precision and a model, which 

can be used to navigate the design space. All variables were fitted to a quadratic model, and 

the residual errors calculated to determine the goodness of model fit. Based on these values, 

the quadratic mixture model was found to be suited to determine the effects of the three 

ingredients (ACM, oil, and water) on the precise stability parameters for BS % flux and D(3,2). 

The experimental data obtained was used to obtain the best fitting mathematical model 

which was a polynomial quadratic equation. The model was significant and valid for the 

stability (BS % flux) of the ACM stabilised O/W emulsions. The resultant quadratic polynomial 

model adequately represented the experimental responses with the coefficients of multiple 

determinations R2 of 0.9567 and adjusted R2 of 0.9721, respectively ( 
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Table 0.3), which indicates a good fit between the experimental values and the 

regression model. 

 

Table 0.2: Formulation sets as determined by 3-component D-optimal mixture designa, b 

 Independent variable 

Formulati

on 
A: ACM (%) B: Oil (%) C: Water (%) 

1 1.0 9.6 89.4 

2 1.0 9.6 89.4 

3 1.0 3.0 96.0 

4 5.0 7.3 87.7 

5 1.0 5.7 93.3 

6 5.0 3.0 92.0 

7 5.0 3.0 92.0 

8 5.0 10.0 85.0 

9  2.3 10.0 87.7 

10 1.0 3.0 96.0 

11  2.9 3.1 93.9 

12  3.3 6.2 90.5 

13 5.0 10.0 85.0 

14 1.0 8.0 91.0 

15 5.0 4.6 90.4 

16  3.3 6.2 91.0 

aCorrespondent values indicated in actual scale 
bAfrican catfish mucilage 
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Table 0.3: Analysis of variance (ANOVA) for the effect of the three variables on backscattering % flux 

 Sum of  Mean F p-value 
Significance 

level 

Source Squares df Square Value Prob > F  

Model 2789.30 5 557.86 62.80 < 0.0001 significant 

1Linear Mixture 2288.36 2 1144.18 128.80 < 0.0001  

AB 381.64 1 381.64 42.96 0.0001  

AC 241.87 1 241.87 27.23 0.0006  

BC 5.18 1 5.18 0.58 0.4648  

Residual 79.95 9 8.88    

Lack of Fit 79.92 4 19.98 2858.24 < 0.0001 significant 

Pure Error 0.035 5 6.990E-003    

Cor Total 2869.25 14     

R-Squared 0.9721      

Adjusted R-Squared 0.9567      

Predicted R-Squared 0.9123      

Adequate Precision 20.186      
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Table 0.4: Analysis of variance (ANOVA) for the effect of the three variables of Sauter mean diameter (D(3,2) 

 Sum of  Mean F p-value 
Significance 

level 

Source Squares df Square Value Prob > F  

Model 1178.55 5 235.71 1805.99 < 0.0001 significant 

1Linear Mixture 909.19 2 454.60 3483.07 < 0.0001  

AB 32.44 1 32.44 248.53 < 0.0001  

AC 11.06 1 11.06 84.76 < 0.0001  

BC 26.97 1 26.97 206.65 < 0.0001  

Residual 0.91 7 0.13    

Lack of Fit 0.34 2 0.17 1.49 0.3104 not significant 

Pure Error 0.57 5 0.11    

Cor Total 1179.46 12     

R-Squared 0.9992      

Adjusted R-Squared 0.9987      

Predicted R-Squared 0.9977      

Adequate Precision 104.158      
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The final equation in terms of actual components is given by Equation 5.1. 

𝛾1 (BS flux %) = -267.43*(ACM) + 6.48*(Oil) + 0.64*(Water) + 3.55*(ACM * Oil) + 2.86*(ACM 

* Water) - 0.12 *(Oil * Water)       Equation 5.1 

The R2 value for the BS % flux model is 0.9567 and the closeness of this value to 1 makes it 

represent a good fit. The adequate signal to noise ratio for BS % flux response was given as 

20.186 (Table 5.3). Authors have reported that the adequate prediction compares the range 

of the predicted values at the design points to the average prediction error and a ratio greater 

than 4 is desirable (Gupta et al., 2016; Anupam et al., 2018). It can be observed that the signal 

to noise ratio for BS % flux is much higher than 4 as it is 20.186. Hence, it can be inferred that 

the stability design space as a function of BS % flux for ACM stabilised O/W-type 

nanoemulsion contains minor noise/errors i.e. the experimental data set transmits more useful 

information/signal about the developed stability model for BS % flux. 

The experimental data obtained for Sauter mean diameter was used to obtain the best 

fitting mathematical model which was a polynomial quadratic equation. The model was 

significant and valid for the stability (D(3,2)) of the ACM stabilised O/W emulsions. The resultant 

quadratic polynomial model adequately represented the experimental responses with the 

coefficients of multiple determinations R2 of 0.9992 and adjusted R2 of 0.9987, respectively 

(Table 0.4), which indicates a good fit between the experimental values and the regression 

model. The final equation in terms of actual components is given by Equation 5.2 

𝛾2 = (D(3,2)
) = 7906.40*(ACM) - 2601.19*(Oil) - 6.91*(Water) -12501.27*(ACM * Oil) + 

8268.83*(ACM * Water) - +3436.43*(Oil * Water)    Equation 5.2 

The R2 value for the D(3,2) model is 0.9992 and the closeness of this value to 1 makes it 

represent a good fit. The adequate signal to noise ratio for D(3,2) response was given as 

104.158 (Table 0.34). Authors have reported that the adequate prediction compares the range 

of the predicted values at the design points to the average prediction error and a ratio greater 

than 4 is desirable (Gupta et al., 2016; Anupam et al., 2018). It can be observed that the signal 

to noise ratio for D(3,2) is much higher than 4 as it is 104.158. Hence, it can be inferred that the 

stability design space as a function of D(3,2) for ACM stabilised O/W-type nanoemulsion 

contains minor noise/errors i.e. the experimental data set transmits more useful 

information/signal about the developed stability model for D(3,2).. 

All variables were fitted to a polynomial quadratic model, and the residual errors 

calculated to determine the goodness of model fit. Based on these values, the polynomial 

quadratic mixture model was found to be suited to determine the effects of the three 
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ingredients (ACM, oil, and water) on the back scattering (BS) % flux and Sauter mean diameter 

(D (3,2)). Normality of data was confirmed with 2 model adequacy tools—Normality Plot of 

Residuals and the Box-Cox Plot (not shown). The straight line obtained from the plots, 

indicated a normal distribution of residuals (Jeirani et al., 2012; Diedericks & Jideani, 2015), 

and showed that a changes in transformation would not lead to any improvement of the 

analysed data. Authors have reported that the Box-Cox plot, defined as “the natural log of the 

sum of the squares of the residuals against lambda,” indicates whether lambda should be 

transformed (Jeirani et al., 2012; Diedericks & Jideani, 2015; Habib, Sayed, & Elsayed, 2018). 

In this case the statistical tool did not recommend any transformation for the response 

variables of BS % flux and D (3,2)) for the ACM stabilsed O/W-type nanoemulsions; Hence the 

model was found adequate to determine the effects of the three ingredients (ACM, oil, and 

water) on the precise stability parameters for BS % flux and D(3,2). 

5.2.3 Effects of mixture components on stability (backscattering % flux). 

The stability as a function of backscattering (BS) % flux obtained from the mixture design for 

ACM stabilised O/W-type nanoemulsion formulation is presented in Table 5.5. The 

formulations with the highest BS % flux had an ACM concentration of 5 % in Table 5.5. For 

instance, the average initial BS flux % of the formulation with the emulsifier oil ratio (EOR) of 

5:3 (77.8 ± 0.1 %), 5:4.6 (75.8 ± 0.3 %), 5:7.3 (75.8 ± 0.3 %), and 5:10 (73.6 ± 0.1 %) as shown 

in Table 5.5. Similarly, the average initial BS flux % of the formulation with the EOR of 1:3 

(63.4 ± 0.2 %), 1:5.7 (56.7 ± 0.2 %) 1: 8.0 (46.9 ± 0.2 %), and 1:9.6 (36.0 ± 0.9 %) as shown 

in Table 0.45. It was evident that the EOR directly influences the BS % flux and the higher the 

ACM concentration the higher the stability (BS % flux). This observation was confirmed in the 

dominance displayed by ACM in the quadratic synergies as the concentration of ACM directly 

influenced stability as evidenced by highest factor coefficients for BS % flux L_Pseudo and 

actual Components (Table 0.6). It was observed that the L_Pseudo and actual Components 

factor coefficient for ACM was higher than that of oil and water. The trend was ACM> water> 

oil.  The factor coefficients for stability (BS % flux) L_Pseudo and actual Components in ACM 

was (-120.53 and -26742. 66), that of oil was (+28.51 and +647.56) while that of water was 

(+64.29 and +.64.04). Similarly, the synergy factors for ACM were higher than those of oil and 

water. The synergy factor coefficients for BS % flux L_Pseudo and actual Components of 

ACM* Oil was (+ 430.12 and +35546.82), for ACM * Water it was (+346.06 and +28600.28) 

while that of Oil * Water was (-14.46 and --1195.15). The factor component values of the 

L_Pseudo and actual Components predict that the relative impact of ACM was higher than 

that of oil and water therefore the concentration of ACM/EOR is vital in ensuring that the O/W 

nanoemulsion has stability as it leads to higher BS % flux. 
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Table 0.5: Experimental responses from randomized runs for D-optimal mixture design a, b, 

and c 
Run Dependent Variable 

 BS % flux D(3,2)  (nm) 

1 36.0 ± 0.9 31.9 ± 0.6 
2 36.0 ± 0.9 32.4 ± 0.6 
3 63.4 ± 0.2 10.0 ± 0.3 
4 72.99 ± 0.5 7.0 ± 0.2 
5 56.7 ± 0.2 23.2 ± 0.6 
6 77.9 ± 0.1 6.7 ± 0.1 
7 77.7 ± 0.1 6.6 ± 0.1 
8 73.6 ± 0.1 7.4 ± 0.2 
9  64.4 ± 0.1 15.4 ± 0.4 

10 63.4 ± 0.2 10.4 ± 0.4 
11 46.8 ± 0.1 16.0 ± 0.5 

12 ( 73.2 ± 0.1 13.8 ± 0.4 
13 73.7 ± 0.1 7.5 ± 0.2 
14 46.9 ± 0.2 29.1 ± 0.5 
15 75.8 ± 0.3 6.7 ± 0.2 
16  73.2 ± 0.1 13.6 ± 0.4 

aIndicated values are reported as means ± standard deviation (n = 5).  
bACM-African catfish mucilage, oil-sunflower oil, and water-MilliQ water 
cD(3,2)- Sauter mean diameter. 

Table 0.6: Regression coefficient values for the quadratic model of L_Pseudo Components 
for BS % flux a, and b. 

Source BS % flux  

ACM (A) -267.42655  
Oil (B) +6.47560  
Water (C ) +0.64043  
ACM * Oil (A*B)l +3.55468  
ACM * Water (A*C) +2.86003  
Oil * Water (B*C)l -0.11952  

 aBS .% flux-Backscattering % flux, bACM - Afirican catfish mucilage; Oil - Sunflower oil; and 
cWater - MiliQ water 

Figure 0.4 shows the Piepel trace and mixture design surface plot for the effect of 3 

components (A: ACM, B: oil and C: water) on BS % flux. The observation of dominance of 

ACM concentration in the stability (BS % flux) as evidenced by higher RC values in the 

synergiess of oil and water with ACM was confirmed in the Piepel trace plots as the stability 

(BS % flux) was greatly influenced by ACM (Figure 0.4a). A curvature was observed in the 

Piepel trace plots for all independent variable ACM, oil, and water (Figure 0.4a). The 

relationship observed was that the stability (high BS % flux) increased as the concentration of 

ACM increased up a point when it decreased slightly with a marked curvature decline (Figure 

0.4a). The curvature in ACM was sharp while that of oil and water was not sharp. This means 

that at a certain point depending on the concentration of the ACM-emulsifier to the 

concentration of the oil i.e. EOR the stability of the O/W nanoemulsion would be impacted 

negatively as the stability would not be affected by higher concentrations of the ACM. 
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Figure 0.4: (a) Trace (Piepel) plot and (b) mixture design surface plot for the effect of 3 components (A: ACM, B: oil and C: water) on 
Backscattering % flux. 
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Authors have reported that when sharp curvature occurs on Piepel’s trace plots, it shows that 

the specific constituent produces an extremely sensitive response in comparison to other 

constituents in the mixture (Diedericks & Jideani, 2015; Habib & AbouGhaly, 2016). Based on 

the literature, an extremely sensitive response by ACM shown by sharp curvature effect on 

stability as a function of BS % flux is the most dominant effect among the three mixture 

constituents. In the case of oil and water, the influence was not dominant as the stability (BS 

% flux) decreased as the concentration oil and water increased hence a pronounced curvature 

was experienced instead of a sharp curvature. Thus it could be deduced that if the 

concentration of ACM increases to a certain level where the curvature is observed, the 

stability-BS % flux of O/W-type nanoemulsions would be impacted negatively. This means that 

stability could reduce because the BS % flux reduces as a result of excess ACM that would 

not be dissolved in the system. The significance of this is that water-insoluble excess ACM 

concentrations could trigger instability i.e. lower BS % flux in an O/W-type nanoemulsion. The 

observation of dominance of ACM concentration in the stability (BS % flux) as evidenced by 

higher RC values in the isynergies of oil and water with ACM was confirmed in the mixture 

design surface plots as the stability (BS % flux) which was greatly influenced by ACM (Figure 

5.4b). The actual stability value obtained on the mixture design surface plots (Figure 0.4b) was 

77.9 % which compares favorably with the value obtained as the average initial BS % flux 

(77.9 ± 0.1 %) In BS % flux stability studies (Figure 0.3a). The mixture design surface plots 

(Figure 5.4b) also showed that as the concentration of ACM increased, the stability (BS % 

flux) increased up a point when it decreased slightly with a marked curvature decline as 

evidenced in the quadrilateral shape of the mixture design surface pots. Similar results were 

obtained for oil and water as stability (BS % flux) decreased with increasing concentrations of 

oil and water (Figure 0.4b). The effects of the three independent variables on stability (BS % 

flux) as shown in the Piepel trace plot (Figure 0.4a) agrees with the results obtained from the 

D-optical mixture design surface (Figure 0.4b), where high stability (high BS % flux) is as a 

result of the concentration of ACM which influenced the emulsifier-ACM oil ratio (EOR). The 

result that ACM by showing a sharp curvature effect on the effect of three mixture components 

on stability as a function of backscattering flux agrees with results reported by Diedericks & 

Jideani (2015) and Habib & AbouGhaly (2016). 

5.2.4 Effects of mixture components on stability as a function of Sauter mean 

diameter of ACM stabilised O/W-type nanoemulsion. 

The stability as a function of D(3,2) obtained from the mixture design for ACM stabilised O/W-

type nanoemulsion formulation is presented in Table 0.5. The formulations with the highest 

D(3,2) had an ACM concentration of 5 %. For instance, the average of D(3,2) of the formulation 
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with the emulsifier oil ratio (EOR) of 5:3 (6.6 ± 0.1 nm), 5:4.6 (6.7 ± 0.2 nm), 5:7.3 (6.9 ± 0.2 

nm), and 5:10 (7.5 ± 0.2 nm) as seen in Table 5.5 Similarly, the average D(3,2) of the formulation 

with the EOR of 1:3.0 (10.0 ± 0.3 nm), 1:5.7 (23.2 ± 0.6 nm) 1: 8.0 (29.1 ± 0.5 nm), and 1:9.6 

(32.4 ± 0.6 nm) as seen in Table 0.5. It was evident that the EOR directly influences the D(3,2) 

and the higher the ACM concentration the higher the stability (low D(3,2)). This observation was 

confirmed in the dominance displayed by ACM in the quadratic synergies as the concentration 

of ACM directly influenced stability as evidenced by highest factor coefficients for D(3,2) 

L_Pseudo and actual Components (0.7). The factor coefficients for stability [D(3,2)}] L_Pseudo 

and actual Components in ACM was (+64.06 and +7906.40), that of oil was (+30.17 and -

2601.19) while that of water was (+10.23 and -6.91). Similarly, the synergy factors for ACM 

were higher than those of oil and water. The synergy factor coefficients for BS flux % 

L_Pseudo and actual Components of ACM* Oil was (-151.27 and -12501.27), for ACM * Water 

it was (-100.05 and -8268.83) while that of Oil * Water was (+41.58 and +3436.44). The factor 

component values of the L_Pseudo and actual Components predict that the relative impact of 

ACM was higher than that of oil and water therefore the concentration of ACM/EOR is vital in 

ensuring that the O/W nanoemulsion has higher stability as it leads to lower D(3,2). 

Figure 0.5 shows the Piepel trace and mixture design surface plot for the effect of 3 

components (A: ACM, B: oil and C: water) on D(3,2). The observation of dominance of ACM 

concentration in the stability (D(3,2)) as evidenced by higher RC values in the synergies of oil 

and water with ACM was confirmed in the Piepel trace plots as the stability (low D(3,2)) was 

greatly influenced by ACM (Figure 0.5a). A curvature was observed in the Piepel trace plots 

for all independent variable ACM, oil, and water (Figure 0.5a). It was observed that as the 

concentration of ACM increased, the stability increased as D(3,2) values became lower also, a 

sharp curvature was observed as the concentration of ACM increased. This means that 

stability low D(3,2) can be achieved at a certain concentration of mixture constituents and 

subsequent increases in the concentration of ACM would continually lower D(3,2) and increase 

stability as shown in Figure 0.5a. For the influence of water, the curvature was more 

pronounced forming a parabola shape curvature. This means that higher concentrations 

concentration of water did not negatively impact the stability because the D(3,2) was low. This 

occurrence was confirmed with the high RC isynergy value of ACM and water and is in line 

with the theory that water-solubility enhances HLB values and ensures the stability of O/W-

type nanoemulsions. The curvature for oil was slight hence as the concentration of oil 

increased, the stability decreased as evidenced by high D(3,2) values. In the same vein, the 

mixture design surface plot (Figure 0.5b).
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Table 0.7: Regression coefficient values for the final reduced model of L_Pseudo Components for Sauter mean diameter a, b c., and d 

Source D(3,2) (nm) 

ACM (A) +7906.40251 

Oil (B) -2601.19300 

Water (C ) -6.90902 

ACM * Oil (A*B)l -12501.27336 

ACM * Water (A*C) -8268.83095 

Oil * Water (B*C)l +3436.43482 

aACM - Afirican catfish mucilage, bOil - Sunflower oil, cWater - MiliQ water, dD(3,2) - Sauter mean diameter 

 

Figure 0.5: (a) Trace (Piepel) plot and (b) mixture design surface plot for the effect of 3 components (A: ACM, B: oil and C: water) on Sauter 
mean diameter
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Based on the literature, an extremely sensitive response by ACM shown by sharp curvature 

effect on stability as a function of D(3,2) is the most dominant effect among the three mixture 

constituents. The observation of dominance of ACM concentration in the stability (D(3,2)) as 

evidenced by higher RC values in the syergies between oil and water with ACM was confirmed 

in the mixture design  surface plots as the stability (BS flux %) was greatly influenced by ACM 

(Figure 5.5b). The actual stability-D(3,2) value obtained on the mixture design surface plots 

(Figure 5.5b) was 6.6 nm which compares favorably with the value obtained as the average 

D(3,2) (6.7 ± 0.1 nm). The significance of a low D(3,2 ) is that the particles of the ACM stabilised 

O/W-type nanoemulsions are more tightly packed which makes it less susceptible to kinetic 

instability mechanisms. Hence with the low D(3,2) the nanoemulsion take a longer time to 

coalesce hence they remain stable. Although the D(3,2) is low, as a result of the adhesion of 

ACM at the oil and water interface, the creaming of the emulsion is avoided hence the 

nanoemulsion maintains stability. Literature supports the claim that emulsifiers reduce 

interfacial tension and reduce coalescence in oil droplets (McClements, 2015; Jin et al., 2017). 

The mixture design surface plots (Figure 0.5b) also showed that as the concentration of ACM 

increased, the stability increased as D(3,2) values became lower. Similar results were obtained 

for oil as stability (D(3,2)) decreased with increasing concentrations of oil (Figure 0.5b). In the 

case of water, the stability increased with increasing concentrations of water as D(3,2) values 

became lower. This means that the water-solubility of ACM was needed to ensure stability 

(low D(3,2) values). The effects of the three independent variables on stability (D(3,2)) as shown 

in the Piepel trace plot (Figure 0.5a) agrees with the results obtained from the mixture design 

surface (Figure 0.5b), where the stability (low D(3,2) values) is as a result of the concentration 

of ACM which influenced the emulsifier-ACM oil ratio (EOR). The result that ACM by showing 

a sharp curvature effect on the effect of three mixture components on stability as a function of 

D(3,2) values agrees with results reported by Diedericks & Jideani (2015) and Habib & 

AbouGhaly (2016). 

5.2.5 Process optimisation for stability (backscattering % flux) of ACM stabilised O/W-

type nanoemulsion 

The stability as a function of backscattering (BS) % flux of the ACM stabilised O/W-type 

nanoemulsion obtained from all the observed responses from randomised runs in the D-

optimal mixture design runs designed using the Design-Expert (10) software (StatEase, Inc., 

Minneapolis, USA) are given in the experimental responses from randomised runs in the D-

optimal mixture design (Table 0.5). The experimental responses (Table 0.5) were used to 

calculate the coefficients of the polynomial equation, subject to the degree of fit, predictive 

power, and robustness of the model, and the derived equation was then used to predict the 
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predicted values of BS % flux of the nanoemulsions. The predicted values fitted well with the 

experimental responses obtained from the RSM design as seen in Figure 0.46. The parity plot 

of the predicted value versus the experimental values for BS % flux of ACM stabilised O/W-

type nanoemulsion gave a good indication of a good agreement between predicted and 

experimental responses as a straight line was observed through the origin (Figure 0.46). 

Figure 0.6: Parity plot of predicted and experimental values of backscattering flux % of ACM 
O/W-type stabilised nanoemulsion 

 

The regression coefficients (RCs) obtained are shown in Table 0.67. Based on the regression 

coefficient values the greatest effect on the response BS flux % was caused by the 
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Table 0.8: Experimental responses from randomized runs for D-optimal mixture designa, b, and 

c. 

Run  Dependent Variable 

 BS flux (%) D(3,2)  (nm) 

1 36.0 ± 0.9 31.9 ± 0.6 

2 36.0 ± 0.9 32.4 ± 0.6 

3 63.4 ± 0.2 10.0 ± 0.3 

4 72.99 ± 0.5 7.0 ± 0.2 

5 56.7 ± 0.2 23.2 ± 0.6 

6 77.9 ± 0.1 6.7 ± 0.1 

7 77.7 ± 0.1 6.6 ± 0.1 

8 73.6 ± 0.1 7.4 ± 0.2 

9  64.4 ± 0.1 15.4 ± 0.4 

10 63.4 ± 0.2 10.4 ± 0.4 

11 46.8 ± 0.1 16.0 ± 0.5 

12 ( 73.2 ± 0.1 13.8 ± 0.4 

13 73.7 ± 0.1 7.5 ± 0.2 

14 46.9 ± 0.2 29.1 ± 0.5 

15 75.8 ± 0.3 6.7 ± 0.2 

16  73.2 ± 0.1 13.6 ± 0.4 

aIndicated values are reported as means ± standard deviation (n = 5).  
bACM-African catfish mucilage, oil-sunflower oil, and water-MilliQ water 
cD(3,2)- Sauter mean diameter. 

concentration of ACM as seen in Table 5.7. This could be due to the effect of the concentration 

of the bioemulsifier ACM on the stability as a function of BS % flux. It was established that 

ACM contains amide I functional/amino groups that bond with O/W nanoemulsions by 

adsorbing at the O/W interface resulting in stabilised nanoemulsions. Literature supports the 

claim that catfish mucus contains amphiphilic proteins which have been known to adsorb on 

nanoemulsion type interfaces (Hung et al., 2013; Shahkaramipour et al., 2017; Maravić et al., 

2019). Hence, the amphiphilic proteins in ACM could assist with stabilising the O/W emulsions 

by influencing BS % flux. As seen from the results, the concentration of ACM had the greatest 

effect on the dependent variable BS % flux response (Table 0.67) and this result is consistent 

with the results that the concentration of ACM assists with stabilising the O/W emulsions by 

influencing BS % flux (Table 0.5). 

Authors have established that a p-value lower than 0.05 is significant (Samson et al., 

2016; Gharehbeglou et al., 2019). The p-value of the ANOVA results for the effect of the three 

independent variables on BS % flux response was significant < 0.0001 (Table 0.63). The R2 
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value for the BS % flux model is 0.9567 and the closeness of this value to 1 makes it represent 

a good fit. The adequate signal to noise ratio for BS % flux response was given as 20.186 ( 
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Table 0.3). Authors have reported that the adequate prediction compares the range of 

the predicted values at the design points to the average prediction error and a ratio greater 

than 4 is desirable (Gupta et al., 2016; Anupam et al., 2018). It can be observed that the signal 

to noise ratio for BS % flux is much higher than 4 as it is 20.186 ( 
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Table 0.3). Hence, it can be inferred that the stability design space as a function of BS flux 

% for ACM stabilised O/W-type nanoemulsion contains minor noise/errors i.e. the experimental 

data set transmits more useful information/signal about the developed stability model for BS % 

flux. 

The analysis of the BS % flux responses in the data sets gave a final reduced model with a 

significant p-value (p< 0.0001) as shown in Table 0.6. The regression coefficients (RCs) obtained 

are shown in Table 0.6. Authors have reported that negative RC values show antagonistic effect 

while positive RC values show a synergistic effect of the independent variables on the dependent 

variable/desired response (Alkhatib, Grunzke, & Chabot, 2016; Anupam et al., 2018). From the 

regression coefficient (RC) values for the final reduced model of L_Pseudo components for BS 

% flux, the highest RCs was found on the concentration of ACM (-26742. 66) this implied that the 

effect of concentration of ACM dominated the effects of the concentration oil +647.56) and  water 

(+.64.04) respectively (Table 0.6). To further understand the effect of RC on the effect of BS % 

flux the main synergies on the quadratic relationship of parameters A, B, and C were analysed 

because they were significant. Authors have indicated that synergy effects on mixture design 

surface better interpret the effects of mixture constituents rather than linear coefficients which 

depend on the difference between the coefficients rather than their absolute magnitude (Baugreet 

et al., 2017; Konar et al., 2019). A close inspection of the synergy relationship between the 

parameters (Table 0.6) showed that AB and AC had high positive values, +35546.82 and 

+28600.28 respectively. This implied that the concentration of ACM was still the dominant factor 

in the sybergy relationship. Also, a positive value for synergies AB and AC shows that synergy 

was needed for stability (high BS % flux) to be achieved in ACM stabilised O/W-type 

nanoemulsions as ACM adheres to the oil and water interfaces of the O/W-type nanoemulsion to 

affect stability.  

The significance of the synergy AB is that the ACM hydrophobic portion adsorbed at the oil 

interface of the O/W-type nanoemulsion thereby causing an adhesion at the ACM and oil interface 

to ensure stability. The reason for this occurrence could be that the hydrophobic tail parts of ACM 

could generate micelles in water that allowed the clustering of the ACM and oil together in other 

to form non-covalent bonds. Also, the significance of the synergy AC is that the ACM hydrophilic 

head adsorbed at the water interface O/W-type nanoemulsion thereby causing an adhesion at 

the ACM and water interface to ensure stability (Table 0.6). The reason for this occurrence could 

be that the hydrophilic head parts of ACM could generate micelles in water that allowed the 
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clustering of the ACM and water together in other to form hydrogen bonds. Also. It can be 

suggested that because of this solubility, ACM could adhere to the O/W interface and the high 

positive RC values could be the reason why both synergies were vital in ensuring high BS % flux 

values and ensure the stability of ACM stabilised O/W-type nanoemulsions. The significance of 

the simultaneous adhesion of the ACM to the oil and water interface is that kinetic instability is 

avoided. For instance coalescence which involves thinning and disruption of O/W-type 

nanoemulsion droplets to form larger ones is avoided as a result of stability with ACM. Also the 

presence of ACM also delays creaming or phase separation as the ACM covers and adheres to 

the oil-water interfaces of the O/W–type nanoemulsions which are stable because of the low D(3,2). 

The water-solubility of ACM could also have played a part as water solubility is essential for 

hydrophilic-lipophilic balance (HLB). This phenomenon could occur because ultrasonication of oil 

flocs could allow the ACM-emulsifier to cover oil and water particle interfaces which results in an 

interfacial layer that prevents phase separation and enhances stability evident in the high BS % 

flux values. The covering of the oil and water interfaces in the O/W-type nanoemulsion is due to 

adhesion and it was earlier established that ACM has mucoadhesive properties. Hence, the water 

solubility of ACM and its ability to stabilise O/W-type nanoemulsion could be as a result of its high 

HLB value. Literature supports the claim that emulsifiers that are water-soluble and stabilise O/W 

nanoemulsions have high HLB values (Burgos - Díaz et al., 2016; Nejadmansouri et al., 2016,; 

Kale & Deore, 2017). For instance, Nejadmansouri et al. (2016) conducted studies on the stability 

of fish oil nanoemulsions as a function HLB, emulsifier to oil ratio (EOR), and storage temperature. 

The authors reported that high HLB (9-15) was related to the solubility of different concentrations 

of the non-ionic surfactants that emulsified and enhanced the stability of the fish oil 

nanoemulsions (Nejadmansouri et al., 2016). The authors concluded that an emulsifier that could 

stabilise nanoemulsions should have high HLB values (Nejadmansouri et al., 2016). The high 

HLB value of the emulsifier would lead to the formation of interfacial layers that prevents phase 

separation and allows the emulsifier to cover oil and water interfaces (Burgos - Díaz et al., 2016, 

Nejadmansouri et al., 2016; Kale & Deore, 2017). Hence in agreement with other authors, the 

water-solubility of ACM and its ability to stabilise O/W-type nanoemulsion could establish its high 

HLB value and explain its stability as a function of high BS % flux. Also, the dominance of ACM 

in the quadratic synergy AB and AC shows that synergy was needed for stability (high BS % flux) 

to be achieved in ACM stabilised O/W-type nanoemulsions as reported by other authors. 

Therefore, the stability ACM stabilised O/W-type nanoemulsions (BS % flux) could be as a result 

of the simultaneous adhesion of hydrophobic tails of ACM to the oil interface, and the hydrophilic 

head of ACM and water interface to form stable bonds because it was within the critical micelle 
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concentration. Stability could be due to the presence of ACM amphiphilic proteins which contain 

both hydrophobic tails and the hydrophilic heads. The low negative RC value for BC (--1195.15) 

could be because oil and water do not mix normally hence an antagonistic effect was observed 

from the RC synergy of BC (Table 0.6). However, mixing could occur when a high-energy 

technique such as ultrasonication is used to homogenize the oil and water to formulate stable 

nanoemulsions in the presence of ACM. 

Literature supports the claim that an emulsifier can stabilise O/W emulsions if its HLB value is 

greater than 10 (Burgos - Díaz et al., 2016; Nejadmansouri et al., 2016; Kale & Deore, 2017). 

Hence, it can be deduced that the HLB value of ACM is aabove 10 as it stabilises O/W-type 

nanoemulsions. Hence stability is confirmed, from the combination of BS % flux response, 

significance p-value (p< 0.0001) of the effect of the three independent variables, the dominating 

RC values of the final reduced model for BS % flux in AB, and AC and the effect of ACM-emulsifier 

oil ratio (EOR) on O/W-type nanoemulsions. and literature evidence on HLB it can be deduced 

that stability of ACM stabilised O/W emulsions as a function of BS % flux could be explained by 

micelle theory. 

5.2.6 Process optimisation for stability Sauter mean diameter of ACM stabilised O/W-type 

nanoemulsion.  

The stability as a function of  D(3,2) of the ACM stabilised O/W-type nanoemulsion obtained from 

all the observed responses from randomised runs in the D-optimal mixture design runs designed 

using the Design-Expert statistical software are given in experimental responses from randomized 

runs in the D-optimal mixture design (Table 0.5). The experimental responses (Table 0.5) were 

used to calculate the coefficients of the polynomial equation, subject to the degree of fit, predictive 

power, and robustness of the model, and the derived equation was then used to predict the 

optimised values of D(3,2) of the nanoemulsions. The predicted values fitted well with the 

experimental responses obtained from the RSM design as seen in Figure 0.57. The parity plot of 

the predicted value versus the actual values for D(3,2)  of ACM stabilised O/W-type nanoemulsion 

gave a good indication of a good agreement between predicted and experimental responses 

(Figure 0.57). 
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Figure 0.7: Parity plot of predicted and experimental values of Sauter mean diameter of ACM 
O/W-type stabilised nanoemulsion 

To obtain the best fit model the experimental responses were statistically analysed using Analysis 

of variance (ANOVA) of the three independent variables. The regression coefficients (RCs) 

obtained are shown in 0.79. Based on the regression coefficient values the greatest effect on the 

response D(3,2)  was caused by the concentration ACM as seen in 0.79. This could be due to the 

effect of the concentration of the bioemulsifier ACM on the stability as a function of D(3,2). It was 

earlier established that ACM contains amide I functional/amino groups that bond with O/W 

nanoemulsions by adsorbing at the O/W interface resulting in stabilised nanoemulsions. Also, 

amino groups are known to be building blocks of proteins. Literature supports the claim that catfish 

mucus contains amphiphilic proteins which have been known to adsorb on nanoemulsion type 

interfaces (Hung et al., 2013; Shahkaramipour et al., 2017; Maravić et al., 2019). It was also 

established that amphiphilic proteins in ACM assist with stabilising the O/W emulsions by 

influencing D(3,2). As seen from the results, the concentration of ACM had the greatest effect on 

the dependent variable D(3,2) response (Table 5.7) and this result is consistent with the results that 

the concentration of ACM assists with stabilising the O/W emulsions by influencing D(3,2) (Table 

0.5). Authors have established that a p-value lower than 0.05 is significant 

Table 0.9: Regression coefficient values for the final reduced model of L_Pseudo Components 
for Sauter mean diametera, b c. 

Source D(3,2) (%) 

ACM (A) +7906.40251 

Oil (B) -2601.19300 
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Water (C ) -6.90902 

ACM * Oil (A*B)l -12501.27336 

ACM * Water (A*C) -8268.83095 

Oil * Water (B*C)l +3436.43482 

aACM - Afirican catfish mucilage, bOil - Sunflower oil, cWater - MiliQ water 

(Samson et al., 2016; Gharehbeglou et al., 2019). The p-value of the ANOVA results for the effect 

of the three independent variables on D(3,2) response was < 0.0001 which is lower than 0.05 and 

is significant (Table 0.4). The R2 value for the D(3,2) model is 0.9992 and the closeness of this 

value to 1 makes it represent a good fit. The adequate signal to noise ratio for D(3,2) response was 

given as 104.158 (Table 0.4). Authors have reported that the adequate prediction compares the 

range of the predicted values at the design points to the average prediction error and a ratio 

greater than 4 is desirable (Gupta et al., 2016; Anupam et al., 2018). It can be observed that the 

signal to noise ratio for D(3,2) is much higher than 4 as it is 104.158. Hence, it can be inferred that 

the stability design space as a function of D(3,2) for ACM stabilised O/W-type nanoemulsion 

contains minor noise/errors i.e. the experimental data set transmits more useful information/signal 

about the developed stability model for D(3,2). 

The analysis of the D(3,2) responses in the data sets gave a final reduced model with a significant 

p-value (p< 0.0001) as seen in 0.79. The regression coefficients (RCs) obtained are shown in 

0.79. Authors have reported that negative RC values show antagonistic effect while positive RC 

values show a synergistic effect of the independent variables on the dependent variable/desired 

response (Alkhatib et al., 2016; Anupam et al., 2018). From the regression coefficient (RC) values 

for the final reduced model of L_Pseudo components for D(3,2), the highest RCs was found on the 

concentration of ACM (+7906.40) this implied that the effect of concentration of ACM dominated 

the effects of the concentration oil (-2601.19) and  water  (-6.91) respectively (0.79). To further 

understand the effect of RC on the effect of D(3,2) the main synergy and quadratic relationship of 

parameters A, B, and C were analysed because they were significant. Authors have indicated 

that synergy effects on mixture design surface better interpret the effects of mixture constituents 

rather than linear coefficients which depend on the difference between the coefficients rather than 

their absolute magnitude (Baugreet et al., 2017; Konar et al., 2019). A close inspection of the 

synergy relationship between the parameters (0.79) showed that AB and AC had high negative 

values (-12501.27 and -8268.83) respectively. This implied that the concentration of ACM was 

still the dominant factor in the synergy relationship. A negative value for synergy in AB and AC 

shows that an antagonistic effect was needed for stability (low D(3,2)) to be achieved in ACM 
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stabilised O/W-type nanoemulsions as ACM adheres to the oil and water interfaces of the O/W-

type nanoemulsion to affect stability. The significance of the synergy in AB is that the ACM 

hydrophobic portion adsorbed at the oil interface of the O/W-type nanoemulsion due to the low 

D(3,2) thereby causing an adhesion at the ACM and oil interface to ensure stability. The reason for 

this occurrence could be that the hydrophobic tail parts of ACM could generate micelles in water 

that allowed the clustering of the ACM and oil together in other to form non-covalent bonds. Also, 

the significance of the synergy in AC is that the ACM hydrophilic head adsorbed at the water 

interface O/W-type nanoemulsion thereby causing an adhesion at the ACM and water interface 

to ensure stability. The reason for this occurrence could be that the hydrophilic head parts of ACM 

could generate micelles in water that allowed the clustering of the ACM and water together in 

other to form hydrogen bonds. Also. It can be suggested that because of this solubility, ACM could 

adhere to the O/W interface and the higher RC values could be the reason why both synergies 

were vital in ensuring high BS % flux values and ensure the stability of ACM stabilised O/W-type 

nanoemulsions. The low positive RC value of +3436.43 for BC could be because oil and water do 

not mix normally hence an antagonistic effect was observed from the RC synergy of BC. However, 

mixing could occur when a high-energy technique such as ultrasonication is used to homogenize 

the oil and water when the oil flocs were broken to assist in formulating stable nanoemulsions in 

the presence of ACM. Hence the result that the dominant effect on the ANOVA results for the 

effect of the quadratic synergys ACM*oil (AB) on the dependent variable D(3,2) response (0.79) 

was due to the concentration of emulsifier- ACM which was antagonistic is consistent with the 

results that the emulsifier-ACM oil ratio (EOR) influences the D(3,2) and ACM assists with 

stabilising the O/W-type nanoemulsions by influencing D(3,2). 

5.2.7 Optimisation of response 

The final polynomial equations (Equations 5.1 and Equation 5.2) and the constituent were 

constrained with lower and upper limits. The 3 components in real scale amounted to 100% (1 % 

to 5 % for ACM, 3 % to 10 % for oil, and 85 % to 96 % for water) respectively listed in The 

numerical optimisation of an O/W-type nanoemulsion formulation was carried out according to the 

desirability function using the Design-Expert (Stat-Ease Inc., Minneapolis, Minnesota, U.S.A., 

version 10.0.7) statistical software. The research objective was to evaluate how the 

physicochemical properties of ACM affect its efficacy as an emulsifier in sunflower O/W-type 

nanoemulsion using ultrasonication to optimise the emulsion formation to provide the food-grade, 

cosmetics, drug delivery, and personal care industry with a low cost, eco-friendly alternative 

emulsifier. Desirability functions were chosen to either maximise BS % flux (𝛾1) and minimise 
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Sauter mean diameter (𝛾2) or maximise BS % flux (𝛾1) and maximise Sauter mean diameter (𝛾2). 

This desirability function was set to answer sub research objective questions on whether 

maximising BS % flux (𝛾1) and minimising Sauter mean diameter (𝛾2) or maximising BS % flux 

(𝛾1) and maximising Sauter mean diameter (𝛾2) would affect the desirability options. The sub 

research objective questions were also set to enable choices to be made for suitable mixture 

constituents’ composition to fulfill emulsifier roles in the food, cosmetics, drug delivery, and 

personal care industry. Diverse nanoemulsion solutions representing different combinations of 

mixture constituents and independent variable levels were found by using the Design-Expert 

statistical software. These solutions were dependent on the degree to which the dependent 

variables BS flux (𝛾1) and Sauter mean diameter (𝛾2) were minimised and maximizsed. The 

overall desirability of the chosen formulation for option A (EOR 4.2:3) which involved maximising 

BS %flux (𝛾1) and minimising Sauter mean diameter (𝛾2) was 100%, which means that this 

formulation substantially satisfied the targeted constraints. Similarly, the overall desirability of the 

chosen formulation for option B (EOR 5:10) which involved maximising BS flux (𝛾1) and 

maximising Sauter mean diameter (𝛾2) was 95%, which means that this formulation substantially 

satisfied the targeted constraints. A study by Dokić et al. (2012) on the effect on oil concentration 

on the stability of octenyl succinic anhydride (OSA starch) stabilised sunflower O/W emulsions as 

a function of creaming rand apparent viscosity. The authors’ investigated the effect of using 5-

60% oil concentration in an emulsion and reported that emulsions containing 60% of dispersed 

sunflower oil with 8-16% concentrations of OSA starch were stable for 15 days of storage and 

creaming did not occur (Dokić et al., 2012). The authors observed that at the OSA starch 

concentration above 10% there was a drastic reduction in the creaming index values and stated 

that it was due to network structure formation through inter-molecular bonding of OSA starch 

molecules (Dokić et al., 2012). Hence, the structure formed increased the viscosity of the 

continuous phase, slowed down oil droplet movement, and reduced the rate of creaming, which 

means that increase in OSA starch concentration led to an increase in the physical stability of the 

investigated emulsions (Dokić et al., 2012). The authors concluded that an increase in the 

concentration of oil in emulsions stabilised by OSA starch caused a significant delay of creaming 

(Dokić et al., 2012). Furthermore, the authors also reported that as oil concentration increased 

from 5-60 % the apparent viscosity of the stabilised emulsions increased (Dokić et al., 2012).. 

Similarly, Xi et al (2019), investigated the effect of oil concentration (10-50 %) on the rheological, 

structural, and microstructural properties of ethanol- induced whey protein stabilised soy-bean oil 

emulsions: The authors observed that stabilised emulsions with higher oil concentration exhibited 

a higher degree of shear-thinning as the apparent shear viscosity decreased with increasing shear 
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rate. The authors concluded that the shear thinning displayed was consistent with the rheological 

properties of colloidal dispersions containing aggregated particles  (Xi et al., 2019). Based on the 

literature (Dokić et al., 2012; Xi et al., 2019), the combination of independent variable constituents 

in option B (5 % ACM: 10 % oil: 85 % water) was selected for rheology tests because authors 

have reported that stabilised emulsions with higher oil concentration exhibited a higher degree of 

shear-thinning, viscosity, and viscoelastic rheological properties. The predicted stability value for 

BS % flux was 73.7 % while the D(3,2) value was 7.5 nm and the desirability was 95 %. 

5.2.8 Validation of selected optimised formulation 

The selected optimised formulation contains 5 % ACM: 10 % oil: 85 % water. The optimum 

formulations were selected to validate the chosen experimental domain and polynomial quadratic 

equations. Laboratory experiments were conducted in three replicates to determine the BS % flux 

and D(3,2) of the optimised formulation which contained 5 % ACM: 10 % oil: 85 % water. The 

predicted stability as a function of BS % flux and D(3,2) was compared with the experimental 

stability values of the selected optimised formulation. The mean experimental values of BS % flux 

and D(3,2) were 73.6 ± 0.1 % and 7.5 ± 0.2 nm. The experimental stability of both BS % flux and 

D(3,2) confirms the suitability of the model for food-grade, cosmetic, personal care, and drug 

delivery products. 

5.2.8 Structural characteristics of O/W-type nanoemulsion formulation  

Structural characterisation ACM stabilised O/W-type nanoemulsion formulation for the 16 

randomised runs designed by Design-Expert software was conducted using Cryo-Transmission 

electron microscopy (TEM) imaging. The 16 random runs comprised of 11 different runs, with 5 

runs that had two replicates.  

Figure 0.8, Figure 0.9 and Figure 0.10 shows the TEM Images of O/W-type nanoemulsion 

stabilised with 1, 3, and 5 % concentration of ACM and oil concentrations in the range of 3.14-

9.164 %. 
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Figure 0.8: (a) Structural characteristics of ACM stabilised O/W-type nanoemulsions with 
emulsifier-ACM oil ratios of (a) 1:3.0 %, (b) 1:5.7 %, (c) 1:8.0%,and  (d) 1:9.2 %. 

The Cryo-TEM micrographs of the ACM stabilised O/W-type nanoemulsion showed that ACM 

encapsulated the O/W-type nanoemulsion and formed a consistent aggregate structure ( 

Figure 0.8, Figure 0.9 and Figure 0.10). Cryo-TEM studies also revealed that cross-linkage 

structure of mucins in ACM stabilised O/W-type nanoemulsions did not occur across the matrix 

but occurred preferentially via a heterogeneous distribution discretely in the networks matrix ( 

Figure 0.8, Figure 0.9 and Figure 0.10). The ACM contains amphiphilic filamentous threads that 

stabilises the network structure of stabilised emulsions. However, this stabilisation does not occur 

in every part of the matrix hence the stability is preferential as seen in Figure 5.8, 5.9 and 5.10. It 

is more pronounced with stabilised emulsions having EOR of 5:3, 5:4.6, 5:7.3, and 5:10 % as they 
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are more stable than emulsions containing 1 and 3 % ACM concentration. Hence, the structural 

stability of ACM stabilised O/W-type nanoemulsions was due to the presence of amphiphilic 

filamentous protein threads in ACM. 

 

Figure 0.9: (a) Structural characteristics of ACM stabilised O/W-type nanoemulsions with 
emulsifier-ACM oil ratios of (a) 2.28:3 %, (b) 2.9:3.1 %, and (c) 3 3:6.2 %. 

 

Figure 0.10:  (a) Structural characteristics of ACM stabilised O/W-type nanoemulsions with 
emulsifier-ACM oil ratios of (a) 5:3 %, (b) 5:4.6 %, (c) 5:7.29 %, and (d) 5:10 %. 
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Authors have reported that cross-linkage structure of mucins in hagfish mucus did not occur 

across the matrix but occurred preferentially via a heterogeneous distribution discretely in the 

networks matrix (Fudge & Schorno, 2016). For instance, Fudge & Schorno (2016), investigated 

the predator defense functions of hagfish gland cells. The authors reported that hagfish gland 

thread cells contain fibers that were made-up of intracellular protein filaments. The authors 

proposed that the cross-linkage structure of mucins in hagfish mucus did not occur across the 

matrix but occurred preferentially via a heterogeneous distribution discretely in the networks 

matrix (Fudge & Schorno, 2016). The authors concluded that the filamentous threads of the 

mucins in hagfish mucus were the links that allowed cross-linkage to occur and result in the stable 

network structure of hagfish mucus (Fudge & .Schorno). Another study by on hagfish mucus 

gelation of soy milk gelation which resulted in creating flocculated fibrous emulsions revealed that 

the hagfish mucins influenced flocculation and enhanced cross-linking between hagfish slime and 

soya milk and resulted in a stable soy-slime emulsion. Based on literature claims, the stability of 

ACM stabilised O/W-type nanoemulsion is as a result of amphiphilic filamentous protein threads 

in ACM that enable a cross-linkage structure that does not occur across the matrix but occurs 

preferentially via a heterogeneous distribution discretely in the networks matrix as reported by 

(Fudge & Schorno, 2016). 

The average particle size obtained using the TEM micrograph was consistent with that of 

the Zetasizer The particle size for ACM stabilised O/W-type nanoemulsion formulation is given as 

a function of D(3,2) in Table 5.5. It was observed that lower the oil concentration in the ACM 

stabilised O/W-type nanoemulsion the higher the stability as evidenced by lower D(3,2) (Table 5.5). 

Figure 5.9 shows the Cryo-TEM Images of O/W-type nanoemulsion stabilised with 2.28, 2.94, 

and 3.26 % concentration of ACM and oil concentration of 10, 3.14, and 6.15 % respectively. The 

Cryo-TEM micrographs of O/W-type nanoemulsion and the D(3,2) followed the same trend as that 

of ACM stabilised O/W-type nanoemulsion stabilised with 1 % ACM (Figure 5.2 and Table 5.1). 

The concentration of ACM influenced the stability of the stabilised O/W-type nanoemulsions 

despite the concentration of the oil in the ACM stabilised O/W-type nanoemulsion. The trend 

followed was the higher ACM concentrations (2.28 < 2.94 < 3.26 %), the higher the stability (lower 

D(3,2)) of the ACM stabilised O/W-type nanoemulsion (Figure 0.2 and Table 0.1). Table 0.1 shows 

the of O/W-type nanoemulsion stabilised with ACM-emulsifier oil ratio of 5:3, 5:4.6, 5:7.3 and 

5:10.0 % had a stability trend of (77.9 ± 0.1 %) followed by 4.6 % (75.8 ± 0.3 %), then 7.3 % (73.0 

± 0.5 % and 10.0 % (73.6 ± 0.1 %) respectively. The D(3,2) of O/W-type nanoemulsion stabilised 

with 1 % ACM concentration showed the same stability trend as that of ACM stabilised O/W-type 

nanoemulsion stabilised with 5 % ACM. The O/W-type nanoemulsion with oil concentration of 1 
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% had the stability trend of (63.36±0.2 %) followed by 5.73 nm (56.70±0.2 %), then 8.00 nm 

(46.85±0.2 %) and 9.64 nm (36.01±0.9 %) as seen in Table 5.1. Hence the D(3,2) influenced the 

stability of ACM stabilised O/W-type nanoemulsion and the trend was the higher the ACM 

concentration (ACM-EOR concentration) the higher the stability. 

5.2.9 Functional group characteristics of ACM stabilised O/W-type nanoemulsion 

The functional groups of the optimised selected ACM stabilised O/W-type nanoemulsion were 

confirmed through ATR-FTIR spectroscopy. The shifts in the wavelength peaks of ACM and ACM 

stabilised O/W-type nanoemulsion is compared in Table 0.100. There was a shift in the amide I 

of ACM 3301 cm−1 to 3344 cm−1 although comparable to the functional group of ACM it was 

modified which showed a kind of interaction (Table 0.100). This phenomenon was described by 

(Angulo & do Amaral Sobral, 2016), in the study of changes in the chemical composition of aloe 

vera and snail mucus composite scaffold using ATR-FTIR spectroscopy. The authors reported 

that when scaffolds of aloe vera and snail mucus was formulated shifts were observed which 

suggested an interaction in the spectra of the resulting compound. The interaction could be due 

to adhesions between the amino groups/protein micelles of ACM and oil globules of sunflower oil. 

Several authors have reported that amino groups/protein micelles interface with oil globules to 

form stable emulsions (Cagel et al., 2017; McClements et al., 2017; Reneeta et al., 2018; Liang 

et al., 2018; Bergenståhl & Spicer, 2019; Langevin, 2019). There was also a shift at the vibrational 

stretch of methyl groups from 2924 cm−1 in ACM to a peak of 2855 cm−1 in the ATR-FTIR spectra 

in ACM stabilised O/W-type nanoemulsion (Table 0.100). Furthermore, the glycoprotein methyl 

out of planar vibrations shifted from 2958 cm−1 to 2929 cm−1, amide I at 1634 cm−1 shifted to 1645 

cm−1, C—O of carboxyl COO group accepting zero shifted from 1414 cm−1 to 1468 cm−1, anti-

symmetric C—O—C glycoside bond shifted from 1136 cm−1 to 1170 cm−1 (Table 0.10). Similar 

results were reported for wavelength peaks of ACM stabilised soya milk emulsions. The shift in 

the amide I of hydroxyl groups of hydrophilic amino acid groups of proteins from 3301 to 3344 

cm−1 suggests that the proteins in the ACM are part of the stability mechanism of ACM stabilised 

O/W emulsion (Table 0.100). Authors have reported that amphiphilic proteins have been used to 

stabilise O/W emulsions (Burgos ‑ Díaz et al., 2016; McClements et al., 2017; Maravić et al., 

2019). Literature supports the claim that catfish mucus contains amphiphilic proteins or non-polar 

proteins which have been known to adsorb on nanoemulsion type interfaces (Hung et al., 2013; 

Shahkaramipour et al., 2017; Maravić et al., 2019). Hence it can be proposed that the non-polar 

proteins in ACM assist with stabilisng the O/W emulsions. This result that non-polar proteins in 



141 
 

ACM assist with stabilising the O/W emulsions.is consistent with reports by other authors Burgos 

- Díaz et al. (2016), McClements et al. (2017), and Maravić et al. (2019) . 

 

Table 0.100: Comparison of wavenumbers of ACM and ACM stabilised O/W-type nanoemulsion 

Wave 

number 

ACM (CMˉ¹) 

Wave number O/W type 

nanoemulsion stabilised 

with ACM (CMˉ¹) 

Band assignments References 

3301 3344 Possible broad peak 

stretching vibrations of 

hydroxyl groups of hydrophilic 

amino acids 

(Angulo & do Amaral 

Sobral, 2016; Choo et 

al 2016) 

2958 2929 Possible mucus/glycoprotein 

CH₂ out of plane vibration 

(Angulo & do Amaral 
Sobral, 2016, Reneeta 
et al., 2018) 

2924 2855 Possible CH₂ symmetric and 

out of plane vibration 

(Angulo & do Amaral 
Sobral, 2016) 

 

1634 1645 Possible Amide stretch, β-

sheets absorption bands; 

Amide I 

(Angulo & do Amaral 
Sobral, 2016; 
Pellegrini, et al., 2016) 

1414 1468 Possible C-O of carbonyl 

COO group accepting zero or 

one H-bond 

(Angulo & do Amaral 
Sobral, 2016, 
Fernando et al., 2017) 

1136 1170 Anti-symmetric C-O-C 

glycoside bond; C-O strong 

bond stretch; 

(Angulo & do Amaral 
Sobral, 2016, Tabrizi 
et al., 2016) 
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Chapter 6  

FLOW AND VISCOELASTIC RHEOLOGICAL BEHAVIOR OF AFRICAN 

CATFISH MUCILAGE (ACM), ACM’S MOST STABLE EMULSION AND 

NANOEMULSIONS 

6.1 Flow and viscoelastic rheological behaviour of ACM 

This chapter provides results on the flow and visco-elastic rheological behavior of ACM, ACM 

stabilised soya milk emulsions and ACM stabilised O/W-type nanoemulsions. My original 

contribution to knowledge’ is that this outcome could streamline the guidelines for process 

operations in the application of ACM for rheological quality and stability of ACMs’ most stable 

emulsions and nanoemulsions. Also interpretations could result on guidelines dor the best fit 

models for ACM and ACMs’ most stable emulsions and serve as a guidelines for the storage of 

the ACM and ACMs’ most stable emulsions as it pertains to the linear viscosity range at low 

frequencies. 

Oscillatory and rotational tests were performed to determine the flow and viscoelastic 

properties of ACM dispersion, soya milk, ACM stabilised O/W-type nanoemulsions, ACM 

stabilised soy milk emulsion, and African catfish mucus stabilised O/W-type nanoemulsion 

enriched with soya milk fiber respectively. Samples were equilibrated for 10 minutes before 

conducting the oscillatory tests (Adeyi et al.., 2014). Based on the results of two-way analysis of 

variance after Tukey’s multiple comparisons test, the optimum African catfish mucilage (ACM) 

stabilised soy milk emulsion was chosen as emulsions having ACM-emulsifier soy milk ratio 

(ESMR) of 5:50 %. The methodology for achieving this research objective is described in section 

3.3 of Chapter 3. The choice was based on recommendations of the highest stability (high BS % 

flux) and the level of significance (p-value < 0.05) of ACM stabilised soy milk emulsions. Based 

upon this choice, most stable emulsions with ACM-emulsifier soy milk ratio (ESMR) 5:50 % was 

selected. Also, the optimum ACM stabilised O/W-type nanoemulsion was chosen based on 

desirability functions to either maximise BS % flux (𝛾1) and minimise Sauter mean diameter (𝛾2) 

denoted as option A or maximise BS % flux (𝛾1) and maximise Sauter mean diameter (𝛾2) denoted 

as option B. Based on a D-optimal mixture design generated by the Design-Expert software 

(StatEase, Inc., Minneapolis, USA) and using mixture design surface methodology (RSM) two 

optimum concentrations were generated. The desirability functions led to ACM-emulsifier oil ratios 

(EORs) of 4.2:3 % for option A and 5:10 % for option B (Error! Reference source not found., 

ection 5.2.7). The methodology for achieving this research objective is described in section 3.4 of 
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Chapter 3. However, the literature revealed that stabilised emulsions with higher oil concentration 

exhibited a higher degree of shear-thinning as the apparent shear viscosity decreased with 

increasing shear rate (Dokić et al., 2012; Xi et al., 2019). Hence, the emulsion with a higher oil 

ratio was chosen for the investigation to show the effect of ACM on flow and visco-elastic 

rheological behavior ACM stabilised O/W-type nanoemulsions. Therefore, this chapter details 

results and discussion on the experimental data obtained from performing the research objectives 

which involved investigating the effect flow and viscoelastic rheological behaviour of African 

catfish mucilage (ACM), and ACMs most stable emulsions and nanoemulsions. The methodology 

for achieving this research objective was described in section 3.5, Chapter 3. 

6.2 Effect of African catfish mucilage on the viscosity of ACMs’ most stable 

emulsions and nanoemulsions 

Error! Reference source not found. shows the constituents in the ACM dispersion in MilliQ 

ater and ACMs’ most stable emulsion and nanoemulsions used for the rheological 

characterisation in this work. Literature supports the claim that biopolymers improve the 

rheological roles of the continuous phase by reducing the interfacial tension between oil and water 

(Primozic et al., 2017; Junqueira et al., 2019). Hence, analysing changes in emulsion structure 

and rheology gives insights into the effects of biopolymers on stability (Primozic et al., 2017; 

Junqueira et al., 2019). Authors have reported that rotational steady-state operations reveal how 

the speed of mixing, pouring, and pumping operations influence emulsion quality (Junqueira et 

al., 2019). The effect on  viscosity as the shear rate increases from 0.01 to 1000 s -1 for ACM (A), 

soya milk (B), ACM stabilised soya milk emulsion (C), ACM stabilised O/W-type nanoemulsion 

(D), and ACM stabilised O/W-type nanoemulsion enriched with soya milk Fiber (E), was 

performed using a controlled stress/strain rheometer (Physica MCR 502 rheometer, Anton Paar 

Com with parallel plate mode of 25 mm diameter stainless steel plates (PP25 S, Anton Paar, 

Austria) and a gap size of 0.5 mm. Samples were equilibrated for 10 minutes before conducting 

oscillatory tests as described by Adeyi et al. (2014) 

Error! Reference source not found. shows the mean initial viscosity (MIV) of ACM (A), 

oy soya milk B), ACM stabilised soya milk emulsion(C), ACM stabilised O/W-type nanoemulsion 

(D), and ACM stabilised O/W-type nanoemulsion enriched with soya milk fiber (E), and at the 

lowest shear rate of 0.01 s -1. In Error! Reference source not found. the results showed that the 

IV of ACM stabilised soy milk emulsions (2352.5 ± 1.3mPa.s) was higher than that of soy milk 

(661.3 ± 1.2 mPa-s). The data showed that ACM influenced the stability of the emulsion as it 
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affected the mean initial viscosity of the emulsion. This means that the viscosity i.e. the measure 

of soy milk’s internal resistance to flow is less than that of ACM stabilised soy milk emulsions. The 

reason for this is that the ACM-emulsifier influences emulsion stability by forming films around the 

water drops in water/soy] milk interfaces. The films formed increases the stability of the emulsion 

by ensuring that the ACM adsorbs at smaller soy milk droplets interfaces. Hence the initial 

viscosity needed for flow to occur when shear stress is applied is higher than that for an emulsion 

with larger droplet size. Consequently, MIV of ACM stabilised soy milk emulsions were higher 

than that of soy milk. Hence the ACM stabilised soy milk emulsions were more stable than the 

soy milk because of higher MIV. Similarly, in Error! Reference source not found. the MIV of 

CM stabilised O/W-type nanoemulsion was lower  

Table 0.1: Constituents in ACM dispersion in MilliQ water, soy milk, and ACMs’ most stable 
emulsions. 

 CONSTITUENTS  

TYPE SYMBOL ACM (%) Soy milk (%) Oil (%) Water 

(%) 

ACM dispersion in MIlliQ 

water 

A 5 0 0 95 

Soya milk B  100   

ACM stabilised soy milk 

emulsion 

C 5 50  45 

ACM stabilised O/W-type 

nanoemulsion without 

fibre 

D 5 0 10 85 

ACM stabilised O/W-type 

nanoemulsion with fiber 

E 5 50 10 35 

         a ACM African catfish mucilage
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Table 0.2: Comparison of the Mean initial viscosity of ACM and its most stable nanoemulsions 
the lowest shear rate 0.01 s -1 a 

TYPE MEAN INITIAL VISCOSITY (mPa.s) 

ACM  456.2 ± 1.2 

Soy milk 661.3 ± 1.2  

ACM stabilised soy milk emulsion 2352.5 ± 1.3 

ACM stabilised O/W-type nanoemulsion without 

fibre 

3476.1 ± 1.3 

ACM stabilised O/W-type nanoemulsion with fibre 6468.0 ± 1.3 

           aACM.African catfish mucilage 

(3476.1 ± 1.3 mPa-s) than that of ACM stabilised O/W-type nanoemulsion enriched with soya milk 

fiber (6468.0 ± 1.3 mPa-s). The reason for this is that the ACM-emulsifier influences emulsion 

stability by forming films around the water globules in water/oil interfaces. The films formed 

increases the stability of the emulsion by ensuring that the ACM adsorbs at smaller oil droplets 

interfaces. This shows that the fibre enriched ACM stabilised O/W-type nanoemulsion was more 

stable than the ACM stabilised O/W-type nanoemulsion as a result of the higher MIV. Authors 

have reported that rotational steady-state operations reveal how the speed of mixing, pouring, 

and pumping operations influence emulsion stability and rheological properties (Liang et al., 2018; 

Junqueira et al., 2019). Authors have also reported that bioemulsifiers improve the stability and 

viscosity of the continuous phase by reducing the interfacial tension between oil and water give 

insights into the effects of biopolymers on stability (Primozic et al., 2017; Junqueira et al.2019). 

The result that the ACM influenced the viscosity of stabilised ACM stabilised soya milk 

emulsion(C), ACM stabilised O/W-type nanoemulsion (D), and ACM stabilised O/W-type 

nanoemulsion enriched with soya milk fiber (E) is consistent with reports by Primozic et al. (2017), 

Junqueira et al. (2019), and Maravić et al. (2019) that bioemulsifiers influence stability and 

rheological (viscosity) properties of emulsions. 

6.3 Rheological behaviour of African catfish mucilage 

The effect of viscosity as the shear rate increases from 0.01 to 1000 s -1 was investigated for 

African catfish mucilage (ACM) to study the effect of shear on ACM. As expected ACM showed a 

distinct shear-thinning behaviour (Figure 0.1). It was noted that the viscosity of the mucus 

decreased as the shear rate increased while the shear stress increased as the shear rate 
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increased. The result obtained that ACM had a shear-thinning behaviour and showed clear 

separations of  

 
 

Figure 0.1: The effect of shear rate on the shear stress of African catfish mucilage 

 

Figure 0.2: Cryo-TEM image of African catfish mucilage (ACM) with cross-linkages from 
filamentous protein threads that stabilise the network structure of ACM 

dense gel and watery clusters is consistent with results reported by Böni et al. (2016b) for hagfish 

mucus. The authors investigated the effect of shear flow on the mucus properties of hagfish 

mucus at shear rates of 1, 10, and 100 s -1 and reported that hagfish mucus displayed a shear-

thinning behaviour even when the shear rate was kept constant (Böni et al., 2016b). Figure 0.2 
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shows the TEM image of ACM with cross-linkages from filamentous protein threads that stabilise 

the network structure of ACM. The observed formation of a dense gel and watery clusters at 

different parts of the network matrix could be as a result of the ACM not forming a cross-linkage 

structure across the matrix but formed clear separations into a dense gel and watery clusters 

across the ACM matrix (Figure 0.2). This observation agrees with reports by Fudge & Schorno 

(2016) who proposed that the cross-linkage structure of mucins in hagfish mucus did not occur 

across the matrix but occurred preferentially via a heterogeneous distribution discretely in the 

networks matrix. The authors concluded that the filamentous threads of the mucins in hagfish 

mucus were the links that allowed cross-linkage to occur and result in the stable network structure 

of hagfish mucus (Fudge & Schorno, 2016). The authors further proposed that the filamentous 

protein threads of the mucins in hagfish mucins resulted in the inclusive viscoelasticity of the 

hagfish mucus by forming a viscoelastic network (Fudge & Schorno, 2016)). The phenomenon 

was ascribed to circling and entwining of the hagfish filaments or strands around the upper plate 

geometry of the rheometer which resulted in dissociation into a watery mass and a concentrated 

gel (Böni et al., 2016b; Böni et al., 2018). The authors further suggested that hagfish mucin was 

not stable under shear stress resulted in lower viscosity as it formed aggregates of dense gels 

and a watery portion (Böni et al., 2016b; Böni et al., 2018). The same phenomenon was observed 

when ACM was subjected to shear rates of 1, 10, and 100  s -1. Hence, consistent with results 

obtained by authors such as Böni et al. (2016b) and Böni et al. (2018), it appears that ACM mucin 

is not stable to shear because of the clusters of dense gel and watery fraction formed after shear 

flow. Authors have described the phenomenon whereby shear stress results in cluster formation 

of mucins and a transition to dense gel solids is ascribed to interactions between inter-molecular 

hydrophobic protein fragments (Böni et al., 2016b; Esposito, Kirilov, & Roullin, 2018). Hence it is 

suggested that as a result of the large molecular weight and high amounts of protein in ACM 

mucin shear stress results in the ACM mucin cluster and enables interactions between inter-

molecular hydrophobic protein fragments in agreement with Böni et al. (2016b) and Esposito et 

al. (2018). 

6.4 Rheological behaviour of African catfish mucilage most stable emulsions 

The effect on viscosity as the shear rate increases from 0.01 to 1000 s -1 for African catfish 

mucilage (ACM) stabilised O/W-type nanoemulsions, ACM stabilised O/W-type nanoemulsions 

enriched with soya milk fiber, soya milk fiber, and ACM stabilised soy milk fibre emulsion is shown 

in Figures 6.3 and 6.4 respectively. All ACMs’ most stable emulsions and soya milk fibre (control) 

showed shear-thinning behaviour as it was observed that the viscosity of the mucus decreased 
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as the shear rate increased while the shear stress increased as the shear rate increased (Figures 

6.3 and 6.4). The same shear-thinning behaviour observed with the viscosity of ACM was 

observed with the viscosities of ACM O/W-type nanoemulsions and ACM stabilised O/W-type 

nanoemulsion enriched with fibre. Similarly, the same shear-thinning behaviour was observed 

with the viscosity of soy milk the control and ACM stabilised soy milk emulsion (Figure 6.4). The 

mean initial viscosity (MIV) of ACM, soy milk (control), ACMs’ most stable emulsions, and 

nanoemulsions are shown in Table 6.2. The MIV of soya milk (661.3 ± 1.2 mPa.s) was higher 

than that of ACM (456.2 ± 1.2 mPa.s) as seen in Table 6.2. Also, the MIV of ACM stabilised O/W-

type nanoemulsions enriched with soya milk fiber (6468.0 ± 1.3 mPa.s) was higher than that of 

ACM stabilised O/W-type nanoemulsions (3476.1 ± 1.3 mPa.s) as seen in Table 6.2. However, 

the MIV of ACM stabilised O/W-type nanoemulsions enriched with soya milk fiber increased by a 

higher factor which suggested that a kind of synergy occurred between ACM and the soy milk 

fiber (Table 6.2). This viscosity increase has been explained by several authors who reported that 

amphiphilic proteins in bioemulsifiers such as mucins influence the rheological quality of O/W 

nanoemulsion interfaces (Primozic et al., 2017; Junqueira et al., 2019; Maravić et al., 2019). For 

instance a study by Böcker et al. (2016), who investigated the effect of fiber re-enforcement on 

hagfish mucus stabilised emulsions with the aid of biopolymers. The authors reported that hagfish 

slime in seawater loses its structural stability under shear as the shear rate increases from 0.01 

to 100 s -1 (Böcker et al., 2016). The authors rectified this challenge with the aid of biopolymers 

such as chitosan, κ-Carrageenan, and starch and were able to obtain compounds with stable 

structures from the hagfish mucus and the biopolymers investigated (Böcker et al., 2016). The 

authors concluded that the re-enforced fiber compound formed had distinct cohesion and were 

stable to shear (Böcker et al., 2016). The stability in the re-enforced fiber compound might be due 

to the fact that as the shear rate increased it took a long time for the average cluster sizes to 

decrease hence leading to higher MIV. Authors have reported that shear-thinning is due to 

reduced average cluster sizes as the shear rate is being increased (Liu et al 2016). Also, shear-

thinning could be due to deformation of emulsion droplet clusters under 
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Figure 0.3: The effect of shear rate on the shear stress of (a) African catfish mucilage (ACM) 
stabilised O/W-type nanoemulsions, (b) ACM stabilised O/W-type nanoemulsions enriched with 
soya milk fiber 

 

 

Figure 0.4: The effect of shear rate on the shear stress of (a) soya milk fiber, (b) ACM stabilised 
soy milk emulsion 
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shear stress (Liu et al 2016). Hence the higher structural stability in ACMs’most stable emulsion 

E in comparison with D might be due to delay in deformation of nanoemulsion droplet clusters 

under shear stress as a result of fibre re-enforcement. This is evidenced by the fact that the ACMs’ 

most stable emulsion E (ACM stabilised O/W-type nanoemulsions enriched with soya milk fiber) 

had a higher MIV in comparison to D (ACM stabilised O/W-type nanoemulsions). The results 

obtained on ACM stabilised O/W-type nanoemulsions enriched with soya milk fiber show that 

synergy occurred between ACM and the soy milk fiber (Figure 0.3b and Table 0.2) and are 

consistent with results reported by Böcker et al. (2016) for the effect of fiber re-enforcement on 

hagfish mucus stabilised emulsions with the aid of biopolymers. 

Figure 0.5 shows the Cryo-TEM images of ACM stabilised O/W-type nanoemulsion and 

ACM stabilised O/W-type nanoemulsion enriched with soy milk. It was observed that the network 

cross-linkage in Figure 0.5b was less deformed than that of Figure 0.5a which establishes that 

the structure of ACM stabilised O/W-type nanoemulsion enriched with soya milk could be more 

stable to shear. This was further established by the higher value of mean initial viscosity in ACM 

stabilised O/W-type nanoemulsion enriched with soya milk in comparison with ACM stabilised 

O/W-type nanoemulsion (Table 0.2). The Cryo-TEM images (Figure 0.5) and the mean initial 

viscosity values (Table 0.2) support the observation that there was a synergistic effect between 

ACM and soya milk fibe. This was the control soymilk fibre (B) which had an MIV of 661.3 ± 1.2 

mPa.s and ACM (A) with 456.2 ± 1.2 mPa.s in comparison to 2352.5 ± 1.3 mPa.s (C), This can 

be explained by the fact that shear-thinning, could be due to the deformation of emulsion droplet 

clusters under shear stress (Liu et al 2016). Hence, the higher structural stability in ACMs’ most 

stable emulsion E in comparison to D might be due to delay in deformation of nanoemulsion 

droplet clusters under shear stress as a result of fibre re-enforcement. Consequently, the ACM 

stabilised O/W- type nanoemulsions enriched with soya milk fiber had a higher MIV in comparison 

to ACM stabilised O/W-type nanoemulsions. 

6.5 Flow behaviour of O/W emulsions as described by different models 

Table 0.1 gives constituents in ACM dispersion in MilliQ water and ACMs’ most stable 

emulsions while the flow curves of African catfish mucilage (ACM) dispersion in MilliQ water and 

its most stable emulsions are given in Figure 0.1, Figure 0.3, and  

Figure 0.4. The flow curves of ACM) dispersion in MilliQ water (Figure 0.1) and ACMs’ 

most stable emulsions (Figure 0.3, and  
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Figure 0.4) showed shear-thinning behaviour as it was observed that the viscosity of the 

mucus decreased as the shear rate increased while the shear stress increased as the shear rate 

increased. The mathematical expression of the time-independent behaviour used in this study for 

the Power Law, Herschel-Buckley, Casson, and Bingham models considered are given in 

Equations 6.1, Equation 6.2, 6.3 and Equation 6.4 respectively. 

 

Figure 0.5: Cryo-TEM images of (a) ACM stabilised O/W-type nanoemulsion and (b) ACM 
stabilised O/W-type nanoemulsion enriched with soy milk fiber 

6.6 Flow behaviour of O/W emulsions as described by different models 

Table 0.1 gives constituents in ACM dispersion in MilliQ water and ACMs’ most stable emulsions 

while the flow curves of African catfish mucilage (ACM) dispersion in MilliQ water and its most 

stable emulsions are given in Figure 0.1, Figure 0.3, and  

Figure 0.4. The flow curves of ACM) dispersion in MilliQ water (Figure 0.1) and ACMs’ most stable 

emulsions (Figure 0.3, and  

Figure 0.4) showed shear-thinning behaviour as it was observed that the viscosity of the mucus 

decreased as the shear rate increased while the shear stress increased as the shear rate 

increased. The mathematical expression of the time-independent behaviour used in this study for 

the Power Law, Herschel-Buckley, Casson, and Bingham models considered are given in 

Equations 6.1, Equation 6.2, 6.3 and Equation 6.4 respectively.  

The Power law model or the Ostwald de Waele law is expressed by Equation 6.1 and the 

Herschel–Buckley model which is used when yield stress is taken into consideration can be 

expressed by Equation 6.2 (Vadodaria et al., 2018; Kubo et al., 2019; Hentati et al., 2020).  
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𝝉 = Ƙʏ̇𝜼           Equation 6.1 

𝝉 = 𝝉𝟎 + Ƙʏ̇𝜼         Equation 6.2 

Where 𝜏 is the shear stress (Pa), 𝝉𝟎 is the yield stress (Pa), ʏ̇ is the shear rate (s-1), K is 

consistency coefficient (Pa sn), and η is flow behaviour index (where η = 1 represents Newtonian 

behaviour, η > 1 (shear-thickening) dilatant and η < 1 (Shear-thinning) pseudoplastic (Wang et 

al., 2016; Vadodaria et al., 2018; Kubo et al., 2019; Hentati et al., 2020). Other models like the 

Bingham and Casson, (Equations 6.3 and 6.4 respectively), have been used to characterise food-

grade emulsions (Vadodaria et al., 2018; Kubo et al., 2019).  

𝝉 = 𝝉𝐵
0 + ƞ𝐵 ʏ ̇            Equation 6.3 

         Equation 6.4 

Where  is the shear stress, the  is the Bingham yield stress, the ʏ ̇ is the shear rate (s1), ƞ𝐵 is 

the Bingham plastic viscosity (Pa.s), ƞC is the Casson plastic viscosity (Pa.s), and (𝝉𝐶
0)0.5 is 

Casson yield stress, and 𝑌̇ 0.5 is the Casson shear rate (Vadodaria et al., 2018; Kubo et al., 2019). 

The rheological models were used to fit the data using the Microsoft Excel Solver function. 

The model parameters of the Power Law, Herschel-Buckley, Bingham, and Casson models are 

described in Error! Reference source not found., Table 0.4, Table 0.5, and Table 0.6 

respectively. African catfish mucilage dispersion in MilliQ water (A), soy milk (B), ACM stabilised 

soya milk emulsion (C), ACM stabilised O/W-type nanoemulsion (D), and ACM stabilised O/W-

type nanoemulsion enriched with soy milk fiber (E) experienced shear thinning (non-Newtonian 

behaviour) as η the flow behaviour index was less than 1.0 (Error! Reference source not found. 

nd Table 0.4). It was observed from Error! Reference source not found. and Table 0.4 that the 

flow behaviour index for ACM and studied emulsions were less than 1.0 hence ACM (A), soy milk 

(B), ACM stabilised soya milk emulsion (C), ACM stabilised O/W-type nanoemulsion (D), and 

ACM stabilised O/W-type nanoemulsion enriched with soy milk fiber (E) are non-Newtonian and 

displays shear-thinning and pseudoplastic. Authors have reported that the flow behaviour index 

measures the degree of pseudoplastic behaviour (Mandal & Bera, 2015; Paximada et al., 2016). 

Hence the results obtained on the flow behaviour index for ACM, soy milk, and ACMs’ most stable 

emulsions that they are non-Newtonian as η the flow behaviour index was less than 1.0, are 

pseudoplastic in behaviour and displays shear thinning, are consistent with results reported by 
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Guo et al. (2017) and Quinzio et al. (2018). For instance, ACM (A) had η values of 0.5638 for 

Power-law and η value of 0.8488 for the Herschel–Buckley model (Error! Reference source not 

ound. and Table 0.4). The observations for the flow index behaviour of ACM (A) (Error! 

Reference source not found. and Table 0.4) agreed with the results observed for the effect of 

shear rate on the viscosity of ACM (Figure 0.1). This trend was observed for soy milk (B), ACM 

stabilised soya milk emulsion (C), ACM stabilised O/W-type nanoemulsion (D), and ACM 

stabilised O/W-type nanoemulsion enriched with soy milk fiber E based on η values for Power-

law model and the Herschel–Buckley law model (Error! Reference source not found. and Table 

.4). For instance, ACM stabilised O/W-type nanoemulsion (D), had η values of 0.2080 for Power-

law, and η value of 0.2475 for the Herschel–Buckley model (Error! Reference source not found. 

nd Table 0.4). The results obtained from the flow index behaviour of ACM stabilised O/W-type 

nanoemulsion (D) and ACM stabilised O/W-type nanoemulsion enriched with soy milk fibre (E) in 

Error! Reference source not found. and Table 0.4agree with the results observed for the effect 

f shear rate on the viscosity of ACM (Figure 0.3). A comparison of the η values obtained for Power-

law and the Herschel–Buckley model for ACM and all emulsions showed that the Herschel–

Buckley model had higher η values (Error! Reference source not found. and Table 0.4). For 

instance, the range of values was from 0.1270 to 0.5638 and 0.1669 to 0.8488 respectively for 

Power-law and the Herschel–Buckley model. ACM, soy milk (control), and ACMs’ most stable 

emulsions all had yield stress (Error! Reference source not found. and Table 0.4). According 

to the Casson model, the yield stress for both ACM and ACM stabilised O/W-type nanoemulsion 

(D), was 0.0016 and 6.4668E-05 respectively (Table 0.5).  For the Bingham model, the yield 

stress for both ACM and  

Table 0.3: Model parameters for the Power Law fitting of ACM, soy milk, and ACMs’ most stable 
emulsions at a constant shear rate of 100 s -1 for 10 minutes and varied from 100-to 1000 s -1 at 
25°C a. 

TYPE n K (Pa.Sˉ¹) R² adj R² SSE RMSE 

A 0.5638 0.0499   0.9961   0.9956   0.309   0.107 

B 0.1270 0.2369  0.8041   0.7878   0.003   0.0011 

C 0.2472 0.1273 0.9569 0.9533 0.0635 0.049 

D 0.2080 0.0337 0.7278 0.7051 0.00023 0.000029 

E 0.1682 0.3717 0.8720 0.8614 0.0389 0.0379 

a A=African catfish mucilage ACM) dispersion in MillQ water, B=soy milk, C=ACM stabilised 
soya milk emulsion,  
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D=ACM type nanoemulsion, and E=ACM stabilised O/W-type nanoemulsion enriched with soy 
milk fiber. 
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Table 0.4: Model parameters for the Herschel–Buckley Law fitting of ACM, soy milk, and ACMs’ 
most stable at a constant shear rate of 100 s -1 for 10 minutes and varied from 100-to 1000 s -1 at 
25°C a. 

TYPE n K (Pa.Sˉ¹) 𝝉𝒐 R² adj R² SSE RMSE 

A  0.8488 0.0131 0.0289  0.9989 0.9988 0.0289 0.0119 

B  0.1669 0.1730   0.0601 0.7222   0.6983   0.0026 0.0098   

C  0.2063 0.1356   0.0024 0.9579   0.9544   0.0076 0.0533   

D  0.2475 0.0275   0.00524 0.7438   0.7224   0.0111 0.00269   

E  0.4148 0.0906   0.3100 0.9764   0.9745   0.2651 0.0991   

 

a A=African catfish mucilage ACM) dispersion in MillQ water, B=soy milk, C=ACM stabilised 
soya milk emulsion, D=ACM type nanoemulsion, and E=ACM stabilised O/W-type 
nanoemulsion enriched with soy milk fiber. 
 
 
Table 0.5: Model parameters for the Casson Law fitting of ACM, soy milk, and ACMs’ most 
stable emulsions at a constant shear rate of 100 s -1 for 10 minutes and varied from 100-to 1000 
s -1 at 25°C. a  

TYPE nC 𝝉(𝐶
0)0.5 R² adj R² SSE RMSE 

A 0.0016 0.0300 0.9878 0.9867 1.0757 0.1996 

B 0.00092 0.03391 0.9503 0.9462 0.0206 0.0276 

C 0.00138 0.00670 0.9618 0.9587 0.0285 0.0033 

D 6.4668E-05 0.00047 0.9739 0.9718 0.0009 0.00059 

E 0.0004 0.0728 0.9826 0.9811 0.2283 0.0911 

 

a A=African catfish mucilage ACM) dispersion in MillQ water, B=soy milk, C=ACM stabilised 
soya milk emulsion, D=ACM type nanoemulsion, and E=ACM stabilised O/W-type 
nanoemulsion enriched with soy milk fiber. 
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Table 0.6: Model parameters for the Bingham Law fitting of ACM, soy milk, and ACMs’ most 
stable emulsions at a constant shear rate of 100 s -1 for 10 minutes and varied from 100-to 1000 
s -1 at 25°C a 

TYPE nB 𝝉(B) R² adj R² SSE RMSE 

A 0.005 0.01 0.9878 0.9867 0.0484 0.0042 

B 0.003 0.2161 0.7041 0.6922 0.0603 0.0047 

C 0.0051 0.0756 0.9561 0.9544 0.0132 0.0022 

D 0.0007 0.0122 0.7266 0.7157 0.0038 0.0118 

E 0.0058 0.1455 0.5127 0.4933 0.4983 0.1358 

 

a A=African catfish mucilage ACM) dispersion in MillQ water, B=soy milk, C=ACM stabilised soya 
milk emulsion, D=ACM type nanoemulsion, and E=ACM stabilised O/W-type nanoemulsion 
enriched with soy milk fiber. 

ACM stabilised O/W-type nanoemulsion (D), was 0.005 and 0.0007respectively (Table 0.6). The 

yield stress was also observed in the fitting of Herschel-Buckley law model, for instance, both 

ACM and ACM stabilised O/W-type nanoemulsion (D), had yield stress values of 0.02898 and 

0.00524 respectively (Table 0.4). The literature suggests that the Herschel-Buckley model was 

developed to originally accommodate the poor result given by the Power-law model at an 

extremely low shear rate (Khalil & Mohamed Jan, 2012). Furthermore researchers have indicated 

that the Herschel-Buckley model could be used as a better fit for emulsions that have both Power 

law and Bingham law characteristics. (Adeyi et al., 2018). The literature has defined the apparent 

yield stress as the applied stress that must be exceeded to make an emulsion to flow and it is a 

significant factor in many industrial processes such as pumping, spreading, and coating 

(Paximada et al., 2016). A number of researchers have used flow models to quantify the yield 

stress of foods such as salad dressing as an indicator of quality because it describes the ability 

of the dressing to be retained on salad surfaces (Zhang & McClements, 2018; Gavahian et al., 

2018. The quantified yield stress of ACM obtained in this study could relate to the ability/retention 

power of ACM to adhere to soy milk or O/W-type nanoemulsion surfaces. Hence quantified yield 

stress obtained could serve as guidelines for estimating the ability of African catfish mucilage as 

an alternative natural emulsifier feedstock in food, personal care, and pharmaceutical industry. 

A comparison of the R² and adjusted R² values for ACM and ACMs’ most stable emulsions 

showed that the R² and adjusted R² values were higher for Herschel-Buckley (HB) model than for 

the Power Law model. For instance, R² and adjusted R² values for ACM were 0.9989 and 0.9988, 
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and 0.9961 and 0.9956 for HB and Power-law model respectively (Table 0.3 and Table 0.4). A 

similar trend was observed for ACM stabilised soya milk emulsion (C), ACM stabilised O/W-type 

nanoemulsion (D), and ACM stabilised O/W-type nanoemulsion enriched with soy milk fiber E. 

However, the trend was reversed for soy milk as the R² and adjusted R² values (0.7222 and 

0.6983 respectively) for HB model were lower than those of the Power-law (0.8041 and 0.7878 

respectively) for the R² and adjusted R² values (Table 0.3 and Table 0.4. In the case of the 

Bingham model, the R² and adjusted R² values were the least for ACM (A), soy milk (B), and 

ACMs’ most stable emulsions (C, D, and E). For instance the Power-law R² and adjusted R² 

values for ACM, soy milk, and ACMs’ most stable emulsions were 0.9878 and 0.9867 (A), 0.7041 

and 0.6922 (B), 0.9561 and 0.9544 (C), 0.7266 and 0.7157 (D), and 0.5127 and 0.4933 (E) 

respectively (Table 0.3) . The R² and adjusted R² values for the HB model were higher than those 

of the Power-law and Bingham-law models but were lower than those of the Casson model (Table 

0.3, Table 0.4, and Table 0.5). The R² and adjusted R Power-law parameters for ACM, soy milk, 

and its most stable emulsions were 0.9961 and 0.9956 (A), 0.8041 and 0.7878 (B), 0.9569 and 

0.9583 (C), 0.7278 and 0.7051 (D), and 0.8720 and 0.8614 (E) respectively. The R² and adjusted 

R² for Casson law parameters were the highest they were 0.9878 and 0.9867 (A), 0.9503 and 

0.9462 (B), 0.9613 and 0.9587 (C), 0.9739 and 0.9718 (D), and 0.9826 and 0.9811 (E) 

respectively (Table 0.5). Hence from the R² and adjusted R² values, the HB and Casson laws 

better fitted the flow rheological data of ACM, soy milk (B) ACM stabilised soya milk emulsion (C), 

ACM stabilised O/W-type nanoemulsion (D), and ACM stabilised O/W-type nanoemulsion 

enriched with soy milk fiber (E). The R² and adjusted R² value of the HB model indicated it had a 

better fit than the Casson model for the ACM rheological data. However, R² and adjusted R² value 

of the Casson model indicated that it had a better fit than the HB model for the ACM stabilised 

soya milk emulsion (C), ACM stabilised O/W-type nanoemulsion (D), and ACM stabilised O/W-

type nanoemulsion enriched with soy milk fiber (E). Authors have reported that the Bingham-

model is not a good fit in predicting emulsion flow behaviour at a very low shear rate and is also 

not suitable at very high shear rates, except corrections are made for the Bingham viscosity and 

Bingham yield stress (Folayan et al., 2017; Pajouhandeh et al., 2017). However, the Casson 

rheological model accurately characterises emulsion flow behaviour at low and high shear rates 

because a correction factor of power 0.5 has been added to the Casson equation (Chivero et al., 

2016; Glicerina et al., 2016; Folayan et al., 2017; Pajouhandeh et al., 2017). Equation 6.4 

specifies that a condition (a correction factor of power 0.5) must be fulfilled to enhance the models’ 

accuracy in predicting emulsion flow behaviour. This condition stipulates a correction factor for 

Casson viscosity and Casson yield stress to ensure that the Casson model better fits data 
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(Chivero et al., 2016; Glicerina et al., 2016; Folayan et al., 2017; Pajouhandeh et al., 2017). This 

is reflected in the results obtained in the R² and adjusted R² values for all studied emulsions (A, 

B, C, D, and E). Hence the results obtained in our study that the Casson model has a better fit for 

our data because it predicted the emulsion flow behaviour more accurately at a very low shear 

rate and very high shear is consistent with results obtained by Chivero et al. (2016), Glicerina et 

al (2016), Folayan et al. (2017), and Pajouhandeh et al. (2017). 

A comparison of the SSE and RMSE values was conducted for all models to further evaluate 

the most suitable model. The results showed that the SSE and RMSE values for the Power and 

Bingham laws were higher for ACM and ACM stabilised soya milk emulsion (C), ACM stabilised 

O/W-type nanoemulsion (D), and ACM stabilised O/W-type nanoemulsion enhanced with soy milk 

fiber (E) in comparison to that of HB and Casson models. For instance, SSE and RMSE values 

for ACM were 0.02898 and 0.0119, and 0.0484 and 0.0423 for HB and Casson model respectively 

(Table 0.4, and Table 0.5). However the SSE and RMSE from Power and Bingham models were 

0.3094 and 0.107, and 1.0757 and 0.1996 respectively (Table 0.3 and Table 0.6). Similar trends 

were observed for soy milk (B), ACM stabilised soya milk emulsion (C), ACM stabilised O/W-type 

nanoemulsion (D), and ACM stabilised O/W-type nanoemulsion enriched with soy milk fiber E. 

Authors have reported that the Power Law, Herschel-Buckley and Casson models can be used 

to describe the flow properties of O/W emulsions such as mayonnaise and salad dressing (Azari-

Anpar et al 2017; Chetana et al 2019). Therefore, ACM, soy milk, and ACMs’ most stable 

emulsions followed the same flow behaviour as other O/W emulsions such as mayonnaise and 

salad dressing. The Casson model was the best fit model that predicted the emulsion flow 

behaviour more accurately at a very low shear rate and very high shear. This is consistent with 

results obtained by Chivero et al. (2016), Glicerina et al (2016), Folayan et al. (2017), and 

Pajouhandeh et al. (2017). 

6.7 Viscoelastic Properties 

This segment seeks to discuss the viscoelastic properties of ACM, soya milk, ACM stabilised 

O/W-type nanoemulsion, ACM stabilised O/W-type nanoemulsion enriched with soya milk Fiber, 

and ACM stabilised soya milk emulsion at various strains, frequency, temperature and time.  

6.7.1 Effect of strain on the viscoelastic properties of African catfish mucilage 

The analysis was carried out to ascertain the point at which African catfish mucilage (ACM) 

remained stable as represented by the linear viscoelastic region (LVR), analyse ACMs’ stability 
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and structure, and establish if there is a phase change i.e. at the cross-over point. Figure 0.6 

shows the effect of strain on the viscoelastic properties of ACM at a fixed angular frequency of ω 

= 1 rad/s. The storage modulus of a food emulsion gives information about the structural stability 

of the emulsion {McClements, 2015; Lorenzo et al., 2018; Kubo et al., 2019). The storage modulus 

reflects the elastic behaviour of the emulsion and it signifies the energy stored in the emulsion 

before it loses its structural stability (Geremias-Andrade et al., 2016; Lorenzo et al., 2018; Kubo 

et al., 2019). On the other hand, loss modulus reflects the viscous behaviour of the emulsion and 

it signifies the energy dissipated by the emulsion when it loses its structural stability (Geremias-

Andrade et al., 2016; Lorenzo et al., 2018; Kubo et al., 2019). Table 0.7 gives a comparison of 

mean initial storage (MIS) and miean initial loss modulus (MIL) of ACM, soy milk, and ACMs’ most 

stable nanoemulsions as constituted in Table 0.1. The MIS and MIL modulus of ACM was 11.03 

± 0.1 and 1.39 ± 0.1 Pa respectively (Table 0.7). As the storage modulus of ACM was higher than 

the loss modulus it shows that ACM behaves more like a weak viscoelastic hydrogel. The linear 

viscoelastic region (LVR) shows the structural stability of ACM and the strains were G′ and G″ 

values that were relatively constant (Figure 0.6). Freeze-dried ACM in MilliQ water formed a 

viscoelastic web-like matrix with G′ and G″ values that were relatively constant at strains of up to 

0.2 % (Figure 0.6 and Table 0.7) African catfish mucilage initially showed weak gel-like behaviour 

and its moduli in the linear viscosity range (LVR) was constant at low strains of up to 0.2 % and 

had cross-over points at about 10 % (Figure 0.6 and Table 0.7). Similar results were obtained by 

Radtke et al. (2018) for the viscoelastic properties G’ and G’ of the phlegm of convalescents with 

cystic fibrosis and the authors reported that the phlegm had fairly stable viscoelastic web-like 

matrix with G′ and G″ values that were almost constant at low concentrations (Radtke et al., 2018). 

Also, Chaudhary et al. (2018) investigated the storage and loss moduli properties of hagfish 

mucus as a function of the strain applied at a fixed angular frequency of ω = 1 rad/s. The authors 

reported that hagfish mucus had storage modulus values that were constant at a low strain range 

of up to 0.2 %  (Chaudhary et al., 2018). The authors concluded that hagfish mucus behaved as 

a weak viscoelastic hydrogel 
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Figure 0.6: Effect of strain on viscoelastic properties of African catfish mucilage at a fixed 
angular frequency of 1 rad/s 

Table 0.7: Comparison of mean initial storage and loss modulus of ACM and most stable 
nanoemulsions a. 

‘MATERIAL AND EMULSION TYPE’ STORAGE MODULUS (Pa) 

 

LOSS MODULUS 

(Pa) 

ACM 11.0 ± 0.2  1.39 ± 0.1 

ACM + O/W-type nanoemulsion without fibre 45.14 ± 0.3 6.57 ± 0.2 

ACM + O/W-type nanoemulsion enriched with 

fiber 66.18 ± 0.3 8.37 ± 0.2 

aACM-African catfish mucilage 

 (Chaudhary et al., 2018). The result that ACM behaves as a weak viscoelastic hydrogel within a 

low LVR range is consistent with reports by. Böcker et al. (2016), Wu et al. (2017), and Chaudhary 

et al. (2018). 

Figure 0.7 shows the ratio of the storage modulus to the loss modulus of ACM at an angular 

frequency of ω = 1 rad/s. The ACM was found to have a phase angle that was between 0 and 90° 

due to the vector contributions of the complex modulus and storage modulus (Figure 6.7). The 

ACM included elastic and viscous parts as no case was observed where either the storage (G’) 

or loss (G’’) modulus was zero (Figure 0.7). The complex modulus shows that ACM behaves as 
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a viscoelastic weak gel. The complex modulus is a direct measure of the rigidity of the gel's soft 

solid structure when exposed to stresses below the yield stress and it indicates the stability of the 

gel when exposed to shear stress (Geremias-Andrade et al., 2016; Lorenzo et al., 2018; Kubo et 

al., 2019). The result that ACM behaves like a weak viscoelastic hydrogel at low constant strains 

in the LVR, with a phase angle that is between 0 and 90° and a complex modulus that can stabilise 

an emulsion is in agreement with reports from Böcker et al. (2016), Geremias-Andrade et al. 

(2016), Lorenzo et al. (2018) and Kubo et al. (2019). Table 6.9 gives the mean initial values of tan 

δ for ACM and its most stable nanoemulsions. The mean initial value of tan δ for ACM was 0.1264 

± 0.01. The literature  describes that a material with tan δ that is greater than one as one that 

exhibits more damping than a material with a tan δ  than one (Anvari et al., 2016;  Chi et al., 2019). 

Damping is higher in materials with a tan δ greater than one because the loss modulus of the 

material is greater than the storage modulus which means that the energy dissipating, viscous 

component of the complex modulus prevails and the material is less stable. Complex viscosity 

and damping factor are therefore vital in characterising the storage stability of dispersions (Anvari 

et al., 2016). For instance, Anvari et al. (2016) investigated the oscillatory rheological properties 

of anionic gum made from seeds of Alyssum homolocarpum at different concentrations of 0.5, 1, 

2, 3, and 5 % w/v (Anvari et al., 2016). 
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Figure 0.7: Ratio of storage modulus to loss modulus of African catfish mucilage at an angular 
frequency 1 rad/s 

Table 0.8: LVR and cross-over point of ACM and most stable nanoemulsionsa, b. 

MATERIAL AND 

EMULSION TYPE 

END-POINT OF LVR STRAIN 

(%) 

CROSS OVER POINT OF LVR 

STRAIN (%) 

A 0.2 10 

D 0.4 30 

E 0.6 50 

       aACM-African catfish mucilage 

       bLVR-Linear viscosity region  

Table 0.9: Tan δ of ACM and most stable nanoemulsions a, b. 

MATERIAL AND EMULSION TYPE MEAN INITIAL TAN δ 

A 0.1264 ± 0.01 

D 0.1234 ± 0.01 

E 0.1232 ± 0.01 

      aIndicated values are reported as means ± standard deviation (n = 3) 
      bACM-African catfish mucilage 

The authors also studied the effect of temperature increases from 5-50 ᴼC on the viscoelastic 

properties of 1 % w/v aqueous anionic aqueous gum dispersions of Alyssum homolocarpum 

seeds (Anvari et al., 2016). The authors determined the limiting value of the linear viscosity region 

(LVR), critical strain and yield stress at 6.28 rad/s in the strain range of 0.01 to 100%, and the 

LVR storage and loss moduli, the limiting strain, complex modulus and damping factor (Anvari et 

al., 2016). The effect of frequency on the viscoelastic properties of the anionic gum was carried 

out at LVR strain of 0.1% and frequency ramps from 0.1 to 100 rad/s (Anvari et al., 2016). The 

authors reported that storage and loss moduli increased as the concentration of anionic gums 

increased in the aqueous dispersion which led to increased complex modulus i.e. rigidity and 

stability of the anionic gum dispersion. Also Increasing temperature led to decreases in storage 

and loss moduli values and showed that the microstructure of the anionic gum became less stable 
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as temperatures became higher (Anvari et al., 2016). The authors also reported that the values 

of the viscoelastic moduli for A. homolocarpum anionic seed gum compared favourably to values 

previously reported for food hydrocolloids such as Lepidium perfoliatum seed gum and gum 

tragacanth (Balaghi et al., 2011; Hesarinejad, Koocheki, & Razavi, 2014; Anvari et al., 2016) The 

authors concluded by reporting that large complex viscosity and low damping factor leads to 

greater structural stability for food colloids and emulsions (Anvari et al., 2016). It was observed 

that the mean initial tan δ of ACM was low (Table 6.9) this result coupled with the fact that ACM 

has a complex viscosity that could stabilise an emulsion shows that ACM dispersion in MilliQ 

water has a stable microstructure. 

6.7.2 Effect of strain on the viscoelastic properties ACMs’ most stable emulsions 

The study was carried out to ascertain the point at which ACM stabilised O/W-type nanoemulsion 

and ACM stabilised O/W-type nanoemulsion enriched with soy milk fiber remained stable as 

represented by the linear viscoelastic region, analyse both nanoemulsions’’ stability and structure, 

and establish if there is a phase change.  

Figure 0.8 shows the effect of strain on viscoelastic properties of ACM stabilised O/W-type 

nanoemulsion and ACM stabilised O/W-type nanoemulsion enriched with soy milk fiber at a fixed 

angular frequency of ω = 1 rad/s. Table 0.7 compares the initial storage and loss modulus of ACM 

and the most stable nanoemulsions with constituents given in Table 0.1. The storage modulus of 

both nanoemulsions was higher than the loss modulus which shows that both emulsions behave 

more like viscoelastic nanoemulsions. The miean initial storage and mean initialloss modulus of 

ACM stabilised O/W-type nanoemulsion enriched with soy milk fiber (66.18 ± 0.3 and 8.37 ± 0.2 

Pa) was higher than that of ACM stabilised O/W-type nanoemulsion (45.14 ± 0.13 and 6.57 ± 0.3 

Pa) as shiwn in Table 0.8. The reason for the higher initial storage and loss modulus was due to 

the soy milk fiber which enhanced the stability properties of ACM on the microstructure of the 

nanoemulsion. The linear viscoelastic region (LVR) showed the stability of ACM ( 

Figure 0.8). The ACM stabilised O/W-type nanoemulsion formed a viscoelastic web-like matrix 

with G′ and G″ values that were relatively constant at strains of up to 0.4 % but there was 

crossover at about 30 % strain ( 

Figure 0.8a and Table 0.8). The result that ACM stabilised O/W-type nanoemulsion initially 

showed weak viscoelastic behaviour at strains of 0.4 %, a crossover point (30 %) and a complex 

modulus is consistent with reports on food hydrocolloids such as Lepidium perfoliatum seed gum 
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(Hesarinejad et al., 2014) and gum tragacanth (Balaghi et al., 2011), which are known to show 

weak viscoelastic behaviour at low strains, a cross over point abd a complex modulus Anvari et 

al. (2016). 

The ACM stabilised O/W-type nanoemulsion enriched with soy milk fibre initially showed weak 

gel-like behaviour at strains of 0.6 % and a crossover point  at 50%  strain ( 

Figure 0.8b and Table 0.8). Also, ACM stabilised O/W-type nanoemulsion enriched with soya milk 

fiber had higher G’ and G’’ values in comparison to G’ and G’’ values of ACM stabilised O/W-type 

nanoemulsion. It has been established from the literature that fibres re-enforce the structural 

stability of emulsions as they work in synergy with ACM-bioemulsifiers by delaying deformation 

of oil droplet clusters in emulsions Sousa de et al. (2015), Fujisawa, Togawa, & Kuroda, (2017), 

Barkhordari, & Fathi, (2018), Ye et al, (2018), and Ruan et al. (2019). For instance, Ruan et al., 

(2019), investigated the effect of strain on the viscoelastic properties of high internal phase (HIP) 

O/W emulsions using corn peptide emulsifier re-inforced with citrus fibers (Ruan et al., 2019). The 

EORs for the HIP O/W emulsions were; 1.0: 75, 1.5: 75 and 2.0:75 % and the HIP O/W emulsions 

contained increasing citrus fibre concentrations of 0.5, 0.75 and 1.0 % (Ruan et al., 2019). 

Viscoelastic tests were performed on frequency sweep modes of 1 to 10 rad/s and amplitude 

sweeps of 0.1–1000 Pa was used to determine where the moduli in the LVR was constant (Ruan 

et al., 2019). The authors reported that, the G′ and G′′ of HIP emulsions with citrus fibres was 

higher than the control that did not contain fibres (Ruan et al., 2019). The authors also reported 

that G’ was always higher than G” and noted slight increases in G′ and G′′ as the frequency 

increased from1 to 10 rad/s (Ruan et al., 2019). The authors indicated that slight increases in the 

value of G’ as the concentration of the citrus fibre increased signified increased gel strength in 

the HIP emulsions with higher fibre concentration (Ruan et al., 2019).
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Figure 0.8: Viscoelastic properties (a) ACM stabilised O/W-type nanoemulsion (b) ACM stabilised O/W-type nanoemulsion enriched 

with soy milk fiber at a fixed angular frequency of 1 rad/s.
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The authors concluded that the reason for the increase G’ was due to the formation of a thicker 

interfacial layer which led to reinforced network structure of the corn peptide HIP emulsions that 

contained citrus fibres (Ruan et al., 2019). Therefore the higher storage modulus observed in the 

experimental data of ACM stabilised O/W-type nanoemulsion enriched with soy milk fibre in 

comparison to ACM stabilised O/W-type nanoemulsion was due to the synergy between the soy 

milk fibre and ACM which resulted in a thicker interfacial layer of the most stable nanoemulsion 

that contained soy milk fibre (Figure 0.9). The viscoelastic properties of ACM stabilised O/W-type 

nanoemulsion and ACM stabilised O/W-type nanoemulsion enriched with soy milk fibre showed 

that storage modulus had higher values than loss modulus over the LVR, signifying that both 

nanoemulsions had interconnected gel-like network structure with mainly elastic behaviour (Table 

0.8). Zou et al (2018) studied the viscoelastic properties of Zein/tannic acid complex particles 

(ZTACPs) stabilised emulsion gels at a frequency range of 0.5-62.83 rad/s at 1 %. The authors 

reported that storage modulus had higher values than loss modulus over the fairly constant LVR 

and concluded that the ZTACP stabilised emulsion gels had interconnected gel-like network 

structure with mainly elastic behaviour (Zou et al., 2018). Similarly, Luo et al 2019) studied the 

viscoelastic properties of tea-seed O/W emulsions gels stabilised with citrus pectin concentrations 

of 1.5 4.5 % at a frequency of 0.62–62.8 rad/s at strains of 0.1%. The authors reported that storage 

modulus had higher values than loss modulus over the fairly constant LVR and concluded that 

the storage modulus value was always greater than that of the loss modulus within the LVR and 

both storage and loss moduli were dependent on low frequencies (Luo et al., 2019). Similarly, 

Primozic et al. (2017) investigated the viscoelastic properties of rapeseed O/W nanoemulsions 

that were stabilised with lentil protein isolate (LPI) of 1, 1.5, 2, 3 and 5% from 0.01 to 20 Hz, at a 

fixed angular frequency of 6.28 rad/s within the LVR. The authors established that all the 

nanoemulsions demonstrated viscoelastic behaviour with nanoemulsions stabilised with 3 and 

5% LPI having higher viscoelasticity (Primozic et al. 2017). The authors also reported that the 

elastic part was dominant before the cross-over point (Primozic et al. (2017). The authors 

concluded that both storage and loss moduli were dependent on low frequencies (Primozic et al., 

2017). Hence, the storage and loss moduli of both ACM stabilised nanoemulsions’ and ACM 

stabilised O/W-type nanoemulsion enriched with soy milk fibre are dependent on low frequencies 

and both have interconnected stable gel-like network structure with mainly elastic behaviour. 

Figure 0.9 shows the ratio of the storage modulus to the loss modulus of ACM stabilised 
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Figure 0.9: Ratio of loss modulus to storage modulus of African catfish mucilage (ACM) (a) (ACM stabilised O/W-type nanoemulsion 
and (b) ACM stabilised O/W-type nanoemulsion enriched with soy milk fibre at an angular frequency 1 rad/s 
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nanoemulsions’ and ACM stabilised O/W-type nanoemulsion enriched with soy milk fibre at an 

angular frequency of ω = 1 rad/s. Both ACMs’ most stable nanoemulsions were found to have a 

phase angle that was between 0 and 90° due to the vector contributions of the complex modulus 

and storage modulus (Figure 0.7). Both ACMs’ most stable nanoemulsions included elastic and 

viscous parts as no case was observed were either the storage (G’) or loss (G’’) modulus was 

zero (Figure 0.7). The complex modulus shows that both ACMs’ most stable nanoemulsions 

behave as a viscoelastic weak hydrogel. The complex modulus is a direct measure of the rigidity 

of the gel's soft solid structure when exposed to stresses below the yield stress and it indicates 

the stability of the gel when exposed to shear stress (Geremias-Andrade et al., 2016; Niu et al., 

2016; Adeyi et al., 2018; Lorenzo et al., 2018; Kubo et al., 2019). It was observed that the complex 

modulus of ACM stabilised O/W-type nanoemulsion enriched with soy milk fibre was enhanced 

by the fibre in comparison to ACM stabilised O/W-type nanoemulsion (Figure 0.9). It was earlier 

established from the literature that fibres re-enforce the structural stability of emulsions as they 

work in synergy with ACM-bioemulsifiers by delaying deformation of oil droplet clusters in 

emulsions (Liu et al., 2016). Therefore the higher complex modulus in ACM stabilised O/W-type 

nanoemulsion enriched with soy milk fibre in comparison to ACM stabilised O/W-type 

nanoemulsion was due to the synergy between the soy milk fibre and ACM (Figure 0.9). The 

result that both stable nanoemulsions behave like a weak viscoelastic hydrogel at low strains, 

with a phase angle that is between 0 and 90° and a complex modulus  is in agreement with reports 

from  Geremias-Andrade et al. (2016), Liu et al. (2016), Wu et al. (2017), Lorenzo et al. (2018), 

and Kubo et al. (2019). 

Table 0.9 gives the mean initial tan δ of ACM and ACMs’ most stable nanoemulsions. The mean 

initial tan δ of ACM stabilised O/W-type nanoemulsion was 0.1234 ± 0.01 while that of the ACM 

stabilised O/W-type nanoemulsion enriched with soy milk fibre was 0.1232 ± 0.01. The literature  

describes that a material with tan δ = G’/G that is greater than one as one that exhibits more 

damping than a material with a tan δ  than one (Anvari et al., 2016;  Chi et al., 2019). Damping is 

higher in materials with a tan δ greater than one because the loss modulus of the material is 

greater than the storage modulus which means that the energy dissipating, viscous component 

of the complex modulus prevails and the material is less stable. Complex viscosity and damping 

factor are therefore vital in characterising the storage stability of dispersions (Anvari et al., 2016). 

For instance, Anvari et al. (2016) investigated the oscillatory rheological properties of anionic gum 

made from seeds of Alyssum homolocarpum at different concentrations (0.5, 1, 2, 3, and 5 % w/v) 

(Anvari et al., 2016). The authors also studied the effect of temperature increases from 5-50 ᴼC 
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on the viscoelastic properties of 1 % w/v aqueous anionic aqueous gum dispersions of Alyssum 

homolocarpum seeds (Anvari et al., 2016). The authors determined the limiting value of the linear 

viscosity region (LVR), critical strain and yield stress at 6.28 rad/s in the strain range of 0.01 to 

100%, and the LVR storage and loss moduli, the limiting strain, complex modulus and damping 

factor (Anvari et al., 2016). The effect of frequency on the viscoelastic properties of the anionic 

gum was carried out at LVR strain so 0.1% and frequency ramps from 0.1 to 100 rad/s (Anvari et 

al., 2016). The authors reported that storage and loss moduli increased as the concentration of 

anionic gums increased in the aqueous dispersion which led to increased complex modulus i.e. 

rigidity and stability of the anionic gum dispersion. Also Increasing temperature led to decreases 

in storage and loss moduli values and showed that the microstructure of the anionic gum became 

less stable as temperatures became higher (Anvari et al., 2016). The authors also reported that 

the values of the viscoelastic moduli for A. homolocarpum anionic seed gum compared favourably 

to values previously reported for food hydrocolloids such as Lepidium perfoliatum seed gum and 

gum tragacanth (Balaghi et al., 2011;  Hesarinejad et al., 2014; Anvari et al., 2016) The authors 

concluded by reporting that large complex viscosity and low damping factor leads to greater 

structural stability food colloids and emulsions (Anvari et al., 2016). It was observed that the mean 

initial tan δ of the two ACMs’ most stable nanoemulsions were low (Table 0.9) this result coupled 

with the fact that ACM has a complex viscosity that could stabilise an emulsion shows that ACM 

dispersion in MilliQ water could confer structural stability on its most stable nanoemulsions. 

6.7.3 Effect of frequency on the viscoelastic of ACM 

The analysis was carried out to ascertain the frequency at which ACM microstructure remained 

stable during long-term storage and establish the influence of slow and high movements on the 

viscoelastic characteristics of ACM. The effect of frequency was measured at a strain of 0.1% 

and frequency ramps from 0.06 to 100 rad/s. Figure 0.9 shows the effect of frequency on ACM 

over the frequency range 0.06 to 100 rad/s. An increase in frequency led to an increase in storage 

G’) and loss (G’’) modulus (Figure 0.9). It was also observed that no crossover points (G’ = G”) 

existed for ACM (Figure 6.9). A strain of 0.1 % was chosen to conduct the oscillatory frequency 

sweep test, as ACM was still at its LVR at this strain (Figure 0.9). The results showed that storage 

and loss moduli of both stabilised nanoemulsions increased as frequency increased (Figure 0.9). 

Felix et al. (2017) conducted frequency sweep tests for high-fatty acid O/W emulsions stabilised 

with crayfish protein concentrate (CPC) and xanthan gum at constant stress, within the LVR, from 

0.06 to 100 rad/s with 40 mm serrate plates. 
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Figure 6.9: Effect of frequency on the moduli of African catfish mucilage 

The authors reported that the G’ and G’’ of the CPC and xanthum gum stabilised high-fatty acid 

O/W emulsions increased as the frequency increased and the G’ and G’’ did not have cross over 

points (Felix et al., 2017). Hence the results obtained in this study that storage (G’) and loss (G’’) 

modulus increased and the G’ and G’’ did not have cross over points are consistent with results 

reported by Felix et al. (2017). Authors have established that the storage and loss moduli of both 

stabilised emulsions’ are dependent on low frequencies and when the storage modulus is greater 

than the loss modulus the emulsion is more elastic (Felix et al., 2017; Primozic et al., 2017). 

Authors have reported that when storage modulus and the loss modulus increases without cross-

over points there are no changes in phases hence the structural stability of the emulsion is 

maintained (Peng et al., 2018). Peng et al.(2018) investigated the effect of Milk fat globule 

membrane protein (MFGMP) on the viscoelastic properties of whipped cream at a range of 1 to 

100 Hz at 0.5% strain and demonstrated that both the storage and loss modulus increased with 

increasing frequency. The authors reported that storage modulus had higher values than the loss 

modulus G″ values, which indicated that the whipped cream emulsion behaved as a stable weak 

gel (Peng et al., 2018). The result obtained showed that storage modulus was higher than loss 

modulus in ACM as frequency increased hence ACM behaves as a weak hyfrogel with a stable 

microstructure consistent with Felix et al. (2017), and Peng et al.(2018). Altso the observation of 

increases in both storage modulus and the loss modulus without cross-over points show that there 
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were no phases changes hence ACM had a stable microstructure as observed for othere food 

emulsions by Felix et al. (2017), and Peng et al.(2018). 

6.7.4 Effect of frequency on the viscoelastic properties of ACMs’ most stable emulsions 

The effect of frequency on the viscoelastic properties of ACM stabilised O/W-type nanoemulsions 

and ACM stabilised O/W-type nanoemulsions enriched with soy milk fiber was carried out to 

ascertain the frequency at which the stabilised O/W-type nanoemulsion remained stable and to 

establish the influence of slow and high movements on its viscoelastic characteristics. A strain of 

0.2 % was chosen from the amplitude test to perform the oscillatory frequency sweep test as all 

stabilised O/W-type nanoemulsion was still at their LVR at this strain. Figure 0.10 shows the effect 

of frequency increase from 0.06–100 rad/s on ACM stabilised O/W-type nanoemulsion and ACM 

stabilised O/W-type nanoemulsion enriched with soya milk fiber at 25°C. The results show that 

both ACM stabilised O/W-type nanoemulsions were influenced by low- frequency rates (Figure 

0.10). It was also observed that G′ was greater than G″ values (Figure 0.10). Authors have 

reported that when the value of G′ is greater than that of G″ the material behaves like a weak gel 

(Peng et al., 2018; Irani et al., 2019). For instance, Peng et al (2018) conducted viscoelastic tests 

on whipped cream stabilised with different concentrations of milk fat globule membrane protein 

(MFGMP) The authors conducted frequency sweep analyses at 0.5% strain under the frequency 

range of 1.0–100 Hz at 25°C on whipped cream and revealed that all the whipped cream 

emulsions depended on low-frequency. The authors also reported that G′ was greater than G″ 

values and concluded that the whipped cream behaved as a weak gel (Peng et al., 2018). 

Furthermore, the authors stated that a pseudo-elastic gel network structure was formed by the 

adsorption of the MFGMP bioemulsifier on the oil/water interface of the stabilised whipped cream 

(Peng et al., 2018). Hence the application of MFGMP into whipped cream led to increases in G′ 

and G″ and resulted in a rugged structural protein network (Peng et al., 2018). It can be inferred 

that there was adsorption of ACM amphiphilic proteins at the oil/water interface of ACMs’most 

stable O/W-type nanoemulsions which resulted in the formation of a pseudo-elastic gel network 

structure hence, G′ was greater than G″ and increased with frequency (Figures 6.10).Therefore 

ACM acts as an emulsifier that influences viscoelasticl behaviour by ensuring that both ACM 

stabilised O/W-type nanoemulsions and ACM stabilised O/W-type nanoemulsions enriched
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Figure 0.10: Effect of frequency on the moduli of (a) African catfish mucilage (ACM) stabilised O/W-type nanoemulsion and (b) ACM) 

stabilised O/W-type nanoemulsion enriched with soy milk fiber. 
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with soy milk fiber forms a strong cohesive network structure as a result of its amphiphilic proteins 

in African catfish mucilage. It was also observed that at low frequencies, the elastic portion 

dominated the curves as the G’ was always higher than the G’’ which shows that both ACM 

stabilised O/W-type nanoemulsions and ACM stabilised O/W-type nanoemulsions enriched with 

soy milk fiber were both stable (Figures 6.10). Also, the G’ increased steeply initially at low-

frequency for all ACM stabilised O/W-type nanoemulsions but at high frequencies, the increase 

became gradual (Figures 6.10). Although G’’ increased as the frequency increased, the increase 

was not too high (Figures 6.10). The same trend was observed by Peng et al. (20118) on whipped 

cream stabilised with different concentrations of MFGMP. Hence the results obtained for the effect 

of frequency on the moduli of ACMs’ most stable O/W-type nanoemulsions that both emulsions 

behaved as weak gel emulsions, had a stable rugged web-like matrix because storage modulus 

was always greater than loss modulus as the frequency increased in agreement with other 

authors Peng et al. (2018), and Irani et al. (2019). 

Also, the G’ value of ACM stabilised O/W-type nanoemulsions enriched with soy milk fiber was 

slightly higher than that of ACM stabilised O/W-type nanoemulsions (Figure 6.10). Table 6.7 gives 

the mean initial storage (MIS) modulus and mean initial loss (MIL) modulus of most stable 

nanoemulsions. The trend observed in Table 6.7 was that the MIS modulus for ACM stabilised 

O/W-type nanoemulsions enriched with soy milk fiber (66.18 ± 0.3) was higher than that of ACM 

stabilised O/W-type nanoemulsions (45.1 ± 0.3). Similarly, MIL modulus for ACM stabilised O/W-

type nanoemulsions enriched with soy milk fiber (8.4 ± 0.2) was higher than that of ACM stabilised 

O/W-type nanoemulsions (6.6 ± 0.2). ). It was earlier established from the literature that fibres re-

enforce the structural stability of emulsions as they work in synergy with ACM-bioemulsifiers by 

delaying deformation of oil droplet clusters in emulsions (Böcker et al.; 2016; Lu et al., 2016). 

Therefore, the higher values of MIS and MIL modulus in stable emulsions with fibre could be 

attributed to the synergy between the emulsifier ACM and the soy milk fibre that delayed the 

deformation of oil droplet clusters in emulsions in ACMs’ most stable emulsions  
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6.7.5 Effect of temperature on the viscoelastic properties 

 

Figure 0.11 shows the effect of temperature on the viscoelastic properties of ACM. This analysis 

was conducted to observe the effect of storage temperature on ACM at refrigeration (5°C), room 

(25°C), and at higher temperatures of about 50°C. The measurements were carried out at a 

constant strain of 0.2 %, which was well within the linear viscoelastic region (LVR), while the 

frequency was fixed at 1 rad/s .The effect of temperature on the viscoelastic properties of ACM 
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showed that ACM moduli responded differently at different temperatures (

 

Figure 0.11). It was observed that there was no cross over points between the G’ and G’’ points 

of ACM which implied that there was no change in the phase for the ACM as the temperature was 
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increased (
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Figure 0.11). Also, the G’ of ACM was greater than G’’ of ACM (

 

Figure 0.11). The effect of temperature on the moduli of ACM is shown in Table 0.10. At 

refrigeration temperature (5 °C), the storage modulus for ACM (8.5 ± 0.1 Pa) was higher than its 

loss modulus (1.9 ± 0.1 Pa) as seen in Table 0.10. At room temperature (25 °C), the storage 

modulus for ACM (7.5 ± 0.1 Pa) was higher than its loss modulus (2.5 ± 0.1 Pa) as seen in Table 

0.10. The same trend of higher storage modulus (7.0 ± 0.1 Pa) in comparison with loss modulus 

(2.6 ± 0.1 Pa) was followed at increasedtemperatures of 50 °C. Also, the storage modulus of ACM 

slightly decreased as the temperature increased from 5 °C to 50 °C while the loss modulus slightly 

increased but the crossover point where storage modulus (G’) values are equal to the loss 
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modulus (G”) values were not observed (

 

Figure 0.11). This implies that the ACM showed a slight weakening with an increase in 

temperature from 5 °C to 50 °C because there was no crossover point between G’ and G”, 

then.the ACM hydrogel did not transform but retained its soft weak gel phase. Also because the 

G’ although higher than G” had small values then the ACM has a weak gel strength. This implies 

that the ACM showed a slight weakening in microstructure with an increase in temperature from 

5 °C to 50 °C. However, because there was no crossover point between G’ and G”, then the ACM 

hydrogel did not transform but retained its soft weak gel phase. Also because the G’ was higher 

than G” then the ACM has a weak gel strength. Hence the ACM stabilised O/W-type 

nanoemulsion had structural stability at refrigeration temperature Authors have reported that 

amphiphilic proteins can re-enforce the structural viscoelastic properties of gels (Geremias-

Andrade et al., 2016; Lorenzo et al., 2018; Kubo et al., 2019). For instance, Geremias-Andrade 

et al. (2016) reviewed the rheological properties of emulsion stabilised with gels and concluded 

that the structural stability of emulsions is enhanced by interactions between the adsorbed milk 

proteins on the surface of the oil droplets and the protein gel network. Thus ACM is a weak 
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hydrogel that could impart structural stability properties on emulsions however, the structural 

stability of ACM is enhanced at refrigeration temperature. The reason for ACMs’ stable 

microstructure is due to the presence of amphiphilic proteins in ACM which adsorb at the oil/water 

interface to reduce interfacial tension which leads to stable microstructure of the ACM at 

refrigeration temperatures. The effect of temperature on the stability of the ACM stabilised O/W-

type nanoemulsion and ACM stabilised O/W-type nanoemulsion enriched with soy milk fiber is 

shown in Table 6.10. At refrigeration temperature (5 °C), the storage modulus for ACM (33.6 ± 

0.1 Pa) was higher than its loss modulus (7.7 ± 0.1 Pa) as shown in Table 6.10. 

 

Figure 0.11: The effect of temperature on the viscoelastic properties of African catfish mucilage 
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temperatures of 50 °C. The storage modulus of ACMs’ of most stable nanoemulsions slightly 
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decreased as the temperature increased from 5 °C to 50 °C while the loss modulus slightly 

increased and was almost constant but the crossover point where storage modulus (G’) values 

are said to be equal to the loss modulus (G”) values were not observed (Figure 6.12). This implies 

that although a slight weakening in structural stability could have occurred with increases in 

temperature from 5 °C to 50 °C but because there was no crossover point between G’ and G”, 

then the ACM stabilised O/W-type nanoemulsion did not change phases. Hence the ACM 

stabilised O/W-type nanoemulsion had structural stability at refrigeration temperature as 

observed with ACM. 
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Table 0.10: Temperature stability effect on the viscoelasticity of ACM and most stable nanoemulsions a, b, c, d, e, and f 

 5°C 25°C 50°C 

TYPE G’ (Pa) G” (Pa) G’ (Pa) G” (Pa) G’ (Pa) G” (Pa) 

A 8.5 ± 0.1 1.9 ± 0.1 7.5 ± 0.1 2.5 ± 0.1 7.0 ± 0.1 2.6 ± 0.1 

D 33.6 ± 0.1 7.7 ± 0.1 28.6 ± 0.1 9.9 ± 0.1 21.3 ± 0.1 10.2 ± 0.1 

E 55.3 ± 0.1 11.7 ± 0.1 51.2 ± 0.1 15.9 ± 0.1 48.4 ± 0.1 17.9 ± 0.1 

aA-African catfish mucilage (ACM); 

 bB-ACM stabilised Oil in Water-type nanoemulsion;  
cC- ACM stabilised Oil in Water-type nanoemulsion enriched with soy milk fiber;  
dG’-Storage modulus; eG”-Loss modulus  
f4°C-refrigeration, 25°C-room and 50°C increased temperatures. 
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At refrigeration temperature (5 °C), the storage modulus for ACM stabilised O/W-type 

nanoemulsion enriched with soy milk fiber (55.3 ± 0.1 Pa) was higher than its loss modulus (11.7 

± 0.1 Pa) as seen in Table 0.10. Similarly, at room temperature (25 °C), the storage modulus for 

ACM (51.2 ± 0.1 Pa) was higher than its loss modulus (15.9 ± 0.1 Pa) as seen in Table 6.10. The 

same trend of higher storage modulus (48.4 ± 0.1 Pa) in comparison with loss modulus (17.9 ± 

0.1 Pa) was followed at increased temperatures of 50 °C. The storage modulus of ACM stabilised 

O/W-type nanoemulsion enriched with soy milk fiber slightly decreased as the temperature 

increased from 5 °C to 50 °C while the loss modulus slightly increased but the crossover point 

where storage modulus (G’) value was equal to the loss modulus (G”) value was not observed 

(Figure 0.12). This implies that the ACM stabilised O/W-type nanoemulsion enriched with soy milk 

fiber showed a slight weakening with an increase in temperature from 5 °C to 50 °C because 

there was no crossover point between G’ and G”, then the ACM hydrogel did not change phases. 

Authors have reported that amphiphilic proteins can re-enforce the structural viscoelastic 

properties of emulsions (Geremias-Andrade et al., 2016; Lorenzo et al., 2018; Kubo et al., 2019). 

For instance, Geremias-Andrade et al. (2016) reviewed the rheological properties of emulsion 

stabilised with gels and concluded that the structural stability of emulsions is enhanced by 

interactions between the adsorbed milk proteins on the surface of the oil droplets and the protein 

gel network. Therefore, both ACM stabilised O/W-type nanoemulsion and ACM stabilised O/W-

type nanoemulsion enriched with soy milk fiber are weak hydrogels that are stable at refrigeration 

temperatures. Furthermore, a comaparison of the effect of temperature on the moduli of ACM’s 

most stable O/W-type nanoemulsion show that the fiber addition improved the structural stability 

properties of ACM stabilised O/W-type nanoemulsion enriched with soy milk fiber across all 

temperatures (5, 25 and 50 °C) as shown in Table 0.10. 
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Figure 0.12: The effect of temperature on the viscoelastic properties of (a) African catfish mucilage (ACM) stabilised O/W-type 
nanoemulsions and (b) ACM stabilised O/W-type nanoemulsion enriched with soy milk fibre 
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Hence the addition of fiber could improve the structural stability of ACM stabilised O/W-type 

nanoemulsion enriched with soy milk fiber because ACM works in synergy with the soy milk fibre 

which is in agreement with reports by Sousa de et al. (2015), Ruan et al, (2019). Therefeore, 

refrigerating i.e keeping ACM, ACM stabilised O/W-type nanoemulsion and ACM stabilised O/W-

type nanoemulsions enriched with soya milk fiber at temperatures of 5 °C results in enhancement 

of their structural stability. This study showed that storing ACM, ACM stabilised O/W-type 

nanoemulsion and ACM stabilised O/W-type nanoemulsions enriched with soya milk fiber at 

refrigeration temperatures of 5 °C sustains and improves its stability and rheological properties of 

ACM and its most stable nanoemulsions.. Sapei et al. (2017), carried out a kinetic study on the 

effect of temperature on the stability of o/w emulsion stabilised with different amounts of rice-husk 

silica and tween-20 (RHST). The authors reported that RHST stabilised O/W emulsions stored at 

4-8 °C was two times more stable than RHST stabilised O/W emulsions stored at 28 °C (Sapei et 

al., 2017). The authors concluded that bioemulsifiers could be used to retard destabilisation rate 

constants of the O/W emulsions and improve stability and shelf life of O/W emulsions (Sapei et 

al., 2017). Consequently, the findings of Sapei et al. (2017) supports the inferences made from 

the data in this study on the temperature effects on the viscoelastic properties of ACM, ACM 

stabilised O/W-type nanoemulsion and ACM stabilised O/W-type nanoemulsions enriched with 

soya milk fiber. Therefore refrigerating i.e. keeping the ACM, ACM stabilised O/W-type 

nanoemulsion and ACM stabilised O/W-type nanoemulsions enriched with soya milk fiber at 

temperatures of 5°C sustains and improves its structural stability and viscoelastic properties ACM 

and ACMs’ most stable O/W-type nanoemulsion. 
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6.7.6 Effect of time on the viscoelastic properties 

Figure 0.13 and 

  

Figure 0.14 show the effect of time on the viscoelastic properties of ACM, ACM stabilised O/W-

type nanoemulsion and ACM stabilised O/W-type nanoemulsions enriched with soya milk fiber. 

Changes that occurred in the viscoelastic properties of ACM and its most stable nanoemulsions 

was not significant as storage modulus increased gradually while loss modulus almost remained 
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constant (Figure 0.13 and 

  

Figure 0.14). ACM and its most stable nanoemulsions emulsions were stable during the first hour 

as the storage modulus did not decline and the increase in loss modulus was gradual (Figure 0.13 

and 
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Figure 0.14). The structural stability of ACM and its most stable nanoemulsions was further 

confirmed because there was no phase change as there was no crossover point observed for 

storage and loss moduli (Figure 0.13 and 

  

Figure 0.14). 
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Figure 0.13: Effect of time on the moduli of (a) African catfish mucilage (ACM). 
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Figure 0.14: Effect of time on the moduli of African catfish mucilage (ACM) stabilised (a) O/W-type nanoemulsion and (b) O/W-type 
nanoemulsion enriched with soya milk fiber.
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The effect of time on the viscoelastic properties of ACM and its most stable nanoemulsions 

showed that structural changes did not occur as storage modulus increased gradually while loss 

modus was constant  hence, ACM and its most stable nanoemulsions remained stable (Figure 

0.13 and 

  

Figure 0.14). Earlier it was established that the stability of ACM and its stable nanoemulsions could 

be as a result of cross-linking due to filamentous protein threads in ACM which stabilised the 

network structure of ACM, ACM stabilised O/W-type nanoemulsion and ACM stabilised O/W-type 
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nanoemulsions enriched with soya milk fiber (Figure 0.13 and 

  

Figure 0.14).This observation is supported by the CryoTem images Figures 4.22 and 4.25 which 

showed that the network structure of ACM, ACM stabilised O/W-type nanoemulsion and ACM 

stabilised O/W-type nanoemulsions enriched with soya milk fiber was stabilised due to preferential 

heterogeneous distributions discretely within the network structure. This result that stability is 

achieved due to the cross-linking of filamentous protein threads that stabilise the network 

structure at discrete points consistent with results obtained by Böni et al. (2016b), Fudge & 

Schorno (2016), and Böni et al. (2018). Authors have reported that amphiphilic proteins in fish 

mucus influence the rheological properties of O/W-types nanoemulsion interfaces (Hung et al., 

2013; Shahkaramipour et al., 2017; Maravić et al., 2019). Consequently, the findings that 

amphiphilic filamentous proteins are responsible for the cross-linkages in ACM and this sustains 

ACMs’ structural stability and viscoelastic properties with time agrees with findings by Fudge & 

Schorno (2016), Böni et al. (2018), and Maravić et al. (2019) on the stability bioemulsifier 

stabilised emulsions. Also, ACM sustains the structural stability and viscoelastic properties of 

ACM stabilised O/W-type nanoemulsion with time. In the case of ACM stabilised O/W-type 

nanoemulsions enriched with soya milk the structural stability and viscoelasticity are due to the 

synergy between mucoadhesive ACM and soy milk fiber. It was earlier established from the 

literature that fibres re-enforce the structural stability of emulsions as they work in synergy with 

ACM-bioemulsifiers by delaying deformation of oil droplet clusters in emulsions Sousa de et al. 
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(2015), Fujisawa, Togawa, & Kuroda, (2017), Barkhordari, & Fathi, (2018), Ye et al, (2018), and 

Ruan et al., (2019). For instance, Ruan et al., (2019), investigated the effect of strain on the 

viscoelastic properties of high internal phase (HIP) O/W emulsions using corn peptide emulsifier 

re-inforced with citrus fibers (Ruan et al., 2019). The EORs for the HIP O/W emulsions were; 1.0: 

75, 1.5: 75 and 2.0:75 % and the HIP O/W emulsions contained increasing citrus fibre 

concentrations of 0.5, 0.75 and 1.0 % (Ruan et al., 2019). Viscoelastic tests were performed on 

frequency sweep modes of 1 to 10 rad/s and amplitude sweeps of 0.1–1000 Pa was used to 

determine where the moduli in the LVR was constant (Ruan et al., 2019). The authors reported 

that, the G′ and G′′ of HIP emulsions with citrus fibres was higher than the control that did not 

contain fibres (Ruan et al., 2019). The authors also reported that G’ was always higher than G” 

and noted slight increases in G′ and G′′ as the frequency increased from1 to 10 rad/s (Ruan et 

al., 2019). The authors reported that, the G′ and G′′ of HIP emulsions with citrus fibres was higher 

than the control that did not contain fibres (Ruan et al., 2019). The authors indicated that slight 

increases in the value of G’ as the concentration of the citrus fibre increased signified increased 

gel strength in the HIP emulsions with higher fibre concentration (Ruan et al., 2019). The authors 

concluded that the reason for the increase G’ was due to the formation of a thicker interfacial layer 

which led to reinforced network structure of the corn peptide HIP emulsions that contained citrus 

fibres (Ruan et al., 2019). Therefore the higher storage modulus observed in the experimental 

data of ACM stabilised O/W-type nanoemulsion enriched with soy milk fibre in comparison to ACM 

stabilised O/W-type nanoemulsion was due to the synergy between the soy milk fibre and ACM 

which resulted in a thicker interfacial layer of the most stable nanoemulsion that contained soy 

milk fibre. Consequently, in the effect of time on the moduli of ACMs most stable nanoemulsions, 

the G’ of ACM stabilised O/W-type nanoemulsion enriched with soya milk fiber was higher than 

that of ACM stabilised O/W-type nanoemulsion because of the synergy that existed between 

ACM< and soy milk fibre. This synergy resulted in reinforced network structure of ACM stabilised 

O/W-type nanoemulsion enriched with soya milk fiber. The reinforced network structure of ACM 

stabilised O/W-type nanoemulsion enriched with soya milk fiber was due to the formation of a 

thicker interfacial layer between its oi/water interfaces. 
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Chapter 7  

CONCLUSION AND RECOMMENDATIONS 

7.1 Introduction 

The overall purpose of this research work and ‘my original contribution to knowledge’ is to assess 

the suitability of the African catfish mucilage (ACM) as a natural emulsifier that could be used as 

a feedstock in food-grade, personal care, and drug delivery emulsion systems. This work was 

conducted through the collection of the ACM from live African catfish (Clarias gariepinus) under 

anesthesia. The ACM was collected based on South African Bureau of Standards approved 

procedures, the Guidelines for Ethical conduct in the care and use of nonhuman animals in 

research and Ethical considerations for field research on fishes (SABS, 2008; Dunbar et al., 2012; 

Bennett et al., 2016). The properties investigated were characterising the ACM using 

physicochemical tests, quantifying the role of ACM as an emulsifier in stabilising soy milk and oil 

in water–type (O/W-type) nanoemulsions, and investigating the rheological properties of ACM, 

soy milk (control), ACM stabilised soy milk, and O/W–type nanoemulsions. Functional groups 

were determined through Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) 

spectroscopy. Emulsion stability parameters were determined through morphology studies, 

particle size measurements, and by the backscattering (BS) flux %. The rheological 

measurements were carried out by determining the flow and viscoelastic properties of ACM, soy 

milk (control) ACM stabilised soy milk, ACM O/W–type nanoemulsions, and ACM O/W–type 

nanoemulsions enriched with soy milk fiber. 

This dissertation was structured to achieve the following research objectives: 

1. To collect and preserve African catfish mucilage (ACM) from the African catfish. 

2. To characterise ACM by determining its physicochemical properties. 

3. To investigate the effect of ACM on the stability of soya milk emulsions using Ultra-Turrax 

T-25 homogenizer. 

4. To investigate the effect of ACM on the stability of oil in water-type (O/W-type) 

nanoemulsions prepared by ultrasonication using D-optimal mixture design. 

5. To investigate the flow and viscoelastic rheological behaviour of ACM, ACM stabilised 

soya milk emulsions and ACM stabilised O/W-type nanoemulsions. 

The next section presents findings of each of the set objectives. 
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7.2 Findings on research objectives 

This section summaries the findings of the research based on the research objectives in the 

manner in which they are presented in the thesis. Section 4.2 presents findings on the first three 

research objectives one, two and three. Section 5.2 presents findings on research objective four 

while section 6.2 presents findings on fifth research objective.  

7.3 African catfish mucilage extraction, characterisation, and role in stabilising 

soy milk 

The research objective of collection, and preservation of African catfish mucilage (ACM) was 

achieved by following the South African Bureau of Standards approved procedures, the 

Guidelines for Ethical conduct in the care and use of nonhuman animals in research and Ethical 

considerations for field research on fishes (SABS, 2008; Dunbar et al., 2012; Bennett et al., 2016). 

African catfish mucilage (ACM) was extracted from live African catfish (Clarias gariepinus) by 

anesthetising the fish with 100 the fish with 100 mg per liter methanesulfonate. The ACM was 

collected from the African catfish under anesthesia with the aid of a fish stimulation gadget (HPG1, 

Velleman Instruments, (18 V, 80 Hz)). The fish stimulation gadget was used to enhance mucus 

discharge from mucus glands by placing the gadget on the ventral lateral section of the catfish to 

ensure that the ACM was not contaminated with blood, fish discharge and droplets. All the live 

African catfish were resuscitated after collecting the mucus by placing them in a recuperation 

bath. The live African catfish used for sampling was monitored for one week in other to ensure 

that they were stable and did not display any symptoms of stress. All live African catfish had fully 

recovered from stress conditions by day 2 and could be used to collect fresh ACM samples. 

To achieve the second research objective, the morphology was determined with Transmission 

electron microscopy (TEM), while functional groups in ACM and ACM-stabilised soya milk 

emulsions were determined using ATR-FTIR spectroscopy. The objective of characterising 

African catfish mucilage (ACM) by determining its physicochemical properties was achieved as 

ACM was found to be a stable hydrogel with negatively charged (−36.2 mV) loosely bound 

electrons with polar and non-polar portions. Unmagnified freeze-dried African catfish mucilage 

(ACM) was found to be greyish-brown with a powdery appearance. Structural studies with the 

TEM revealed that the ACM dispersion in MilliQ water was spherical and formed aggregates with 

structural networking into gel fibers. Furthermore, ACM in MilliQ water was found to contain 

intermediate protein filaments and the mucins in ACM entrapped MilliQ water to form an elastic 

gel-like stable structure. The spectra of ACM revealed stretching vibrations of hydroxyl groups of 
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hydrophilic amino acid overtones, asymmetric stretch for biopolymers such as amphiphilic 

glycoprotein or mucus, amide I, II and III bands which affirmed protein secondary structure and 

stretching vibrations of protein-peptide bonds. 

The third research objective which was to investigate the performanceof African catfish mucilage 

(ACM) on the stability of soya milk emulsions was carried out to test the ability of the African 

catfish mucilage as an emulsifier. A Turbiscan was used to measure stability, morphology was 

determined with TEM, while functional groups in ACM and ACM-stabilised soya milk emulsions 

were determined using ATR-FTIR spectroscopy. The objective of investigating the effect of 

African catfish mucilage (ACM) on the stability of soy milk emulsions was achieved as the variation 

in emulsion appearance over time, backscattering intensity and emulsion images were 

determined for soy milk concentrations of 10, 30, 50 and 75 % stabilised with 1, 3 and 5 % ACM 

for 180 mins of storage. The application of low concentration (1%, 3%, and 5%) ACM led to 

stabilised soy milk emulsions. Hence stability was achieved with ACM-emulsifier soy milk ratios 

(ESMRs) of 1:10, 1:30, 1:50 and 1:75 %, 3:10, 3:30, 3:50 and 3:75 % and 5:10, 5:30, 5:50 and 

5:75 %. The stability of soy milk emulsions with ESMR of 1:75, 3:75 and 5;75 % was discontinued 

to showcase the effect of ACM in a soy milk emulsion that had MilliQ water concentrations of at 

least 45 %. The ESMR ratio of 5:10, 5:30, and 5:50 % had the highest stability i.e. highest back 

scattering (BS) % flux. The Turbiscan confirmed the role of ACM at low concentrations for the 

stability of soy milk emulsions. It also showed that the higher the concentration of ACM and the 

higher the ACM-ESMR the higher the stability of the emulsion i.e. the higher the BS % flux. The 

spectra of ACM stabilised soy milk emulsion revealed interactions between ACM and soya milk 

droplets. The zetasizer was used to determine the particle size and stability was expressed as a 

function of Sauter mean diameter (D₍₃‚₂₎) calculated from the particle size. The higher the 

concentration of ACM, the more stable the emulsion i.e. the lower the D₍₃‚₂₎ of stabilised 

emulsions. Also, the higher the ESMR the higher the stability i.e. the lower the D₍₃‚₂₎ of stabilised 

emulsions. The results from TEM, ATR-FTIR, D₍₃‚₂₎, and BS % flux analysis showed that the 

mucins in ACM formed strong cohesive connections with stabilised soy milk emulsions hence 

ACM exhibited adhesive properties. Consequently, ACM is a good natural emulsifier with 

mucoadhesive properties as it encapsulates soy milk to enhance stability. Two-way analysis of 

variance (ANOVA) with Tukey’s multiple comparisons test was used to analyse the D₍₃‚₂₎ and BS 

% flux data. A significant difference (ρ < 0.05) was established on ACM stabilised soy milk 

emulsions with respect to BS % flux and D₍₃‚₂₎ for emulsions with ESMRs of 5:10, 5:30, and % 

5:50 %. The ANOVA studies show that data obtained from BS % flux closely fit the regression 
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line by about 99.94% while the data for D₍₃‚₂₎ was 90% fit. Hence, both responses are good 

predictors of the stability of an emulsion. 

7.4 African catfish mucilage role in stabilising oil in water-type nanoemulsions 

The fourth research objective, which was to investigate the effect of ACM on the stability of oil in 

water-type (O/W-type) nanoemulsions prepared by ultrasonication using D-Optimal mixture 

technique was achieved. A Turbiscan were used to measure stability, a Zetasizer was used to 

measure the particle size, the morphology was determined with Cryo-Transmission electron 

microscopy (Cryo-TEM), and functional groups in ACM and ACM-stabilised soya milk emulsions 

were determined using ATR-FTIR spectroscopy. Turbiscan studies showed that when ACM 

concentration was highest regardless of oil concentration the initial average BS % flux of O/W-

type nanoemulsions was high leading to higher stability. The results from the zetasizer showed 

that when ACM concentration was highest regardless of oil concentration, the Sauter mean 

diameter [D(3,2)] of emulsions was low leading to higher stability. Cryo-TEM studies revealed that 

cross-linkage structure of mucins in ACM stabilised O/W-type nanoemulsions did not occur across 

the matrix but occurred preferentially via a heterogeneous distribution discretely in the networks 

matrix. Hence, structural stability of ACM stabilised O/W-type nanoemulsions was due to the 

presence of amphiphilic filamentous protein threads in ACM. The spectra of ACM stabilised O/W-

type nanoemulsion revealed interactions between ACM and oil droplets this was evidenced by 

shifts in the wavelength peaks of the key functional groups. The concentration of ACM to the oil 

ratio i.e. the emulsifier oil ratio (EOR) influenced the stability as a function of the BS % flux and 

the D(3,2). The trend was the higher the emulsifier-oil ratio (EOR) the higher the stability i.e. the 

higher the BS % flux and the lower the D (3,2), Consequently, the EOR influences the stability of 

O/W-type nanoemulsions. 

Authors have reported the multi-faceted applications of O/W-type nanoemulsion in 

beverages, cosmetics, drug delivery, foods, nutraceuticals, and personal, and personal care 

products (Bai et al., 2017; Mikulcová et al., 2017; Azmi et al., 2019). Based on the multi-faceted 

applications of O/W-type nanoemulsions, the data on the effect of the independent variables 

(ACM, oil and MilliQ water) on the dependent variables Sauter mean diameter [D(3,2)] and 

backscattering (BS) % flux was modelled using mixture design surface methodology. In this study, 

mixture design surface methodology was combined with D-Optimal mixture method in order to 

investigate the effect of ACM in the stability of O/W-type nanoemulsions. The result indicated that 

the ability of RSM to select proper and precise formulations played a significant role in optimising 

the stability of ACM stabilised O/W-type nanoemulsion. Also, RSM was used to determine the 
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(main) linear, quadratic and synergy effects of main emulsion components on the BS % flux  and 

D(3,2) of ACM stabilised O/W-type nanoemulsion. Generally, D-Optimal mixture design was shown 

to be a useful experimental design that provided mixture design surface models that could explain 

the variation of two response variables as a function of three independent variables (ACM, oil and 

MilliQ water). The mixture design surface analysis provided a significant difference p-value of < 

0.05 association with regression equations of high R² (0.9721 and 0.9992) and high adjusted R² 

(0.9567 and 0.9987) for the effect of the three independent variables on the dependent variables 

BS % flux and D(3,2) responses. The quadratic mixture model for BS % flux obtained by analysng 

the experimental data was significant (F [557.86, 8.88] = 62.80; p-value < 0.0001) in describing 

the component effects (ACM, oil, and water) on BS % flux stability parameter. The quadratic 

mixture model for BS % flux was significant (F [557.86, 8.88] = 62.80; p-value < 0.0001). The 

model’s lack of fit (F [19.98, 6.990E-003] = 2858.24; p < 0.0001) was also significant, however, 

the predicted R-squared value was 0.9123 and adequate precision was 20.186 indicating a model 

with adequate goodness-of-fit to the experimental data. Similarly, the quadratic mixture model for 

D(3,2) was significant (F [235.71, 0.13] = 1805.99; p-value < 0.0001). The model lack of fit (F [0.17, 

0.11] = 0.3104; p = 1.49) was not significant, and the predicted R-squared value was 0.9977 and 

adequate precision was 104.158 indicating a model with adequate goodness-of-fit. The results 

showed clearly that the African catfish mucilage content could be applied as a key independent 

variable in formulating stabilised O/W-type nanoemulsion based on BS % flux and D(3,2) properties 

studied. Desirability functions were chosen to either maximise BS % flux (𝛾1) and minimise Sauter 

mean diameter (𝛾2) or maximise BS % flux (𝛾1) and maximise Sauter mean diameter (𝛾2). This 

desirability function was set to answer sub research objective questions on whether maximising 

BS % flux (𝛾1) and minimising Sauter mean diameter (𝛾2) or maximising BS % flux (𝛾1) and 

maximising Sauter mean diameter (𝛾2) would affect the desirability options. The overall desirability 

of the chosen formulation for option A (EOR 4.2:3) which involved maximising BS flux (𝛾1) and 

minimising Sauter mean diameter (𝛾2) was 100%. The overall desirability of the chosen 

formulation for option B EOR (5:10) which involved maximising BS flux (𝛾1) and maximising Sauter 

mean diameter (𝛾2) was 95%. Hence both desirability functions on the formulations substantially 

satisfied the targeted constraints. Based on the literature, the combination of independent variable 

constituents in option B (5 % ACM: 10 % oil: 85 % water) was selected for rheology tests because 

authors have reported that stabilised emulsions with higher oil concentration exhibited a higher 

degree of shear-thinning, viscosity, and viscoelastic rheological properties (Dokić et al., 2012; Xi 

et al., 2019). The predicted stability value for option B with EOR 5:10 % was BS % flux was 73.7 

% while the D(3,2) value was 7.5 nm and the desirability was 95 %. 
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Results further showed that the protein functional groups in ACM and ACM concentrations 

critically influenced both BS % flux and D(3,2) of ACM stabilised O/W-type nanoemulsions. It was 

observed that the higher the emulsifier oil ratio (EOR) the higher the stability i.e. the higher the 

BS % flux and the lower the D (3,2) (particle size). Hence, it was deduced that EOR influences the 

stability of O/W-type nanoemulsion. This was because the amphiphilic (hydrophilic and 

hydrophobic) proteins in ACM interfaced with oil and water simultaneously to ensure stability. 

Consequently, it was deduced that the emulsifier effect of ACM on ACM stabilised O/W emulsion 

could be explained by the micelle theory consistent with other authors. Hence African catfish 

mucilage highly influences the stability of O/W-type nanoemulsion and can be applied in 

cosmetics, food-grade, personal care, and drug delivery emulsions applications. 

7.5  Flow and viscoelastic rheological behaviour of African catfish mucilage (ACM), 

ACM stabilised soy milk emulsion and ACM stabilised o/w-type 

nanoemulsions 

The last research objective was to investigate the flow and viscoelastic rheological behaviour of 

African catfish mucilage (ACM), soy milk (control), ACM stabilised soy milk emulsion, ACM 

stabilised o/w-type nanoemulsions, and ACM stabilised o/w-type nanoemulsions enriched with 

soy milk fibre was achieved. The flow behavior tests were conducted by investigating the effect 

of viscosity as the shear rate increased from 0.01 to 1000 s 1. In summary, results showed that 

ACM, soy milk (control), ACM stabilised soy milk emulsion and ACM stabilised o/w-type 

nanoemulsion and ACM stabilised o/w-type nanoemulsion enriched with soy milk fibre were non-

Newtonian and all showed a distinct shear thinning behaviour.. It was observed through Cryo-

TEM studies that cross-linkage structure of mucins in African catfish mucilage did not occur 

across the matrix but occurred preferentially via a heterogeneous distribution discretely in the 

networks matrix. The stability of ACM, ACM stabilised O/W-type nanoemulsion and ACM 

stabilised O/W-type nanoemulsions enriched with soya milk fiber was established through visual 

observation, Cryo-TEM, and Turbiscan study. The stability results established correlated with the 

effects of strain, frequency, temperature, and time on viscoelastic properties as phase separation 

was not observed in ACM, ACM stabilised O/W-type nanoemulsion and ACM stabilised O/W-type 

nanoemulsions enriched with soya milk fiber. The results obtained through Cryo-TEM, and 

Turbiscan study on the stability of ACM, ACM stabilised O/W-type nanoemulsion and ACM 

stabilised O/W-type nanoemulsions enriched with soya milk fiber correlated with rheological 

properties as the viscoelastic properties were ascribed to the amphiphilic filamentous protein 

threads present in the ACM. The results confirmed that amphiphilic filamentous protein threads 
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in ACM influenced the rheological properties of O/W-type nanoemulsion interfaces by forming a 

stable network structure at different points within the matrix even though the system was watery. 

The investigated African catfish mucilage (ACM), soy milk (control), ACM stabilised soy 

milk emulsion, ACM stabilised O/W-type nanoemulsions, and ACM stabilised O/W-type 

nanoemulsions enriched with soya milk fiber responded to low shear rates and had mean initial 

viscosity (MIV) values. The MIV value for ACM stabilised soy milk emulsion was higher than that 

of soy milk (control), they were 2352.5 ± 1.5 and 661.3 ± 2.2 mPa.s respectively. Hence ACM 

stabilised soy milk emulsion was more stable than soy milk (control) this was due to the influence 

of ACM-emulsifier on emulsion stability. ACM exhibited higher stability by forming films around 

the water drops in water/oil interfaces. The films formed increased the stability of the emulsion by 

increasing interfacial viscosity and decreasing interfacial tension. Hence the interfacial viscosity 

i.e. MIV of ACM stabilised soy milk emulsions is higher than that of soy milk. The MIV value of 

ACM stabilised O/W-type nanoemulsions enriched with soya milk fiber was higher than that of 

ACM stabilised O/W-type nanoemulsions they were 6468.0 ± 1.3 and 3476.1 ± 2.5 mPas 

respectively. This shows that the soy milk fiber worked in synergy with ACM and enhanced the 

stability of ACM stabilised O/W-type nanoemulsions enriched with soya milk fiber. The moduli in 

the linear viscoelastic region (LVR) of ACM was constant at low strains of 0.2 % and cross-over 

points of about 10 %. The moduli in the LVR of ACM stabilised O/W-type nanoemulsions, and 

ACM stabilised O/W-type nanoemulsions enriched with soya milk fiber was constant at low strains 

of 0.4 aand 0.6 % and cross-over points of about 30 and 50 % respectively. The moduli in the 

LVR of ACM was low and this is consistent with the results that microstructural stability and 

viscoelastic properties were conferred through the amphiphilic filamentous protein threads in 

ACM. Also the presence of soy milk fiber enriched the efficacy of ACM as it worked in synergy 

with ACM to improve the microstructural stability and viscoelastic properties of ACM stabilised 

O/W-type nanoemulsions enriched with soya milk fiber as evidenced by higher constany strains 

in the LVR. This is consistent with the mucoadhesive property of ACM, the ability of ACM to work 

in synergy with soy milk, the mucoadhesive theory proposed for ACM stabilised soy milk 

emulsions, and the micelle theory proposed for the stability of the ACM stabilised O/W-type 

nanoemulsions. The effect of temperature increase from 5 to 50°C showed a slight weakening of 

the microstructure of ACM and ACMs’ most stable emulsions. Structural changes as a result of 

the effect of temperature was not significant as there was no phase changes observed in the 

microstructure of ACM and ACMs’ most stable emulsions. However, refrigerating i.e. keeping the 

ACM, ACM stabilised O/W-type nanoemulsion and ACM stabilised O/W-type nanoemulsions 
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enriched with soya milk fiber at temperatures of 5°C sustained and improved its structural stability 

and viscoelastic properties. The presence of soya milk fiber influenced the ability of ACM as it 

worked in synergy with ACM to improve the rheological properties of ACM as evidenced by higher 

viscosity, storage, and loss moduli and resulted in improved stability and rheological properties. 

Time duration did not seem to have negative effects on the network structure of ACM, and ACMs’ 

most stable O/W-type nanoemulsion as no pase changes occured within the time duration 

studied. Stability was due to cross-linking of filamentous protein threads that stabilised the 

network structure via a discrete heterogeneous preferential grouping in the structural network 

matrix. 

Findings from rheological stability investigation indicates that the emulsion was stable 

despite the watery nature of ACM, ACM stabilised soy milk emulsions and ACM stabilised O/W-

type nanoemulsions. The reason for the stability can be attributed to the amphiphilic filamentous 

protein threads present in the African catfish mucilage which occurred preferentially via a 

heterogeneous distribution discretely in the networks matrix and resulted in structural stability. 

This phenomenon was established by results obtained from morphology test I.e. structural 

stability, BS % flux and D(3,2) properties, and wavelength peak shifts in ACM stabilised soy milk 

emulsions, ACM stabilised O/W-type nanoemulsion and ACM stabilised O/W-type nanoemulsion 

enriched with soy milk fiber. The non-Newtonian flow of ACM, soy milk (control), ACM stabilised 

soya milk emulsion, ACM stabilised O/W-type nanoemulsion, and ACM stabilised O/W-type 

nanoemulsion enriched with soy milk fiber, could be modeled with either Power, Herschel-

Buckley, Casson, or Bingham equations. The Casson model was the best fit for African catfish 

mucilage, soy milk (control), ACM stabilised soya milk emulsion, ACM stabilised O/W-type 

nanoemulsion, and ACM stabilised O/W-type nanoemulsion enriched with soy milk fiber. 

7.6 Research contributions 

The contributions of the study are discussed as follows: 

1. The findings obtained from the first research objective of collecting and preserving African 

catfish mucilage from the live African catfish could give guidelines to enable the fish 

industry to collect and preserve ACM that could be used as an emulsifier in food-grade 

emulsions, cosmetic, and drug release products. Hence, ‘my original contribution to 

knowledge’ is that this outcome could give the guidelines to enable the fish industry to 

collect and preserve ACM that could be used as an emulsifier in food-grade emulsions, 

cosmetic, and drug release products. 
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2. After the collection of ACM, the live African catfish (under anesthesia) used in collecting 

the ACM were resuscitated and none of the live fish died. The resuscitation and full 

recuperation of live fish allowed the same fish samples to be reused to collect fresh 

samples of ACM. Also, because the resuscitated and fully recuperated catfish samples 

did not contain methanesulfonate, they could be harvested and sold for consumption after 

two weeks. The method used could be used as a guideline for the re-use of live African 

catfish for collection of ACM. Hence, ‘my original contribution to knowledge’ is that this 

outcome could give the guideline for the re-use of live African catfish for collection of ACM. 

3. The research objective of investigating the effect of African catfish mucilage (ACM) on the 

stability of soya milk emulsions was used to establish the performance of ACM as a 

suitable emulsifier in food–grade emulsions. Hence, ‘my original contribution to 

knowledge’ is that this outcome could result in the application of African catfish mucilageas 

an emulsifier in food-grade emulsions. 

4. Findings clearly showed that ACM is a tremendous natural emulsifier as the amphiphilic 

proteins in ACM entraps the O/W–type nanoemulsions to ensure stability through 

mucoadhesion by the micelle theory. Also, African catfish mucilage content could be 

applied as a key independent variable in formulating stabilised O/W-type nanoemulsion 

based on BS % flux and D(3,2) properties studied because of its emulsifying properties. In 

general, the O/W-type nanoemulsions that contained a concentration of ACM (5 % w/w) 

and EOR 5:10 % was recommended to provide all separate and comprehensive desirable 

goals for cosmetic, food-grade, cosmetic, personal care, and drug delivery products. This 

outcome could result in the application of ACM in food-grade emulsions, cosmetic, 

personal care, and drug delivery products. Hence, ‘my original contribution to knowledge’ 

is that this outcome could streamline the conditions needed to determine the effect of 

process variables (ACM, oil and water) in the stability of O/W–type nanoemulsions in food-

grade emulsions, personal care, and drug delivery emulsion systems. 

5. The validation of predicted stability for food-grade, cosmetic, personal care, and drug 

delivery products showed that, the observed stability confirmed the suitability of the 

quadratic model. The outcome could be used as guidelines in predicting the stability of 

ACMs’ most stable nanoemulsions. Hence, ‘my original contribution to knowledge’ is that 

this outcome could streamline the conditions needed to determine the most suitable 

models for stabilising food-grade emulsions, personal care, and drug delivery emulsion 

systems. 
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6. The results achieved from investigating the flow and rheological behavior of African catfish 

mucilage (ACM), ACM stabilised soy milk emulsion and ACM stabilised o/w-type 

nanoemulsions gave information on the process operations of the emulsifier ACM and 

how its effect on stabilised soy milk and O/W-type nanoemulsions. The outcome could be 

used as guidelines for process operations in the application of ACM for rheological quality 

and stability of ACMs’ most stable emulsions and nanoemulsions. Hence, ‘my original 

contribution to knowledge’ is that this outcome could streamline the guidelines for process 

operations in the application of ACM for rheological quality and stability of ACMs’ most 

stable emulsions and nanoemulsions. 

7. The flow data achieved was described using rheological models. The results also showed 

that the non-Newtonian flow could be modeled with either Power, Herschel-Buckley, 

Casson, or Bingham equations. The Herschel-Buckley model was found to be the best fit 

model for African catfish mucilage while Casson model was the best fit model for soy milk 

(B), ACM stabilised soya milk emulsion (C), ACM stabilised O/W-type nanoemulsion (D), 

and ACM stabilised O/W-type nanoemulsion enriched with soy milk fiber (E). The flow 

data achieved could provide the guidelines to describe the best fit models for ACM and 

ACMs’ most stable emulsions. Hence, ‘my original contribution to knowledge’ is that this 

outcome could streamline the guidelines to describe the best fit models for ACM and 

ACMs’ most stable emulsions. 

8. The rheological stability at refrigeration temperatures was prescribed by presenting the 

viscoelastic parameters that described the structural network of ACM dispersed in MilliQ 

water (A), ACM stabilised O/W-type nanoemulsion (D), and ACM stabilised O/W-type 

nanoemulsion enriched with soy milk fiber (E). This knowledge could serve as guidelines 

for estimating the rheological quality of African catfish mucilage as an emulsifier. The 

viscoelastic rheological behavior of African catfish mucilage (ACM), ACM stabilised soy 

milk emulsion and ACM stabilised o/w-type nanoemulsions could be used as a guideline 

for the storage of the ACM and ACMs’ most stable emulsions as it pertains to the linear 

viscosity range at low frequencies. Hence, ‘my original contribution to knowledge’ is that 

this outcome could serve as a guideline for the storage of the ACM and ACMs’ most stable 

emulsions as it pertains to the linear viscosity range at low frequencies. 

The implications of the emulsifying qualities of the ACM which was established through 

physicochemical and time-independent rheological tests in this study are described in this section: 
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a) The result on soymilk emulsions implies that ACM can be applied as a feedstock in 

nutraceuticals that have nutritious benefits obtained from the identified proteins. 

b) Oil in water (O/W) nanoemulsions stabilised with ACM can be feedstocks for nutrient 

packed nutraceutical products that contain proteins. 

c) Rheological stability achieved in soymilk emulsions and O/W nanoemulsions can be 

employed in personal care products such as creams and ointment as shear-thinning is 

delayed until the applied force exceed the initial viscosity which could happen when it is 

applied on the skin. For instance, retaining the structural stability (consistency) of the 

cream or ointment is vital in anti-inflammatory drugs and formulations as it increases the 

residence time of drugs on the skin  

d) Physicochemical and rheological stability achieved in O/W nanoemulsions can be 

employed in the biomedical industry as the mucoadhesive nature of ACM comes into play. 

This is due to the fact that regulated applied force/shear delays the release of drugs in a 

stabilised nanoemulsion implanted into the body. This can be used for the formulation of 

controlled release drugs which are used to reduce the speed of drug absorption by the 

body. 

The overall contribution of this research work and ‘its original contribution to knowledge’ is to 

provide new scientific information to reveal how a suitable, eco-friendly alternative emulsifier 

such as African catfish mucilage (ACM) could be used in stabilising soy milk and O/W-type 

nanoemulsions, thereby contributing towards adding economic value to the African catfish 

mucilage. Hence, this research provides an original contribution to the knowledge of how 

African catfish mucilage could be used as an emulsifier in food-grade emulsions, cosmetic, 

and drug release products. Hence the application of this knowledge-base could lead to the 

creation of novel encapsulated ACM products with potential applications in food-grade, 

personal care, and pharmaceutical industry. Also, its application as an emulsifier could reduce 

the challenges of disposing ACM. The use of the ACM, a waste product as an emulsifier in 

feed-stocks for food-grade, personal care, and pharmaceutical industries would lead to 

economic growth through creating employment opportunities, improving food security, 

increasing income, and could increase the Gross Domestic Product (GDP). Also, the use of 

ACM as an emulsifier would lead to the development of a knowledge base that could enhance 

global competitiveness for the catfish industry in South Africa and overall contribute towards 

the South African National Development Plan vision for 2030.  
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7.7 Recommendations 

This section provides recommendations based on results obtained from the data analysed. 

Although there is considerable information in the literature on the application of bioemulsifiers in 

stabilising emulsions, limited information is available on the physicochemical characteristics of 

African catfish mucilage (ACM) and the effects of ACM on emulsions. This is surprising, given the 

market and scientific bioresource potentials of African catfish mucilage in the South African fishing 

industry. Overall, the data obtained from research objectives one, two, three, four and five have 

shown that the use of ACM as a bioemulsifier could set the guidelines for the use of African catfish 

mucilage as a low cost, eco-friendly alternative emulsifier feedstock in the food-grade, cosmetics, 

and personal care industry and add value to African catfish (Clarias gariepinus) in South Africa 

and the African continent. Therefore, the following recommendations were prescribed for further 

study. 

1. It is recommended that the knowledge obtained in this studies be implemented by South 

African fishing Industry to improve profitability, employment, boost the GDP, develop a 

knowledge base that could enhance global competitiveness for the catfish industry, and 

contribute towards the South African National Development Plan vision for 2030. 

2. Investigate microbial counts of the African catfish mucilage (ACM) to clarify issues of food 

safety. 

3. Investigate the sensory profile of ACM to enable skin clinical trials to determine 

pharmacological properties or benefits of ACM. 

4. Investigate methods that accurately quantify the metabolic profile of ACM and its stabilised 

emulsions using internal standards. This would ensure that the active amphiphilic proteins 

are identified. 

5. Investigate the flow-time-dependent models of ACM and ACM most stable emulsions for 

process design and control, sensory behavior and shelf life studies. 

6. Investigate the effect of ACM protein isolates and hydrolysates with modified starches and 

surfactants. 

7. Investigate the release kinetic properties of ACM peptide-based hydrogels for applications 

in food-grade products. 

7.8 Limitations 

Laboratory studies were conducted to determine, assess and predict the influence of various 

physicochemical factors on African catfish mucilage (ACM) and ACM stabilised emulsions (soy 
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milk and oil-in-water-type nanoemulsions. One of the limitations to this study is the resources, 

and equipment available within the scope of the research. This necessitated that the project was 

limited to establishing the role of ACM as an emulsifier. Hence, microbial and sensory studies 

were not conducted on the ACM, ACM stabilised soya milk emulsions and O/W-type 

nanoemulsions systems. 

Also, the metabolic profiling of ACM was not carried out in this study because resources limited 

the purchase of internal standards for Liquid chromatography-mass spectrometry. This work did 

not focus on testing the freeze-dried ACM or its emulsion systems for its pharmacological 

properties or benefits. In addition, the work did not focus on skin trials for personal care or trials 

for drug delivery because of the scope of the work was limited to establishing the emulsifier role 

of ACM. 

7.9 Conclusion 

This thesis embodies the findings of pilot research aimed at evaluating how the physicochemical 

properties of African catfish mucilage (ACM) affect its efficacy as a potential emulsifier in soy milk 

and sunflower O/W emulsion and to optimise the emulsion formation to provide the food-grade, 

cosmetics and personal care industry with a low cost, eco-friendly alternative emulsifier. The use 

of live African catfish in the collection and preservation of African catfish mucilage could establish 

the necessary protocols for collecting and preserving ACM from fish farms. In our trials, 

physicochemical tests were conducted on stability and the rheological properties of ACM and 

ACM stabilised soy milk and O/W-type nanoemulsions were investigated based on resources 

available. The findings obtained from this work could enable the fish industry to understand how 

to collect and preserve ACM that could be used as bioemulsifier feedstock in food-grade 

emulsions, cosmetic, and drug release products. The outcome could be used as guidelines in 

predicting stability of ACMs’ most stable emulsions and nanoemulsions, describe its best fit 

models and set the storage parameters of ACMs’ most stable emulsions and nanoemulsions. The 

outcome could be used as guidelines for process operations in the application of ACM for 

rheological quality and stability of ACMs’ most stable emulsions and nanoemulsions. The 

outcomes of the research findings would contribute to knowledge-based competitiveness for the 

South African fish industry, increase the economic value of African catfish and contribute to the 

economy by providing employment opportunities. Also, the use of the ACM collected would 

ensure that disposal costs on the farm are reduced. In general, the use of the results from each 

research finding would lead to more publications in peer-reviewed research journals. The 

implementation of the findings in this research would Improve profitability, employment, boost the 
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GDP, develop a knowledge base that could enhance global competitiveness for the catfish 

industry, and contribute towards the South African National Development Plan vision for 2030. 

The overall contribution of the study is to provide new scientific information to reveal how a low 

cost, eco-friendly alternative emulsifier such as African catfish mucilage (ACM) could be used in 

stabilising soy milk and O/W-type nanoemulsions, thereby contributing towards adding economic 

value to the African catfish mucilage. This could lead to the creation of novel encapsulated ACM 

products with potential applications food, personal care, and pharmaceutical industry. Also, its 

application as an emulsifier could reduce the challenges of disposing ACM. The use of the ACM, 

a waste product as an emulsifier in feed-stocks for food, personal care, and pharmaceutical 

industries would lead to economic growth through creating employment opportunities, improve 

food security, increased income, and could increase the Gross Domestic Product (GDP). Also, 

the use of African catfish mucilage as an emulsifier would lead to the development of a knowledge 

base that could enhance global competitiveness for the catfish industry in South Africa and overall 

contribute towards the South African National Development Plan vision for 2030. 
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