
Functional Properties of Breadfruit Flour and Its Application in Processed 
Meat 

by 

Shiqi Huang 

A Thesis 

presented to 

The University of Guelph 

In partial fulfilment of requirements 
for the degree of 

Doctor of Philosophy 

in 

Food Science 

Guelph, Ontario, Canada 

© Shiqi Huang, September 2020 



ABSTRACT 

FUNCTIONAL PROPERTIES OF BREADFRUIT FLOUR AND ITS APPLICATION IN 

PROCESSED MEAT

Shiqi Huang 

University of Guelph, 2020

Advisor: 

Dr. Benjamin Bohrer 

 

The compositional and functional properties of breadfruit flour and comminuted 

beef/beef emulsions prepared with breadfruit flour were studied. The breadfruit flour was 

compared with traditional flour sources (wheat, soy, corn, tapioca) and a tropical flour source 

(banana). Native breadfruit flour had high content of starch (66.59% - 73.39% on a dry-matter 

basis) and greater water/oil holding capacity than traditional flour sources, yet was similar in 

those traits when compared with banana flour. Native breadfruit flour had high viscosity during 

heating. Cooking loss was reduced in beef emulsions prepared with breadfruit flour compared 

with control (no flour added) samples, and decreased as flour inclusion level increased. Hardness 

(measured with texture profile analysis) was lower in beef emulsions prepared with breadfruit 

flour compared with those prepared with wheat, corn, and tapioca flour, and decreased as flour 

inclusion level increased. Instrumental redness of comminuted beef prepared with breadfruit 

flour was the greatest during a 7-day simulated retail display compared with traditional flour 

sources and control samples, and increased as flour inclusion level increased.  

The pasting temperature of unmodified breadfruit flour was approximately 77°C. 

Breadfruit starch did not completely gelatinize after cooking (72°C) and was not fully 

functionalized in comminuted meat. This led to research on pre-gelatinization of breadfruit flour. 
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Breadfruit flour was extruded using different conditions which included last barrel temperature 

(80°C or 120°C) and feed moisture content (17% or 30%). Four extruded flours with different 

mechanical (specific mechanical energy, SME) and thermal (melt temperature) energies were 

obtained. Swelling power was increased in all extruded treatments at temperatures below 

gelatinization of the native starch (<70°C), while water holding capacity and solubility were 

dramatically increased in the low-SME and high-SME extruded flours, respectively. Addition of 

extruded flours did not change cooking loss, instrumental redness, and viscoelasticity of cooked 

meat emulsions compared with native flour and control samples. Extrusion conditions, 

particularly those with high thermal energy, altered hardness of meat emulsions. Incorporation of 

extruded breadfruit flours can modify the structural and technological attributes of beef 

emulsions compared with native flour, but technological function of beef emulsions formulated 

with different extruded flours were not different. 
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Chapter 1 General Introduction 

Breadfruit is a high-yielding tropical staple food crop that has been identified under the 

International Treaty on Plant Genetic Resources for Food and Agriculture for its potential to 

positively impact food security in underdeveloped regions of the world. Many developing 

countries have tropical climates and individuals there are at a greater risk of undernourishment. Many 

of the underdeveloped countries in the world located in Oceania, Tropical Africa, and Central 

America are suitable for breadfruit production (Jones, 2010). Breadfruit is a relatively low-input 

crop since the tree does not need to be replanted each year and its production lifespan is 50 years 

or potentially more (FAO, 2015). Moreover, up to 400 kg of edible crop can be produced by a 

single breadfruit tree on an annual basis (Jones et al., 2011). Therefore, breadfruit may be 

suitable for sustainable production in resource-poor regions of the world (Fownes & Raynor, 

1991). Compositionally, breadfruit is high in carbohydrate content and particularly starch. 

Breadfruit also contains significant composition of protein, and some essential vitamins and 

minerals (Turi et al., 2015). With the poor storage properties and the limited use of the fresh 

breadfruit crop, conversion of the crop to flour provides a more stable form during storage and 

increases its versatility as a food ingredient. In February of 2016, breadfruit flour received 

‘Generally Recognized as Safe’ status, thus opening the possibility of using the flour as an 

ingredient for North American food markets (FDA, 2016). 

Production of flour is an ideal approach to incorporate breadfruit into a variety of food 

products. Breadfruit flour has significant economic potential as an ingredient in foods. Another 

benefit of breadfruit flour as a food ingredient is that it is gluten-free as with other non-cereal 
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and non-grain flours, which may be useful for people who have Celiac disease or choose not to 

consume gluten. Gluten-free products are often expensive, providing an opportunity for high-

yielding gluten-free flours such as breadfruit to be used instead of current replacements (Jones, 

2010). Likewise, breadfruit flour could be used in processed foods as a replacer of soy 

ingredients, which is an allergen and produces products with unfavorable sensory properties 

when used at high inclusion levels (Rentfrow et al., 2005). Moreover, breadfruit usually has a 

pale color and a bland sensory profile (Chen, 2016), which makes it a promising ingredient to 

add to foods like emulsified meat products.  

Although breadfruit is currently cultivated in more than 90 countries throughout the 

tropics, it is generally considered an underutilized crop (Ragone, 2016). Breadfruit flour products 

including fresh and processed versions of the crop have the potential to complement existing 

markets (Ragone & Cavaletto, 2006; Nochera & Ragone, 2019). Although utilization is limited 

commercially, breadfruit flour has been used as an alternative source of starch in many different 

food products. So far, breadfruit flour has been successfully incorporated into pasta (Nochera & 

Ragone, 2019), bread (Olaoye & Onilude, 2008; Esuoso & Bamiro, 1995; Malomo, Eleyinmi, & 

Fashakin, 2011; Bakare, Osundahunsi, & Olusanya, 2016), cake (Ajani et al., 2012), pancakes 

(Ayodele & Oginni, 2002), biscuits (Nwabueze & Atuonwu, 2007), cookies (Akubor & Badifu, 

2004), stiff porridges (Mayaki et al., 2003), noodles (Purwandari et al., 2014), infant formulas 

(Esparagoza & Tangonan, 1993), and extruded products (Nwabueze, 2006; Nwabueze, Iwe, & 

Akobundu, 2008; Ma et al., 2012).  

However, no research has been conducted to-date on breadfruit flour as an ingredient in 

processed meat products. The utilization of functional ingredients in processed meat products 
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with intentions to maintain or improve technological, nutritional, and sensory characteristics is 

an important area of research for the meat industry. Flour as an ingredient in processed meat has 

potential to serve an important role in water-binding, reducing cooking loss, improving texture 

attributes, and increasing consistency in a variety of comminuted meat products. Although the 

predominant macronutrient of breadfruit flour is starch, starch isolation is expensive, time 

consuming and could remove valuable nutrients such as protein, polyphenols, and minerals, all 

of which are beneficial to incorporate into processed meat products from a nutritional and quality 

standpoint. Therefore, flours and their application in comminuted meat products will be studied 

in this thesis. Moreover, modification of flour may improve the functional properties desired in 

comminuted meat products and provide a better application than native flour. Extrusion, a type 

of starch pre-gelatinization classified as a physical modification, changes flour functionalities 

while maintaining “clean label” status (Jacobs & Delcour, 1998). Extrusion modification of 

breadfruit flour will be conducted in this thesis. 

The research program was divided into two primary objectives: 

Objective 1: Investigate the compositional and functional attributes of native breadfruit flour and 

comminuted beef/beef emulsions prepared with native breadfruit flour. 

a. Study the compositional and functional attributes of breadfruit flour compared with 

another tropical flour (banana flour) and a traditional cereal flour (wheat flour). 

b. Assess cooking loss, texture properties, and color of comminuted beef prepared with 

breadfruit flour compared with traditional flours (wheat, corn, tapioca, and soy). 

c. Study the effect of breadfruit flour on structural and technological properties of beef 



 

 

4 

 

emulsion modeling systems compared with another tropical flour (banana flour) and a 

traditional cereal flour (wheat flour). 

Objective 2: Investigate the physicochemical and functional properties of extruded breadfruit 

flours and beef emulsion modeling systems prepared with extruded breadfruit flours. 

a. Modify breadfruit flour with twin-screw extrusion technology under different conditions.  

b. Study the compositional and functional attributes of extruded breadfruit flours compared 

with native breadfruit flour. 

c. Study the effect of extruded breadfruit flours on structural and technological properties of 

beef emulsion modeling systems compared with native breadfruit flour. 
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Chapter 2 Literature Review 

2.1 Breadfruit flour 

Corn, wheat, and rice are the most commonly grown staple crops around the world, 

however, they require substantial external inputs and modern technologies to obtain adequate 

yields (Godfray et al., 2010). Nonetheless, flours from these commonly grown staple crops are 

frequently used as ingredients in many types of food products. Moreover, many cultivars of corn, 

wheat, and rice are highly optimized to northern climates, but are not suitable for large-scale 

production in tropical climates. Many developing countries have tropical climates and 

individuals in these regions are usually at a greater risk of undernourishment due to resource 

limitations, low per capita income, and a low standard of living. Tropical climates are suitable 

for production of many unique staple crops including breadfruit (Artocarpus altilis) (Jones, 

2010). Breadfruit is a high-yielding traditional staple crop found throughout Oceania, Tropical 

Africa, and Central America. One significant advantage of this crop is that the tree does not need 

to be replanted each year and its production lifespan is 50 years or possibly even longer (FAO, 

2015). The crop harvested from the plant has high levels of carbohydrates, starch, fiber, some 

vitamins, and some minerals (Jones, 2010). According to the breadfruit production guide 

(Elevitch et al., 2014), the fruit development stages include flowering (0 weeks), immature (0-16 

weeks), full size green (12-16 weeks), mature (16-20 weeks), half-ripe, and ripe. In the mature 

stage, the fruit has developed into a starchy staple with smooth texture and good flavor. In the 

half-ripe stage, the fruit has begun converting starches into sugars and has a similar texture as 

well as sweetness to sweet potato (Elevitch et al., 2014). While most breadfruit is consumed 
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fresh, there is a long history of slicing, sun drying, and grinding/milling the fruit into a flour. 

Conversion to flour or an isolated starch creates a more stable form of breadfruit and increases its 

versatility as an ingredient in formulated food products. However, fresh breadfruit contains 

approximately 27.2% carbohydrate (USDA database, 2020). Whole wheat contains 

approximately 90% carbohydrate (USDA database, 2020). Corn (raw) contains approximately 

18.7% carbohydrate (USDA database, 2020). Rice contain approximately 80% carbohydrate 

(USDA database, 2020). Although wheat and rice contain more carbohydrate and may produce 

more flour per gram compared with breadfruit, more land must be used for producing these 

crops. 

Regarding the proximate composition of breadfruit flour, Wootton & Tumaalii (1984) 

reported that flours prepared from the pulp of seven varieties of breadfruit (Artocarpus altilis) at 

various ripeness stages contained crude protein ranging from 2.9% to 5.1%, crude fat ranging 

from 0.8% to 1.9%, crude fiber ranging from 2.9% to 6.6%, ash content ranging from 1.9% to 

4.1%, total sugars ranging from 10.0% to 31.8%, and total starch ranging from 53.4% to 75.7%. 

The unsaturated fatty acid content in the lipid component ranged from 41% to 64% depending on 

variety of breadfruit (Wootton & Tumaalii, 1984).   

Regarding the functional properties of breadfruit flour, Adepeju et al. (2011) reported that 

the water absorption and oil absorption capacities of pulp flours sourced from breadfruit were 

154.70% and 81.62%, respectively. The bulk density of the breadfruit pulp flour was 0.56 g/ml 

(Adepeju et al., 2011). Swelling power and water absorption capacity of the breadfruit pulp flour 

increased as temperature increased (60°C to 90°C) (Adepeju et al., 2011). The pasting 

temperature of breadfruit pulp flour was 78.3°C (Adepeju et al., 2011). Adepeju et al. (2011) also 
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found that the pasting temperatures of breadfruit pulp flour was higher than the gelatinization 

temperature for Ogi (fermented maize) flour (70.5°C), white sweet potato flour (66.7°C), and red 

sweet potato flours (67.2°C) (Osundahunsi et al., 2003), while pasting temperatures of breadfruit 

pulp flour was comparable with the gelatinization temperature for bambarra groundnut flour 

(80.5°C) (Sirivongpaisal, 2008). Moreover, Rincón & Padilla (2004) found that breadfruit starch 

granules have an irregular-rounded shape when evaluated with scanning electron microscopy 

(Figure 2.1). The swelling power, water absorption, and solubility of breadfruit starch were 

greater when compared with corn and amaranth starches. The gelatinization temperature was 

found to be approximately 73.3°C in an amylographic study, where the test temperature was up 

to 95°C (Rincón & Padilla, 2004). Wang et al. (2011) reported that the gelatinization temperature 

of breadfruit starch with excessive moisture (>70%) was around 75°C. The viscograph study, 

where the test temperature was also up to 95°C, revealed that the temperature at the start of 

gelatinization of breadfruit starch was lower than that of corn starch but much greater than that of 

potato starch. The maximum viscosity of the breadfruit starch was lower than that of other 

starches, while the time for breadfruit starch to achieve maximum viscosity was longer than that 

of other starches (Wang et al., 2011). The setback viscosity was lower for the breadfruit starch 

than for the potato and corn starches (Wang et al., 2011). 



 

 

10 

 

 

Figure 2.1. Micrograph of breadfruit (Artocarpus altilis) starch granules as depicted using 
scanning electron microscopy. Adapted from Rincón & Padilla (2004). 

Breadfruit has been successfully used in a variety of food products. Nochera & Ragone 

(2019) reported that a pasta product formulated with breadfruit flour was a promising value-

added product with acceptable sensory attributes. Esparagoza & Tangonan (1993) studied instant 

baby food formulated with banana flour and breadfruit flour as a food base, and found that the 

flavor and appearance of the preparation of instant baby food in which banana and breadfruit 

flour mixed with 50% was comparable to commercial flour (flour source not specified). Malomo, 

Eleyinmi, & Fashakin (2011) reported that wheat flour substituted with breadfruit and breadnut 

flour up to a 15% inclusion level in bread making still retained much of the nutritional and 

sensory properties compared to the bread prepared with 100% wheat flour. Ajani et al. (2012) 

studied cake prepared with breadfruit flour and found that there were no significant differences 

for sensory attributes between 100% wheat products and 10% breadfruit flour blended products. 

They also found that substitution of wheat flour with breadfruit flour greatly improved the 
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nutritional quality and specifically protein composition of cake (Ajani et al., 2012). Olaoye & 

Onilude (2008) reported that composite breads containing up to 15% breadfruit flour were not 

significantly different from the whole wheat bread in terms of internal texture, taste, appearance, 

and general acceptability. Akubor & Badifu (2004) reported that substitution of wheat flour with 

up to 30% African breadfruit kernel flour did not negatively affect the physical properties and 

sensory characteristics of cookies. Cookies prepared with 30% African breadfruit kernel flour 

had a higher protein content than the 100% wheat flour cookies (Akubor & Badifu, 2004). 

2.2 Starch 

The main compositional component of breadfruit flour is starch. Starch is a 

polysaccharide made from alpha-(1,4)-glucose and/or alpha-(1,6)-glucose monomers. Starch 

contains two main macromolecules: amylose (linear chain; Figure 2.2 (a)) and amylopectin 

(branched; Figure 2.2 (b)) (Tan et al., 2015). Amylose is a linear chain of 500-1000 glucose 

molecules joined by alpha-(1,4) linkages, while amylopectin is also made up of glucose 

molecules (up to ~4000) but has branch points due to occasional alpha-(1,6) linkages (Berlitz, 

Grosch, & Schieberle, 2009). The structural and functional properties (such as the starch granule, 

percentage of amylose and amylopectin, gelatinization characteristics, and pasting properties) of 

starches prepared from different plant sources vary considerably (Swinkels, 1985).  
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Figure 2.2. Starch glucose polymer structures. (a) amylose; (b) amylopectin. Adapted from 
Mitolo (2006). 

At room temperature, starch granules are insoluble in water, yet starch granules imbibe 

some water and amylose portions dissolve due to their amorphous regions. When starch is 

heated, the starch granule absorbs more and more water, and swells until the swelling is 

irreversible (Figure 2.3). Molecular orderliness is disrupted within the starch granule. Starch 

gelatinization is an endothermic process that corresponds to the loss of starch crystallinity in the 

starch granules. During gelatinization, the amylose molecules are solubilized and behave like 

hydrated polymers. Amylose leaches out of the granule, the starch granules swell by taking up 

water and get larger, thus developing an increase in the viscosity of the starch slurry. As the 

temperature is increased, the granule swells to a maximum degree and viscosity of the starch 

slurry continuously increases. The granules are finally disrupted, which causes a complete 

viscous colloidal dispersion and a decrease of the viscosity of the starch slurry. Upon cooling, 

amylose starts forming intermolecular hydrogen bonds and crystallizing. An elastic gel is 

formed, which is called gelation (predominantly amylose crystallization). After cooling for a 

long enough period (hours or days), amylopectin recrystallizes. This is called retrogradation. 



 

 

13 

 

 

Figure 2.3. Schematic representation of changes that occur in a starch–water mixture during 
heating, cooling, and storage. (I) Native starch granules; (II) Gelatinization, associated with 
swelling [a] and amylose leaching and partial granule disruption [b], resulting in the 
formation of a starch paste; (III) Retrogradation: formation of an amylose network 
(gelation/amylose retrogradation) during cooling of the starch paste [a] and formation of 
ordered or crystalline amylopectin molecules (amylopectin retrogradation) during storage 
[b]. Adapted from Goesaert (2005). 

Starch plays an important role in various food systems and contributes to the texture of 

foods immensely (Luallen, 2018). Starch is an abundant and naturally occurring substance. 

Starch is widely used in the food industry in many food products, such as canned foods 

(Wongsagonsup et al., 2014), salad dressings (Klaochanpong et al., 2017), baby foods 

(Smalligan, Kelly, & Enad, 1977), beverage emulsions (Li et al., 2013), baked foods 

(Thiranusornkij et al., 2019), dairy products (Wong et al., 2020), and processed fish and meat 

products (Jia et al., 2018; Wang et al., 2019). Nutritionally speaking, most starch can be digested 

into glucose by the human digestive system and serves as a readily available source of energy. 

Starch is usually sourced from cereal grains (maize, rice, wheat, barley, oat, sorghum), roots 
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(sweet potatoes, cassava, arrowroots, yam), tubers (potatoes), stems (sago palm), and legume 

seeds (peas, beans). The main sources of commercial starch in North America are wheat, maize, 

cassava, potatoes, and waxy maize. Breadfruit, classified as a type of fruit, also has high content 

of starch. 

2.3 Important functional attributes of flour or starch 

The compositional and functional attributes of flour or starch are important, especially 

when they are applied in formulated food products.  

2.3.1 Bulk density, water holding capacity, oil holding capacity 

Flour bulk density is important when determining packaging requirements and material 

handling in the food industry (Gençcelep et al., 2015). Bulk density is generally affected by flour 

particle size and flour density (Adeleke & Odedeji, 2010). Greater bulk density is a desirable 

physical property, because a greater quantity can be packaged within a constant volume, and thus 

offering greater packaging efficiency (Adepeju et al., 2011). Water holding capacity is based on 

several factors such as flour carbohydrate content, granule size, the ratio of amylose to 

amylopectin in starch, intramolecular forces, and intermolecular forces (Berry et al., 1988). High 

levels of water holding capacity are desirable in food systems to improve yield and to provide 

acceptable organoleptic properties (Adepeju et al., 2011). The differences in water holding 

capacity of starches sourced from different crops could be due to the variation in their granule 

structure. The engagement of hydroxyl groups to form hydrogen and covalent bonds between 

starch chains affects water holding capacity (Ali et al., 2016). Oil holding capacity is another 
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important physical property for food products because lipids often improve flavor and texture of 

foods (Odoemelam, 2003). Oil holding capacity is mainly attributed to the physical entrapment 

of oil and the binding of lipid to the nonpolar chain of a protein (Adeleke & Odedeji, 2010).  

2.3.2 Solubility and swelling power 

Solubility is defined as the percentage of dissolved flour from a heated solution. Greater 

solubility may be due to structural differences in starch, such as greater amylose content. For 

example, solubilized amylose molecules leach from swollen starch granules (Rincón & Padilla, 

2004). The swelling power of flour is the ability of the flour to imbibe water when heated in an 

aqueous suspension and is defined as the swollen sediment weight per weight of dry flour. 

Swelling power is a measure of hydration capacity, which also indicates the water holding 

capacity to some extent. When the temperature of the aqueous starch suspension is increased, 

hydrogen bonds stabilizing the structure of the double helices in crystallites are disrupted 

followed by the attachment of water molecules to liberated hydroxyl groups, thus leading to 

continuous flour swelling and increased overall volume (Gençcelep et al., 2015). 

2.3.3 Pasting property 

Pasting properties of flour are important characteristics from a processing standpoint. 

Pasting properties of flour might be attributed to the effects of the test conditions, composition of 

the flour (fibers, protein, lipids, sugars, etc.), resistance of the starch granules to swelling during 

thermal processing, and structure of starch (total starch as well as amylose and amylopectin 

content, the proportion of starch granules with distinct size, distribution of chain length, and the 

ratio of amylose to amylopectin) (Fan et al., 2019). Rapid Visco Analysis (RVA) is the most 
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widely used method for measuring pasting property and understanding the thermal processing 

behavior (heating and cooling) of flours, mainly due to fast determination and the small sample 

sizes required (Cozzolino, 2016). Many attributes (pasting temperature, peak viscosity, final 

viscosity, breakdown, setback, etc.) can be assessed with RVA (Figure 2.4).  

Pasting temperature is an important attribute since it indicates the minimum temperature 

required to cook the flour sample and indicates energy costs. Peak viscosity indicates the water 

holding capacity of the flour and the viscous load likely to be encountered by a mixing cooker. 

Final viscosity is the viscosity at the end of the test, which indicates the ability of the flour to 

form a viscous paste or gel following cooking and cooling. It is the most commonly used 

attribute to determine the quality of the flour. Breakdown indicates the flour’s holding strength 

and thermal stability, which are important factors for many processes. Setback indicates cooked 

paste retrogradation tendency and cold stability. It is the re-association between starch 

molecules, especially amylose. Setback is associated to syneresis during the cooling cycle. The 

lower setback is, the weaker that a gel is during gel formation (Perten Instruments, 2019). 
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Figure 2.4. Starch pasting curve showing typical measurements. Adapted from Perten 
Instruments (2019). 

2.3.4 Thermal properties 

Thermal analysis using a differential scanning calorimeter (DSC) is a powerful tool that 

is commonly used to monitor thermal behavior of foods such as phase transition, conformational 

behavior, and compositional modification. During thermal processing, flour undergoes a series of 

physical transitions and chemical transformations, which result in compositional and 

conformational changes. These are manifested by the changes of their physical properties 

including heat capacity, enthalpy, and crystallinity (Ahmed & Ramaswamy, 2006). Thermal 

scanning could provide the gelatinization and retrogradation information of the starch during 

thermal processing. By using DSC, the onset temperature (To), peak temperature (Tp), and 

conclusion temperature (Tc) are determined. Enthalpy (ΔH) is obtained by integration of the 
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endothermic peak from DSC thermograms. ΔH represents the number of double helices that 

unravel and melt. 

2.4 Processed meat products 

2.4.1 Comminuted meat products  

The U.S. Public Health Service of the Food and Drug Administration (FDA, 2017) 

defines the word “comminuted” in the following ways: 

“(1) ‘Comminuted’ means reduced in size by (processing) methods including chopping, 

flaking, grinding, or mincing.” 

“(2) ‘Comminuted’ includes fish or meat products that are reduced in size and 

restructured or reformulated such as gefilte fish, gyros, ground beef, and sausage; and a mixture 

of two or more types of meat that have been reduced in size and combined, such as sausages 

made from two or more meats.” 

Comminuted meat is a meat tissue (raw or pre-cooked) which has been cut, shredded, 

ground, or minced into small pieces. Comminuted meat products usually contain a mixture of 

meat and non-meat ingredients. The quantity of meat in the product depends on the type of 

product. Non-meat ingredients are added into comminuted meat products for the purpose of 

improving sensory quality (texture and flavor), increasing water holding capability (juiciness), 

maintaining or extending shelf-life, and improving cost-effectiveness (Bolger et al., 2017). If the 

fresh meat mixture is stuffed into casings, the products are generally defined as sausages. If other 

portioning is customary, the products are typically defined as patties, kebabs, loaves, etc. (Heinz 
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& Hautzinger, 2007).  

2.4.2 Emulsified meat products 

Emulsified meat products are usually defined as comminuted products with very small 

particle size. Emulsified meat products consist of muscle proteins, lipid particles, water, and non-

meat ingredients (Santhi, Kalaikannan, & Sureshkumar, 2017). During manufacture of a meat 

emulsion, two liquids (water and oil/fat) form a dispersed system. Two theories have been 

reported for explaining the emulsifying mechanism of an emulsified meat system. The physical 

entrapment theory proposes that lipid particles (oil/fat) are embedded in the protein matrix and 

stabilized by the myofibrillar protein gel network. The oil-in-water emulsion theory describes the 

formation of a thin layer of myofibrillar proteins around the fat globules (Youssef & Barbut, 

2010). A balance between protein–fat and protein–water interactions is important for a 

successful and stable emulsion system (Zhao et al., 2019). Food emulsions are generally unstable 

systems, and increasing emulsion stability may be achieved by using effective emulsifiers, 

thickeners, and stabilizers. In emulsion-type meat products, the salt-soluble myofibrillar proteins 

extracted from lean meat have high functionality in emulsification. These proteins act as 

emulsifiers and are responsible for the emulsifying capacity during the chopping process 

(Hoogenkamp, 2011). Myosin is the major structural protein of meat. Myosin may bridge the oil-

water interface as the non-polar amino acid residues (hydrophobic) of the myosin tail would be 

associated with the fat globule surface while polar amino acid residues (hydrophilic) of the 

myosin head would be attracted to the water phase (Knipe, 1987). During heating, myosin begins 

to denature around 40°C with a striking change occurring at 50°C (Earl, 2016).  Myofibrillar 

proteins not only play a role as an emulsifier, but also form a gel during the heating process 
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(Zhao et al., 2019). Gel network structure formation is an important property of myofibrillar 

protein. Oil-in-water emulsions may be converted from liquid-like to solid-like form by gel 

formation during heating thus stabilizing the oil-in-water emulsion and leading to the desirable 

texture for the meat system (Gençcelep et al., 2015).  

The meat particles of an emulsified meat product are so small that they cannot be visually 

distinguished on the smooth product surface (Allais, 2010). Meat emulsions are produced from 

comminuted or finely homogenized meat, and includes products such as sausages, liver sausages, 

bologna, frankfurters, and meat loaf (Owusu-Apenten, 2004). These emulsified meat products 

are classified based on various criteria (such as: geographical origin, thermal treatment, size, and 

shape). They are usually convenient to prepare, consumed world-wide, and there is generally 

little or no waste associated with the manufacture, preparation, and consumption of these 

products (Sebranek, 2003).  

Model system approaches for meat emulsions are an effective way to test properties of 

non-meat ingredients. Manufacturing of meat emulsion modeling systems is less complex, more 

convenient, and requires minimum time compared with manufacturing full-scale products. There 

are also advantages in terms of reproducibility and ability to control experimental error during 

testing. Moreover, meat emulsion modeling systems facilitate the study of different parameters 

and provides benefits in identifying critical variables which might be difficult to assess on a large 

scale. Therefore, studies using meat emulsion modeling systems have been frequently preferred 

by researchers (Gençcelep et al., 2015; Karaman et al., 2011). 
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2.4.3 Formulation methods of processed meat products 

When studying the effect of an ingredient on a processed meat system, two typical 

methods are used to formulate the processed meats: replacement and extension.  

Replacement means that the component of processed meat (e.g. lean meat, fat) is replaced 

by the ingredient. This method is based on percentage. For example, Seo et al. (2015) studied the 

quality properties of sausages made with replacement of pork with corn starch, chicken breast 

and surimi during refrigerated storage, in which pork was replaced by corn starch and/or surimi 

and/or chicken breast while back fat, phosphate, salt, sugar, L-ascorbic acid, erythorbic acid, L-

glutamate, pepper, and garlic powder maintained the same inclusion levels. 

Extension is another popular formulation method in processed meat industry. Extension 

implies using the ingredient as an extender or in addition to the standard formulation. The 

component of processed meat is added base on ratio, which means the ratio of each of the 

components (e.g. lean meat, fat, water) keeps consistent. Usually, a mass of batch of comminuted 

meat mixture is made and then the ingredient is added on the top of the that mass. For example, 

Pietrasik and Soladoye (2021) studied the effect of native pea starches on the functionality, 

quality, and consumer acceptability of low-fat bologna, in which a mass of batch of comminuted 

meat mixture was made and the ratio of components (beef trim, pork fat, salt, seasoning, sodium 

tripolyphosphate, Prague powder, and sodium erythorbate) maintained the same in different 

treatments, while starch was added on the top of that mass.  
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2.5 Processed meat quality 

Meat quality is a broad and complex term which covers a variety of characteristics. Meat 

quality traits can be divided into four parameters. The first one refers to nutrient physiology (e.g. 

protein content, composition of fatty acids, mineral content). The second parameter refers to 

hygiene toxicological aspects (e.g. microbiological status, pharmaceutical residues, heavy metal 

content). The third parameter concerns meat processing (e.g. shear force value, pH, drip loss, 

cooking loss). The last parameter refers to and technological properties and sensory attributes 

(e.g. texture, color, firmness, juiciness, tenderness, odor, taste) (Hartung, Nowak, & Springorum, 

2009). 

Nowadays, with the increasing demand of consumers, healthier meat products that have 

low levels of salt, fat, cholesterol, nitrites, and calories, and that have health-promoting bioactive 

components (e.g. carotenoids, unsaturated fatty acids, sterols, and fibers) have garnered attention 

by the food industry. Moreover, novel meat products with altered formulations to taste, look and 

smell the same way as their traditionally formulated and processed counterparts are expected by 

consumers. 

Visual appraisal and meat palatability (juiciness, texture, and flavor) are the attributes 

that have the highest impact on the purchase decision of consumers.  

2.5.1 Cooking loss/Juiciness 

Cooking loss is the quantification for shrinkage of meat during thermal processing or 

cooking. During cooking, water and lipid are released from a meat product. When excessive 
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water and lipid are released, undesirable appearance and palatability of products can occur, not to 

mention loss in processing yields that have major economic burden on meat processors. Meat 

juiciness is an important attribute that contributes to eating quality. Meat juiciness is considered 

to arise from moisture and fat release of meat during chewing (Juárez et al., 2011). Juiciness 

certainly plays an important role in perceived texture of processed meat products (Warner, 

2017). Cooking loss can explain part of the variation in juiciness and influences the appearance 

of the meat product. A high cooking loss might affect texture and causes less optimal eating 

quality.  

2.5.2 Texture 

The texture of processed meat products is a result of the internal structure created by 

interactions of meat and non-meat components. This is mainly affected by interactions of muscle 

proteins (the main functional and structure component), fat/oil binding, and water retention. 

Non-meat ingredients used for manufacturing meat products also influence texture. 

Determining the textural attributes of a processed meat product is important both in 

quality control operations and when optimizing ingredient use or processing conditions to 

consistently produce an acceptable meat product (Barbut, 2015). Texture can be measured by 

objective methods, such as instrumental (texture profile analysis) or sensory (trained sensory 

panels) methods, or by subjective methods (consumer sensory panel). The objective instrumental 

method of texture profile analysis simulates the mechanical process of mastication.  

Texture profile analysis tests are among the most popular methods for testing the texture 

of a variety of food products, such as meat, bakery, and dairy products (Baixauli et al., 2007; 
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Herrero et al., 2008; Panouillé et al., 2011). It is regarded as highly reliable when it comes to 

mechanically determining the texture properties of solid or semi-solid foods. Samples are axially 

compressed by a probe in two cycles at a constant rate and measured from the force-deformation 

curves attributes related to sample structure (Caine, Aalhus, Best, Dugan, & Jeremiah, 2003). 

Compressing the sample twice during the texture profile analysis assessment makes the process 

reminiscent of chewing. 

 

Figure 2.5. Typical force-displacement curve obtained from a Textural Profile Analysis. 
Adapted from Wee et al. (2018). 
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Figure 2.6. Stiff hot dog texture profile analysis curve. Adapted from Texture Technologies 
(2019).  

The main advantage of texture profile analysis is that many parameters (hardness, 

cohesiveness, adhesiveness, springiness, gumminess, chewiness, resiliency, etc.) can be assessed 

with a double compression cycle (Figure 2.5). For meat samples, hardness, cohesiveness, and 

springiness are the most important parameters and they altogether permit the calculation of 

chewiness (O’Sullivan & Kerry, 2013). Hardness is the force necessary to attain a given 

deformation (expressed as the maximum force during the first compression). Cohesiveness refers 

to the strength of the internal bonds making up the body of the product (expressed as the 

difference in resistance to deformation in the second compression relative to the first 

compression). Springiness is a typical characteristic of viscoelastic materials (expressed as the 

degree to which the sample returns to its original shape once it has been first compressed by 

comparing the sample’s height with the original height). Gumminess is a secondary parameter 

related to hardness and cohesiveness. Gumminess applies only to semi-solids and is mutually 

exclusive with chewiness because a product would not be both a semi-solid and a solid at the 
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same time. Chewiness is a secondary parameter related to hardness and cohesiveness, as well as 

springiness. Chewiness is only applicable to solid products. Adhesiveness is measured as the 

negative work between the two cycles. Resilience is ability of a sample to regain its original 

height (calculated by dividing the upstroke energy of the first compression by the downstroke 

energy of the first compression). The fracturability point occurs where the force falls off at first 

significant peak during the first compression of the product. However, not all products fracture 

(Texture Technologies, 2019). Figure 2.7 represents a typical texture profile analysis curve for 

the meat emulsion type products, with a mostly single substantial fracture. Many products do not 

exhibit the classic shape texture profile analysis curve like Figure 2.5 and do not follow the 

idealized model. Generally, hardness, cohesiveness, adhesiveness, springiness, and chewiness 

are reported in meat research. However, it also depends on the objectives of individual study and 

what texture properties the researchers are more interested in. For example, Vasquez Mejia et al. 

(2019) studied the effect of specialty salts on texture properties of beef emulsion modeling 

systems and the above parameters were reported. U-chupaj et al. (2017) studied the differences 

in textural properties of cooked caponized and broiler chicken breast meat. Hardness, 

springiness, cohesiveness, chewiness, and fracturability were reported. According to the texture 

profile analysis method guideline (Texture Technologies, 2019), strains approximately 66% to 

80% are recommended so as to break up the food until it is palatable to swallow. Moreover, the 

stains should be chosen to be suitable so that subtle differences between formulas/treatments can 

be detected.  

2.5.3 Color 

Color is the first impression that consumers perceive when purchasing, preparing, or 
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consuming meat products. The color of meat is dependent on the concentration and chemical 

state of the meat pigments (myoglobin and haemoglobin) and physical characteristics of the meat 

product (such as its light scattering and absorbing properties) (Kropf, 1993). In processed meat 

products, processing conditions and use of non-meat ingredients can have significant influence 

on color. 

Myoglobin exists in one of three forms in fresh meat: deoxymyoglobin, oxymyoglobin, 

or metmyoglobin (Kropf, 1993). Deoxymyoglobin (reduced myoglobin) contains iron in the 

ferrous (Fe2+) state. It is purplish-red in color and responsible for meat color right after the meat 

is cut into a deep muscle or the meat stored under a vacuum (Renerre, 1990). Oxymyoglobin 

forms very quickly after deoxymyoglobin is exposed to oxygen and also contains iron in the 

ferrous (Fe2+) state. It is a cherry-red form of the pigment (Livingston & Brown, 1981). 

Consumers associate the color of oxymyoglobin with freshness in red meats (Faustman & 

Cassens, 1990). Both deoxymyoglobin and oxymyoglobin readily oxidize to metmyoglobin 

because the haem iron can be oxidised to the ferric (Fe3+) state. The redness of meat is relatively 

short-lived (Faustman & Cassens, 1990). Metmyoglobin is brown in color. It is associated with a 

lack of freshness and unacceptability by consumers (Hood & Riordan, 1973). 

Environmental factors (such as oxygen availability, temperature, type of lighting, storage 

atmosphere and microbial growth, etc.) influence the shelf life of both fresh and further 

processed meat products during retail display (O’Grady & Kerry, 2010). 

The use of non-meat ingredients can have significant influence on color of processed 

meat. Nitrite is widely utilized in meat products for promoting the pink cured meat color. Nitrite 
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is a strong oxidizing agent and can result in pink color formation at levels as low as 3–5 ppm of 

nitrite per kilogram of meat product (Feiner, 2006). When nitrite is added to meat in the presence 

of oxygen, the meat quickly turns brown since nitrite acts as a strong heme pigment (myoglobin) 

oxidant. At the same time, nitrite is reduced to nitric oxide. Nitric oxide binds to metmyoglobin 

resulting in nitrosometmyoglobin. Nitrosylmetmyoglobin is subsequently reduced to 

nitrosilmyoglobin. However, nitrosilmyoglobin is not fully stable yet. During heating process, 

nitrosilmyoglobin decomposes into nitrosilmyochrome which is finally stable and results in 

cured color in meat products (Tarté, 2009). Nitrate is another curing agent utilized in processed 

meat; however, it does not contribute directly to the formation of the pink cured meat color. In 

the case where nitrate is added, it has to be reduced to nitrite through the action of the microbial 

enzyme nitrate reductase and bacteria such as Micrococcus spp. produce this enzyme. The 

reduction of nitrite to nitric oxide is dependent on the processing conditions; such as pH value, 

time, and temperatures (Feiner, 2006). Curing accelerators / color enhancers, most commonly 

sodium ascorbate, sodium erythorbate, ascorbic acid and erythorbic acid can speed up the 

process of color formation and also stabilizes curing color in the finished products. In 

addition, synthetic antioxidants (e.g., BHT, BHA, and others) and natural antioxidants (e.g., 

carnosine, quercetin, rutin, vitamin E, carnosine, grape seed and tea catechins, golden thread 

extract, clove extract) can improve color stability of processed meat products (Bekhit, Geesink, 

Ilian, Morton, & Bickerstaffe, 2003; Liu, Xu, Dai, & Ni, 2015; Zahid et al., 2018). 

It is reported that the various parts of breadfruit extracts have the high content of phenolic 

compounds, therefore the breadfruit extracts have promising antioxidant activities (Jalal et al., 

2015). Moreover, breadfruit also contains other antioxidants like polysaccharides, carotenoids, 
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and vitamins (Turi et al., 2015), which would be effective and prevent discoloration in processed 

meat products when breadfruit flour is incorporated. Polyphenols have hydroxyl groups and 

carboxyl groups, which have the ability to scavenge the free radical and chelate/bind with metals, 

such as iron and copper (Michalak, 2006). Soy flour and other soy ingredients are widely used in 

processed meat products. Soy flour usually has a higher lipid content compared with other 

carbohydrate-based flours. This means soy flour would have greater tendency of lipid oxidation, 

which may produce malonaldehyde that enhance meat discoloration (Park, 1993; Akesowan, 

2008). Thus, lipid oxidation increases the rate of the formation of metmyoglobin (Kumar, 2015). 

Incorporation of soy flour would cause darker color of processed meat products. Moreover, the 

original color of the ingredient could also affect the color of meat products, especially for those 

ingredients with dark color. For example, soy flour has yellow color that would also cause darker 

color of processed meat products when compared with other flours that have a pale color.   

Meat color is normally evaluated using the CIELAB color space system. It is designed 

based on human color perception. L* value is a measurement for brightness. It displays the color 

range from black to white (0 to 100). a* value is a scale unit for the color range from green to red 

(–150 to +100). b* value displays the color range from blue to yellow (–100 to +150). A high L*, 

a*, b*value indicate an intensive white, red, and yellow coloring in meat classification (Hartung 

et al., 2009). Chroma refers to the vividness or dullness of a color. The greater the chroma is, the 

more vivid/saturation the color is. Hue angle is a measurement related to the state of pigments. 

2.5.4 Flavor 

Cooking induces complex reactions of different non-volatile compounds of the lean and 
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fatty tissues in a meat product. The chemical compounds created by the complex reactions 

contribute to the flavor and aroma of meat (Calkins & Hodgen, 2007; Mottram, 1998). During 

cooking, two main reactions – Maillard reaction and lipid thermal degradation – occur and both 

produce aromatic volatile components (Mottram, 1998; O’Sullivan & Kerry, 2013). Volatile 

compounds from cooked meat, such as ring compounds, hydrocarbons, aldehydes, ketones, 

alcohols, aromatics, acids, esters, ethers, lactones, sulfur-containing compounds, and nitrogen-

containing compounds are responsible for the characteristic flavor of meat (Hornstein, 1971; 

Smith & Carpenter, 1976). Fatty acid oxidation occurs when meat products are exposed to 

oxygen and can be accelerated by illumination and catalysts (O’Sullivan, 2012). The chemical 

compounds produced by fatty acid oxidation cause off-flavors and odors. They are usually 

described as rancid (Gray & Pearson, 1994). Lipid oxidation is main reason for the deterioration 

of stored meat products, especially for lipids with high content of unsaturated fatty acids 

(Ikeuchi, 2011). 

In processed meat products, meat flavor is also affected by formulation and processing 

conditions. Spices, salt, and sugar are commonly used to flavor the product (Feiner, 2006), while 

phosphates contribute to flavor protection/stability (Vasavada et al., 2006). Moreover, in the case 

of fermented sausages, the composition of starter cultures is important. For example, lactic acid 

bacteria can produce lactic acid and a micrococcaceae or yeast to provide nitrate reduction and 

lipase for flavor development. 

2.5.5 Dynamic rheology 

Rheology is the science of deformation and flow of matter. Rheology is the study of 
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deformation. Rheology of food products play an important role in product development, quality 

control, sensory evaluation, as well as design and evaluation of the process equipment. 

Measurements of rheological parameters can provide meaningful insights on the structural 

organization of food (Ahmed & Ramaswamy, 2007). Rheology analysis provides critical 

information on viscoelastic behavior and the molecular mechanisms surrounding the changes in 

structure when a protein undergoes gelation (Phillips et al., 1994). Storage modulus (G’) and loss 

modulus (G”) are two parameters that represent the elastic and the viscous properties of a 

sample, respectively. The rheological property of interest in solids is generally elasticity and the 

property of interest in liquids is generally viscosity (Jamilah et al., 2009). When all the energy in 

a liquid with no elastic characteristics is dissipated as heat, G’ = 0. When all the energy is stored 

in a perfectly elastic solid, G” = 0 (Gençcelep et al., 2015).  

2.6 Incorporation of native starch and flour in processed meat 

Polysaccharides, such as starch, are good stabilizers as they are hydrophilic, have a 

highly branched structure and a relatively high molecular weight. Starches are widely used as 

ingredients in emulsion-style meat products due to their functional properties. The starch source 

is the first thing to select when formulating meat products with a starch. In North America, the 

most commonly used starch in meat products is corn starch, yet potato starch is the most 

predominant in Europe. These particular preferences for starch sources are mainly dependent on 

the predominant crop of each continent (Tarté, 2009). Starches have the ability to increase water 

retention/binding and fat/oil binding in meat mixtures (Eliášová et al., 2012). Thus, starches can 

affect the appearance, texture, consistency, and stability of the product (Eliášová et al., 2012). 
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Starch granules bond to meat proteins exerting a “packing effect” on the proteins which result 

from the expansion of starch granules and the caused internal pressure (Wu et al., 2018). Gels in 

the meat/starch mixed system may occur through one of the three formations: 1) a filled gel 

where one component gels and the other component acts as a filler, 2) a composite gel resulting 

from mixed interactions, or 3) two independent gels (Foegeding, 1988). Starches are added in 

meat products as water binding agents to increase moisture retention for succulence, reduce 

cooking loss and shrinkage, improve structure and sliceability, and extend durability (Eliášová et 

al., 2012; Kim & Lee, 1987). Also, starches are associated with an economic incentive for use in 

processed meat due to their low cost and associated effect of processing yields. For example, 

Nisar, Chatli, & Sharma (2009) found that as the inclusion level of tapioca starch (2%, 3%, 4%) 

increased, the cooking yield of low-fat (<10% fat) and medium fat (>18% fat) buffalo meat 

patties increased linearly and the shrinkage was decreased, with low-fat buffalo meat patties 

containing 3% tapioca starch having the highest flavor and overall acceptability scores. Zhang et 

al. (2013) reported that the addition of starch (corn, potato, or tapioca) resulted in the increase of 

L* values of surimi-beef gels, while gel strength decreased as the inclusion level of starch 

increased. 

Processed meat products must be heated, or thermally processed, to a minimum internal 

temperature of 70°C for 10 minutes before they can be considered safe for human consumption 

(Eliášová et al., 2012). The gelatinization temperature of potato starches is typically between 

50°C and 68°C. Therefore, potato starches effectively gelatinize during cooking of processed 

meat products. To the contrary, maize starch gelatinizes at a temperature ranging from 62°C to 

72°C (Berlitz et al., 2009). The gelatinization of maize starch in the meat products core may not 
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occur adequately (Berlitz et al., 2009). The gelatinization temperature and the maximum 

functionality of starch must be achieved during the heating process; otherwise, the starch will not 

be fully functionalized in processed meat products, and its full water-binding capacity and 

stability will not be reached (Tarté, 2009). Native starches form a starch paste with high viscosity 

in this process and give the meat products a gummy and cohesive structure (Svihus, Uhlen, & 

Harstad, 2005). However, starch paste undergoes gelation upon cooling and retrogradation 

during storage. The mechanism is that the amylose forms intermolecular hydrogen bonds and 

crystallizes as well as amylopectin recrystallizes. The colloidally bound water is released. The 

retrogradation of unmodified starches can cause a problem in meat products. Therefore, the use 

of unmodified starches is limited (Svihus et al., 2005); yet a push by consumers for “clean-label” 

formulations has meat processors re-evaluating the use of unmodified starches. In this sense, 

unmodified tapioca, potato, and wheat starches are usually used in combination with one or more 

modified starches to improve the functional properties desired in meat products (Luallen, 2018). 

Anthony (1993) reported that desirable starches for manufacturing emulsion-type meat products 

would 1) have a high viscosity, 2) have a gelation temperature similar to or lower to the cooking 

temperature (about 70°C), 3) have the ability to form a semi-gel, 4) have high resistance to shear, 

5) have a low hydration temperature, 6) be priced low enough to be competitive, 7) be low in 

compounds that cause off-odors and flavors, and 8) provide the necessary textural and 

homogenate stability. 

2.7 Incorporation of modified starch and flour in processed meat 

Modified starches, such as acid-modified, cross-linked, and substituted starches are 



 

 

34 

 

commonly used in meat products to improve their functional properties and assist in preserving 

the texture of meat products (Eliášová et al., 2012). Water-holding capacity of meat is increased 

and purge during storage is reduced by the associated effects of modified starch in meat 

products. The addition of modified corn starch into low-fat beef patties increased juiciness and 

tenderness (Khalil, 2000). Patties formulated with a 1:3 modified corn starch/water ratio had 

greater cooking yield and were less cohesive compared with those formulated with 1:4 and 1:5 

modified corn starch/water ratios (Khalil, 2000). Hughes, Mullen, & Troy (1998) found that 

decreasing the fat content in frankfurter formulations from 12% to 5% increased cooking loss 

and decreased emulsion stability, gumminess and cohesiveness, while addition of modified 

tapioca starch or whey protein reduced cooking loss and increased emulsion stability, hardness, 

adhesiveness, and chewiness. Gençcelep et al. (2015) found that addition of pre-gelatinized 

modified potato starch improved rheological properties of beef emulsions because of its 

improvements on solubility, particle size, intrinsic viscosity, and water and oil binding capacity 

compared to native potato starch. Gençcelep et al. (2017) reported that 1% pre-gelatinized 

modified potato starch can be used as a stabilizer in meat emulsions to improve the texture 

properties as it had higher emulsion stability than other starch levels. Modified potato starch was 

added to improve the texture of low-fat bologna (Claus & Hunt, 1991), low fat frankfurters 

(Yang, Trout, & Shay, 1995), and comminuted scalded sausages (Pietrasik, 1999).  

Zhang & Barbut (2005) reported that chicken breast meat batters prepared with modified 

tapioca starch had greater yield than those prepared with native tapioca starch. The 

microstructural analysis conducted in this study showed the large potato starch granules and 

small tapioca starch granules. They also reported that native and modified potato starches caused 
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higher storage modules (G’) values than the native and modified tapioca starches (Zhang & 

Barbut, 2005). Wu et al. (2018) reported that esterified potato starch and esterified tapioca starch 

improved the gel strength and water holding capacity of myofibrillar protein gels more 

significantly than the corresponding native starches did under the same temperature conditions. 

Moreover, esterified potato starch and esterified tapioca starch were superior to cross-linked 

esterified potato starch and cross-linked esterified tapioca starch for improving myofibrillar 

protein gel properties. Their microstructural analysis showed that the “packing effect” of potato 

starch on myofibrillar protein gels was more remarkable than tapioca starch due to the larger 

granule size of the potato starch (Wu et al., 2018). Gravelle, Barbut, & Marangoni (2017) 

reported that the native potato starch was more effective for improving water retention at lower 

mass fraction filler than native tapioca starch due to its larger size and lower gelatinization 

temperatures. Moreover, the native potato starch and modified tapioca starch produced harder 

composite gels at the highest filler content (mass fraction filler = 0.10) (Gravelle et al., 2017). 

2.8 Modification of native starch and flour  

Native starch and flour modifications can improve starch performance in food systems. 

Native starches have limitation in terms of heat resistance, shear resistance, and acid resistance. 

Native starches also have limitation in their stability when stored in refrigerated or freeze/thaw 

conditions (Tarté, 2009). Modification of native starches and flours can help overcome these 

problems and improve functional and physicochemical properties of starch (Chiu & Solarek, 

2009). There are three major categories of modification methods, which are chemical 

modification, physical modification, and enzymatic modification. Below are some of the 
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commonly used methods for starch and flour chemical and physical modification. 

2.8.1 Chemical Modifications 

Chemical modifications are generally based on the reaction of the –OH group in amylose 

and amylopectin. Amylose has a ratio of three –OH groups to one anhydroglucose unit. This is 

less than in the case of amylopectin (Eliasson, 2004). Substitution/stabilization and cross-linking 

are common chemical modifications for starch used in processed meat. 

2.8.1.1 Substitution/stabilization 

Substituted starch is when a substituent starch molecule is attached to one of the three 

free –OH groups in the glucose units of starch. Acetates, hydroxypropyl ethers and 

monophosphate esters are the chemical agents commonly used in substitution. The addition of 

the “blocker” prevents interaction of starch polymers so that the substituted starch has improved 

freeze/thaw stability. Substituted starches do not form gels and retrograde because of charge 

repulsion and/or steric hindrance.  

2.8.1.2 Cross-linking 

Another well-known chemically modified starch used in processed meat is cross-linked 

starch. Cross-linked starch is starch where two polymer chains are covalently bonded. The most 

common chemical agent is phosphate in the form of trimetaphosphate or phosphorous 

oxychloride since phosphates can form diesters. Cross-linked starch granule is resistant to heat, 

acid, and shear. Cross-linked starch granule preserves its integrity during the process since it is 

highly resistant to swelling and rupturing. Cross-linked starch is preferred for meat undergoing 



 

 

37 

 

several heating processes or a very long cooking procedure (Tarté, 2009). 

2.8.2 Physical Modifications 

In recent years, physical methods for starch modification (e.g. pre-gelatinization, heat-

moisture, annealing, ultrasound, microwave, and high-pressure) have garnered significant 

attention because of their numerous advantages, such as increased safety and reduced waste 

generation (Błaszczak et al., 2007; Tan et al., 2017). Moreover, physically modified starch is 

considered as a “clean label” food ingredient, while chemically modified starch is not. Physically 

modified starch is well established for clean label food markets, because of the absence of 

exogenous chemical agents, such as acetic anhydride, sodium hypochlorite, and hydrogen 

peroxide (Jacobs & Delcour, 1998). Various physical techniques are used to modify food 

starches, including heat with or without moisture, radiation, and mechanical processing. These 

methods improve processing capability, texture, and stability of starches (Mason, 2009).  

Physical treatments do not cause the modification of the D-glucopyranosyl units in starch 

polymer molecules. Physical treatments usually only change the packing arrangements of starch 

polymer molecules within granules and the overall structures of starch granules. However, these 

changes can significantly influence starch properties, parameters of pastes and gels, and 

digestibility of starch. There are no chemical reagents used in physical modification, therefore, 

the starch product does not need to be labeled as a modified starch. For this reason, these 

techniques have attracted considerable attention in the food industry (BeMiller & Huber, 2015). 
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2.8.2.1 Pre-gelatinization  

Pre-gelatinized starch is produced from a procedure in which a starch slurry is heated 

until it gelatinizes and then dried via drum drying or spray drying (Mason, 2009). Pre-gelatinized 

starch can be soluble in cold water and rehydrates very rapidly. It can be used to help bind water 

in processed meat without heat/shear activation, like cook-up starches. Moreover, heating a 

dispersion of a pre-gelatinized starch usually creates additional viscosity (BeMiller & Huber, 

2015). 

2.8.2.2 Heat–moisture-treatment 

Heat-moisture treatment (HMT) of starches involves the treatment of starch granules at a 

low moisture content (< 35% w/w) and at a temperature (84°C –120°C) above the glass 

transition temperature but below the gelatinization temperatures (Hoover, 2010), in which the 

gelatinization does not occur because of the poor moisture content of the HMT. Heat-moisture 

treatment increases mobility of starch chains and helical structures, and changes structure of 

crystalline and amorphous regions of starch granules (Hoover, 2010; BeMiller & Huber, 2015). 

Compared to native starch, HMT of starches generally increases gelatinization temperature, 

including onset temperature of gelatinization (To), peak temperature of gelatinization (Tp), and 

conclusion temperature of gelatinization (Tc). Gelatinization temperature range is also broadened 

by HMT (Hoover, 2010; da Rosa Zavareze & Dias, 2011). Swelling power and amylose leaching 

are generally decreased by HMT (Kim & Huber, 2013; Sun et al., 2014). In terms of pasting 

properties, HMT starches exhibit an increased pasting temperature or time, as well as decreased 

peak and trough viscosities and breakdown when compared to native starches (Sun et al., 2014; 
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BeMiller & Huber, 2015). 

2.9 Extrusion and extruded flour 

Extrusion cooking technology can produce pre-gelatinized starch/cold swelling starch 

while maintaining “clean label” status (i.e. without chemicals and artificial ingredients) (Jacobs 

& Delcour, 1998). Extrusion is considered as a high-temperature-short-time treatment in which 

flours are submitted to high temperatures and mechanical shearing at relatively low levels of 

moisture content (Camire, Camire, & Krumhar, 1990; Martínez et al., 2014). When heating is 

carried out with enough water, morphological changes in starch granules take place (Martínez, 

2015). The extent of these changes is highly dependent on the treatment intensity/processing 

conditions (e.g. extruder barrel temperature, moisture content, feed rate and screw speed). 

Extrusion allows for starch gelatinization and protein denaturation, which can affect the 

hydration, thermal, pasting, and rheological properties of the extruded/pre-gelatinized flours 

(Mercier, 1975; Doublier, Colonna, & Mercier, 1986; Camire et al., 1990). The combination of 

heating and swelling of amorphous starch destabilizes crystalline regions. Crystalline regions 

undergo melting, chain mobilization, and hydration characterized by more swelling and loss of 

granule contents to the medium. Moreover, extrusion reduces lipid oxidation due to enzyme 

inactivation, increases soluble fiber and resistant starch, and reduces thermolabile vitamins, anti-

nutritional factors, and microbial load (Camire et al., 1990). The extractability of lipids is 

reduced after extrusion. The formation of amylose-lipid and protein-lipid complexes results in 

less free lipid (Ho and Izzo, 1992). Amylose – lipid complex can affect the in vitro starch 

digestibility of the flours (Hagenimana et al., 2006). Bjorck et al. (1984) reported that both the in 
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vitro and in vivo digestibility of extruded starch was enhanced by extrusion. Moreover, the 

amount of damage in starch structure and the content of free sugars are increased during 

extrusion. The former contributes to the Maillard reaction, which affects the luminosity of the 

flours (Martínez, 2015). It is reported that increasing barrel temperature during extrusion 

increases the digestibility by inactivating enzyme inhibitors and denaturing the protein which 

may expose new sites for enzyme attack (Fapojuwo et al., 1987; Bhattacharya & Hanna, 1988; 

Bhattacharya et al., 1988). The extent of these changes is based on the severity of extrusion and 

those changes at the level of the constituents modify the physicochemical properties of flours 

(Hagenimana et al., 2006; Martínez, 2015). The functional modification of extruded flours, and 

especially their higher water absorption capacity, can be taken into account for alternative to pre-

gelatinized starch and hydrocolloids to increase consistency in the manufacturing process of 

emulsion-type meat products. Extrusion modification will be conducted on the native breadfruit 

flour to modulate its functionalities and properties in this thesis.  

2.10 Modified breadfruit starch 

Adebowale et al. (2005) studied the functional properties of native and modified 

breadfruit starch (Table 2.1). They reported that the crude fiber content of breadfruit starch was 

reduced after starch oxidation, acetylation, and HMT, while native breadfruit starch and annealed 

starch had the same value for crude fiber. Protein and fat content were also reduced by all forms 

of modifications compared to native breadfruit starch. Swelling power was improved after 

acetylation, oxidation, and HMT. Solubility was reduced by all forms of modification compared 

to native breadfruit starch. Results from the gelation studies showed that native breadfruit starch 
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is a more ideal food material for gelation purposes compared with modified breadfruit starches. 

Pasting temperature, peak viscosity, hot paste viscosity, and cold paste viscosity were reduced by 

all forms of modification, except that the pasting temperature was increased by HMT. 

Modifications reduced setback value, which indicates that modifications might minimize starch 

retrogradation (Adebowale et al., 2005).  

Table 2.1. Proximate composition, functional and pasting properties of native and modified breadfruit 
starches. 

Starch type1 BNS BANS BHMTS BOS BACS    
Proximate composition         

Fiber, % 0.42 0.42 0.38 0.34 0.39    
Protein, % 1.61 1.46 1.33 1.54 1.34    
Fat, % 0.51 0.42 0.29 0.33 0.32    

Functional properties2         
Swelling power, g/g 3.67 3.55 3.18 4.02 4.20    
Solubility, g/100g 71.81 66.04 40.06 58.58 58.43    

Pasting properties         
Pasting temperature, °C 64.60 63.55 64.95 64.15 64.40    
Peak viscosity, RVU3 467.42 406.75 43.85 334.50 379.33    
Hot paste viscosity, RVU 379.08 321.25 20.25 259.92 232.33    
Cold paste viscosity, RVU 641.75 443.00 47.17 534.00 546.17    
Setback, RVU 174.33 36.25 3.34 199.50 166.84    

1Flour types: BNS: breadfruit native starch; BANS: breadfruit annealed starch; BHMTS: breadfruit 
heat–moisture-treated starch; BOS: breadfruit oxidised starch; BAS: breadfruit acetylated starch.    
2Swelling power values and solubility values were the averages of the results at 50°C, 60°C, 70°C, 
80°C. 
3RVU: rapid viscosity units. 
Adapted from Adebowale et al. (2005).    
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Figure 2.7. Pasting curves for native and heat-moisture-treated breadfruit starches. S-HMT-
15: “S” means “starch”, “HMT” represents the heat-moisture treatment, and “15” indicates 
the moisture content of the sample during the treatment. The moisture contents of starch 
samples were 15%, 20%, 25%, 30% and 35%. Temp: temperature. Adapted from Tan et al. 
(2017). 

Tan et al. (2017) studied the physicochemical properties of breadfruit starch modified 

using HMT at different moisture content (Figure 2.7). Heat-moisture treatment modified starches 

had greater thermostability compared with native starch. With the increase of moisture content 

treatment on breadfruit starches, pasting temperature was increased, viscosity was decreased, and 

breakdown was not detected. Moreover, HMT increased slowly-digestible starch and resistant 

starch contents compared with native starch (Tan et al., 2017). Ma et al. (2012) studied the 

properties of extruded expandable breadfruit products affected by the processing conditions – 

barrel temperature, moisture content, feeding rate, and screw speed. The properties that were 

measured included expansion ratio, color, texture, bulk density, water absorption index, and 

water solubility index (Ma et al., 2012). 
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2.11 Conclusion 

It is known that breadfruit flour contains high content of starch and fiber, as well as a 

variety of vitamins and minerals, which makes for a promising ingredient from the nutritional 

standpoint. Moreover, breadfruit flour has many desirable functionalities, such as great ability 

for water retention and providing high viscosity during heating. Therefore, breadfruit flour has 

been used as an ingredient in a variety of processed food products, however the application of 

breadfruit flour in processed meat remains unexplored. In this thesis, physicochemical and 

functional properties of native breadfruit flour, as well as comminuted beef prepared with native 

breadfruit flour compared with traditional flour sources (wheat, soy, corn, tapioca) and a tropical 

flour source (banana) will be studied. 

It is known that unmodified breadfruit flour usually has high gelatinization temperature. 

Extrusion cooking technology allows for starch gelatinization while maintaining “clean label” 

status. In addition, the functional attributes of breadfruit flours obtained with different extrusion 

conditions and posterior milling of the extruded breadfruit products remain unexplored. 

Therefore, breadfruit flour will be modified by extrusion using different conditions to produce 

pre-gelatinized starch/cold swelling starch with different functional properties. Furthermore, 

physicochemical and functional properties of extruded breadfruit flours and their effects on beef 

emulsion modeling systems will be investigated. This research will be beneficial to the global 

meat industry since it evaluates a novel non-meat ingredient which can be potentially used in 

processed meat. In addition, this research will be beneficial for the breadfruit crop industry since 

it helps to develop a global market for breadfruit which has great potential to improve global 
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food security and nutrition. 
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3.1 Abstract  

The objective of this study was to compare the compositional and functional properties of 

tropical flour sources (two breadfruit flours (type A and type B) and a banana flour) with a 

more traditional flour source (wheat flour). Macro-nutrient composition, pH, water and oil 

holding capacity, bulk density, particle size, solubility, swelling power, pasting properties, and 

thermodynamics (gelatinization and retrogradation) were determined. All flours evaluated were 

similar in their composition with high levels of carbohydrates (greater than 82.52 g/100 g on a 

dry-matter basis), with most of the carbohydrate content comprised of starch (greater than 67.02 

g/100 g). The tropical fruit flours had greater (p < 0.05) water holding capacity than wheat 

flour. Breadfruit flour B had the lowest (p < 0.05) bulk density, while banana flour had the 

greatest (p < 0.05) bulk density. The swelling power of the tropical flours was greater (p < 0.05) 

than the wheat flour. The viscosity of the tropical flours was higher than wheat flour but 

decreased significantly when temperature was held at 130 °C. These results indicated that the 

two breadfruit flours and banana flour have great potential for application in processed food 

products, and have similar compositional attributes to a more traditional flour. 

Keywords: flour; banana; breadfruit; composition; pasting properties; thermodynamics; 

retrogradation 
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3.2 Introduction 

Starches are an important ingredient used for many purposes in the food manufacturing 

industry. Common sources of starches include those from some of the most commonly grown 

staple crops in the world like wheat [1,2]. There is a goal among food scientists to adequately 

characterize flour from unique staple crops for future use in processed food products. Tropical 

climates are suitable for production of many unique staple crops such as breadfruit [3] and 

banana [4]. Breadfruit is a high-yielding traditional staple crop found throughout Oceania, and 

one great advantage of this crop is that the tree does not need to be replanted each year [5] and its 

production lifespan is more than 50 years [6]. The crop harvested from the plant has high levels 

of carbohydrates, fiber, vitamins, and minerals [3]. Breadfruit is also a rich source of starch and 

has shown promise as a food ingredient when incorporated into meat products [7]. Bananas are 

grown in all tropical regions and constitute a major staple food crop in many economies in the 

developing world. Furthermore, bananas are the world’s fourth most valuable food crop in terms 

of gross production value behind rice, wheat, and corn [4]. The main source of carbohydrate in 

green banana is starch [8]. It has been reported that consumption of a low glycemic index (GI) 

diet could decrease the possibility of type II diabetes onset for adults [9]. Turi et al. [10] 

concluded that cooked breadfruit has a low to moderate GI value. Banana was also categorized 

as a low GI value food [11]. Conversion of the fresh fruits to flour or isolated starch makes an 

ingredient that is in a more stable form and increases its versatility for use in processed food 

products [7,12–14]. Breadfruit flour and banana flour are both unexplored ingredients with great 

potential for application in many food products. Hence, a comparative characterization of their 

composition and functionality would provide valuable information to the food industry and 



 

 

59 

 

advance the potential of these novel starchy flours to be used in processed food products. 

Therefore, the objectives of this study were to determine compositional and functional attributes 

(including macro-nutrient composition, pH, water and oil holding capacity, bulk density, particle 

size, solubility, swelling power, pasting properties, and thermodynamics) of two commercial 

breadfruit flours (sourced from Samoa and Costa Rica) and a commercial banana flour (sourced 

from the USA), and then form a comparison with a more traditional flour source like wheat flour. 

3.3 Materials and methods  

3.3.1 Composition analysis 

Tropical flour sources evaluated in this research included two types of breadfruit flour 

and one type of banana flour. The first type of breadfruit flour (Breadfruit flour A) was provided 

by Natural Foods International (Apia, Western Samoa). The second type of breadfruit flour 

(Breadfruit flour B) was provided by Jungle Project/Tropico Agroforestal S.R.L. (Alajuela, 

Costa Rica). Both breadfruit flours were of the Artocarpus altilis origin. The banana flour was 

provided by LiveKuna and was manufactured by Kunachia LLC (Davie, FL, USA). The banana 

flour was of the Musa acuminate origin. Wheat flour was obtained commercially from a local 

ingredient supplier Bulk Barn Foods, Aurora, ON, Canada) located in Guelph (ON, Canada). The 

flours were used in their native state. Moisture, lipid, protein, and ash content were determined 

according to the AOAC methods 925.10, 920.85, 992.15, 923.03, respectively [15–18]. Total 

starch content was determined by AOAC method 996.11 with modification in accordance with 

the total starch assay kit instructions (Megazyme International Ltd., Wicklow, Ireland) [19]. 

Freeze-dried defatted samples were used for this test. Considering the flours might have D-
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glucose and resistant starch [10,20], the samples were washed with aqueous ethanol (80% v/v) to 

remove the D-glucose and stirred with 2M KOH at approximate 4 °C (ice/water bath) to pre-

dissolve the resistant starch.  

Carbohydrate content was calculated according to an equation provided by the Food and 

Agriculture Organization of the United Nations [21] with minor modifications: 

Carbohydrate (g/100 g) = 100 − protein content (g/100 g) − lipid content (g/100 g) − 

moisture content (g/100 g) − ash content (g/100 g), (1) 

Calorie and energy content were calculated according to the following equation [22]: 

Calories (kcal/100 g) = [4 × protein content (g/100 g)] + [4 × carbohydrate content (g/100 

g)] + [9 × lipid content (g/100 g)], (2) 

Energy (kJ/100 g) = 4.184 × Calories (kcal/100 g), (3) 

3.3.2 pH 

Ten g flour samples (in triplicate) were homogenized in 50 mL of distilled water for the 

determination of pH. pH values were quantified using a benchtop pH meter (AR15 Accumet 

Research, Thermo Fisher Scientific, Mississauga, ON, Canada) following calibration with buffer 

solutions of pH 4.0 and pH 7.0. 

3.3.3 Water and oil holding capacity  

Fifteen mL of distilled water (for the oil holding capacity determination, 15 mL of 
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refined corn oil) was added to 1 g of the flour sample in a weighed centrifuge tube. The contents 

were mixed using a vortex mixer for 2 min, and then centrifuged for 20 min at 6000 × g on a 

bench centrifuge (Model 21000, IEC International Equipment Company, Needham Heights, MA, 

USA). The clear supernatant was carefully removed and discarded. Water holding capacity was 

expressed as the weight (in g) of water bound by 1 g of dried flour sample. Oil holding capacity 

was expressed as the weight (in g) of oil bound to 1 g of dried flour sample. 

3.3.4 Bulk density 

Fifty g of flour samples was placed in a 100 mL measuring cylinder. The cylinder was 

gently tapped on a laboratory bench several times to ensure a constant volume. Bulk density 

(g/cm3) was calculated as the weight of sample per unit volume of sample. 

3.3.5 Particle size distribution 

Particle size distribution of flour samples was measured using a Malvern Master Sizer 

laser diffraction analyzer (Mastersizer 2000, Malvern Instruments, Ltd.; Worcestershire, UK) at 

room temperature (approximately 21.5 °C) according to the methodology of Roman et al. [13] 

with modifications. The Mie theory was used with consideration of a refractive index of 1.53 and 

1.33 for flour and dispersant (water), respectively. The particle size distribution of flour samples 

was recorded with reference to volume weighted mean diameter (D4,3).  

3.3.6 Differential scanning calorimetry (DSC) 

The gelatinization and retrogradation process of the flours were characterized 

calorimetrically using a differential scanning calorimeter (DSC25; TA Instruments, Crawley, 
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UK) equipped with a refrigerated cooling system (RCS 40; TA Instruments) and nitrogen purge 

gas. An amount of 6 ± 0.1 mg of each flour sample was accurately weighed and mixed with 

18µL distilled water in Tzero hermetic aluminum DSC pans (TA Instruments). The sample pan 

was then hermetically sealed. The sealed samples were placed at room temperature 

(approximately 21.5 °C) for 24 h to equilibrate. An empty pan was used as reference. The first 

run was used to measure the gelatinization process: at a heating rate of 10°C/min over the 

temperature range from 25 °C to 100 °C. After the first heating run, the sample pans were stored 

at 4 °C for 7 days. After the 7-day period, the second run was conducted for the measurement of 

the retrogradation process: at a heating rate of 5 °C/min over the temperature range from 20 °C 

to 100 °C. Measurements were performed in three replications and results were presented as 

mean values. The onset temperature (To), peak temperature (Tp), conclusion temperature (Tc), 

and enthalpy (ΔH) of gelatinization and retrogradation were obtained by integration of the 

endothermic peak from DSC thermograms. 

3.3.7 Solubility and swelling power  

One wt% aqueous suspension of each flour sample was heated to pre-determined 

temperatures (30 °C, 50 °C, 70 °C, and 90 °C) for 1 h with constant stirring using a magnetic stir 

bar and a stirring hotplate (Fisherbrand Isotemp stirring hotplate; Thermo Fisher Scientific, 

Mississauga, ON, Canada). Samples were poured into a weighed centrifuge tube and centrifuged 

at 3000 × g for 10 min. The supernatants were carefully poured into weighed aluminum dishes 

and evaporated at 100°C using a drying oven (Fisherbrand Isotemp 180 L drying oven; Thermo 

Fisher Scientific, Mississauga, ON, Canada) for 24 h. The weight of dry solids was determined 

for the calculation of solubility. The weight of wet sediments in the centrifuge tube was 
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determined for the calculation of swelling power: 

Solubility (%) = (the weight of flour dissolved in water/the weight of total flour sample) 

× 100%, (4) 

Swelling power (g/g) = the weight of the wet sediments/[the weight of total flour sample 

× (100% − solubility)], (5) 

3.3.8 Pasting properties 

Pasting properties of the flour suspension were analyzed by two different methods. The 

first method was conducted with a Rapid Visco Analyser (#RVA-4, Newport Scientific Inc., 

Hägersten, Sweden), where the maximum temperature was 95°C. It is noteworthy that some 

starchy flours, such as banana starch, has been reported to exhibit an underdeveloped pasting 

profile or, more specifically, a lack of breakdown and setback upon heating [15]. For this reason, 

a second method was conducted using a Rapid Visco Analyser 4800 (RVA 4800, Perten 

Instruments; a PerkinElmer Company, Macquarie Park, Australia), where the maximum 

temperature was 130 °C. The viscometer RVA 4800 was equipped with a well-designed canister 

that can be sealed and self-pressurized up to 100 psi [23]. The high-temperature capability of 

RVA 4800 was expected to fully enable the swelling of the starch granules contained in the 

compacted monocarp tissue matrix of the tropical fruits. In other words, this would provide fully 

developed pasting profiles and additional rheological indicators describing the behavior of the 

tropical fruit flours used in this study.  

With both methods, the moisture of flour was first measured by a moisture meter (MB45, 
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OHAUS Corp.; Parsippany, NJ, USA) to obtain the correct flour sample weight and amount of 

water required for the test. The flour suspension (28 g total weight for the first method and 28.5 g 

total weight for the second method) was poured into an aluminum sample cup and the cup, with a 

plastic stirring paddle, was inserted into the RVA machine. For the first method, the sample 

temperature was held at 50 °C for 1 min, increased to 95 °C, held at 95 °C for 2.5 min, lowered 

to 50 °C, and held at 50 °C for 2 min. For the second method, the sample temperature was held at 

50 °C for 1.5 min, increased to 130 °C, held at 130 °C for 3 min, lowered to 50 °C, and held at 

50 °C for 2 min. 

3.3.9 Experimental design and statistical analysis 

Proximate composition of flours was conducted in duplicate for each flour type. All other 

analyses were conducted in three replications for each treatment (flour type). Statistical analyses 

were performed with SAS (SAS 9.4, SAS Inst. Inc., Cary, NC, USA). Data (bulk density, pH, 

water and oil holding capacity, particle size, pasting properties, gelatinization, and retrogradation 

properties) were analyzed with PROC GLIMMIX of SAS with fixed effects of flour type and a 

random effect of replication. Data for solubility and swelling power were analyzed with PROC 

GLIMMIX of SAS with fixed effects of flour type and temperature, and a random effect of 

replication. Least square means were separated using the PDIFF option with a Tukey-Kramer 

adjustment. Differences were considered statistically different at p ≤ 0.05.  
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3.4 Results and discussion 

3.4.1 Proximate composition 

The main compositional component of the two breadfruit flours, banana flour, and wheat 

flour was carbohydrates (which ranged 82.52 to 91.68 g/100 g on a dry matter basis), with most 

of the carbohydrates comprised of starch (which ranged from 67.02 to 77.14 on a dry matter 

basis; Table 3.1). The tropical flour sources had similar levels of protein (which ranged from 

3.91 to 4.99 g/100 g on a dry matter basis), while wheat flour had significantly greater protein 

content (14.51 g/100 g on a dry matter basis). All the flours had low fat content (ranging from 

0.97 g/100 g to 2.50 g/100 g on a dry matter basis). 

The different starch content of the two breadfruit flours was likely caused by different 

variety, maturity stage, and climatic/agronomic conditions. The high starch content should make 

these flours promising ingredients, and improve the technological properties of food products 

prepared with these flours when compared with other sources of flour. While, protein make 

flours nutritionally important when compared with isolated starches, high protein content in 

flours can affect surface charge and rate of hydration, thus affecting starch swelling and 

gelatinization during cooking [24,25]. Lipid content might also affect starch swelling due to the 

formation of helical inclusion complexes with amylose [25,26]. Both the protein and lipid 

composition should be considered when working with and characterizing flours. 
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3.4.2 Functional properties 

3.4.2.1 pH, water holding capacity, oil holding capacity, particle size, and bulk density 

pH of the flours ranged in value from 5.07 to 6.09, with banana flour having the lowest (p 

< 0.05) pH value and breadfruit flour A having greatest (p < 0.05) pH value (Table 3.2). Previous 

research has reported that flour solubility and emulsifying activity are affected by pH [27]. 

Water holding capacity is desirable in most food processing systems to improve yield and 

provide the appropriate organoleptic properties that make foods unique and acceptable to 

consumers [28]. Oil holding capacity is also an important physical property for food products 

since lipids often improve flavor and texture of foods [29]. Breadfruit flour B had the greatest (p 

< 0.05) water holding capacity, followed by banana flour and breadfruit flour A, while wheat 

flour had the least (p < 0.05) water holding capacity. Similarly, breadfruit flour B had the 

greatest (p < 0.05) oil holding capacity, followed by breadfruit flour A and wheat flour, while 

banana flour had the least (p < 0.05) oil holding capacity. Overall, the water and oil holding 

capacity of wheat flour was less (p < 0.05) compared with the breadfruit flours. Water and oil 

holding capacity are based on several factors such as: flour carbohydrate contents, particle size, 

amount of damages starch, the ratio of amylose to amylopectin in starch, and intra- and 

intermolecular forces [30], which warrants further investigation for the purposes of this study. 

Particle size distribution profile was plotted (Figure 3.1) and the volume weighted mean (D4,3) 

which indicated the central point of the volume distribution of the particles was presented. The 

particle size of breadfruit flour B (220.94 μm) and banana flour (222.89 μm) were similar to 

those reported by Roman et al. [13]. These values were greater (p < 0.05) than that of breadfruit 
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flour A (138.73 μm) and wheat flour (132.54 μm). As depicted in the plotted particle size 

distribution profile, bimodal distributions were observed for breadfruit flour A and breadfruit 

flour B, which likely indicated the distinct separation of particle size between starch granules and 

flour particles with these flours. Several previous research studies have described that differences 

in processing techniques affected particle size distribution, which may have meaningful effects 

on a variety of chemical and physical properties [31–33]. The results in this study also indicated 

that the flours with greater particle size and/or greater carbohydrate content might have greater 

water holding capacity.  

Bulk density is important for determining packaging and material handling requirements 

in the food industry. As an example, this includes the design of metering equipment such as 

particulate solid feeders. Bulk density is generally affected by flour density [34]. Greater bulk 

density is a desirable physical property for the following reasons: 1) a greater quantity can be 

packed within a constant volume, and thus offering greater packaging advantage [35]; and 2) 

particles are flow with more freedom which improves processing flexibility. Breadfruit flour B 

had the lowest (p < 0.05) bulk density, while banana flour had the greatest (p < 0.05) bulk 

density. 

3.4.2.2 Starch gelatinization 

The melting of double helices of starch chains was evaluated through DSC (Table 3.3, 

Figure 3.2). Flours from tropical fruits (especially banana flour) were characterized with greater 

(p < 0.05) T0, Tp, and Tc when compared with wheat flour. This could be the result of greater 

heat stability of double helices comprised by longer amylopectin chains. In fact, Roman et al. 
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reported greater gelatinization temperatures for banana starch, which was attributed to the longer 

population of short chains (i.e. A and B1 amylopectin chains) [13]. These results would suggest 

that breadfruit starch contains amylopectin with a longer population of short chains than those 

from wheat starch, although shorter than those reported for banana starch. Meanwhile, the 

enthalpy of the gelatinization peak was in the order of breadfruit flour, wheat flour, and then 

banana flour, which is assumed to be related to the amylose: amylopectin ratio. Therefore, 

breadfruit flours are assumed to have lower amylose: amylopectin ratio than wheat, whereas 

banana starch would have a high amylose ratio, which would agree with results previously 

reported by Roman et al. [13]. 

3.4.2.3 Solubility and swelling power 

Solubility is determined as the percentage of dissolved flour from a heated solution. The 

solubility generally increased when the temperature increased from 30 °C to 90 °C for each type 

of flour (Figure 3.3). Breadfruit flour A was least (p < 0.05) soluble at all the evaluated 

temperatures (from 30 °C to 90 °C) when compared with the other flour sources (with the 

exceptions of no significant difference at 70 °C and 90 °C between the breadfruit flour A and 

wheat flour). Solubilized amylose molecules leach from swollen starch granules [36]. Lower 

solubility may be due to the lower amylose content, which together with DSC results, would 

suggest that the starch contained in breadfruit flours possesses a low amylose ratio. 

Swelling power in reference to flours is the ability of the flour to imbibe water when 

heated in an aqueous suspension and is defined as the swollen sediment weight per g of dry flour. 

Generally, for each type of flour, the swelling power increased when the temperature increased 
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from 30 °C to 90 °C (Figure 3.4). Swelling power of each flour was more pronounced from 70 

°C and onto 90 °C, and this might be because the cooking temperature was close to the starch 

gelatinization of the flours. The swelling power of the wheat flour was lower (p < 0.05) than the 

tropical flours at from 30 °C to 70 °C. At 70 °C, two breadfruit flours had greater (p < 0.05) 

swelling power compared with banana flour and wheat flour indicating the overall weaker 

granule structure of the former flour types. Swelling power is a measure of hydration capacity 

and when flour is heated to above the gelatinization range in excess water, hydrogen bonds 

stabilizing the structure of the double helices in crystallites are disrupted and are embraced with 

water, thus leading to flour swelling and increased overall volume [37]. 

3.4.2.4 Re-association of starch molecules during retrogradation 

During storage, amylopectin chains tend to re-associate with other amylose and/or 

amylopectin chains through the formation of double helices or aggregates of double helices [38]. 

The thermal transitions and enthalpy of this endothermal peak in samples stored for 7 days, 

which corresponds to retrograded AP, are summarized in Table 3.3 and Figure 3.5. Results 

showed greater peak (Tp) and conclusion (Tc) temperatures for the melting of retrograded 

amylopectin in tropical fruits compared to that from wheat, indicating that the amylopectin in 

tropical fruits is formed by longer A and B1 chains [39]. The wider temperature range would in 

turn indicate a greater amount of heterogeneous crystals [40]. Likewise, tropical fruit flours, 

especially that from banana, exhibited a dramatically greater retrogradation enthalpy compared 

with wheat flour, indicating a high propensity of tropical fruit flour amylopectin re-associated 

during storage. It is noteworthy that starch retrogradation would contribute to high measured 

enthalpy of retrogradation (ΔHr) for the flours, but not necessarily to their influence to affect 
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negatively texture during storage [41]. 

3.4.2.5 Pasting properties 

The absence of a well-developed peak was found in the pasting results of the first RVA 

method (temperature was increased up to 95 °C) (Table 3.4, Figure 3.6), which indicates that 

starch granules did not fully swell. Moreover, the banana flour seems to be the most resistant to 

heating and swelling at 95 °C. The pasting results of the first RVA method were similar to the 

results of other research studies [36,42,43], where the test temperature was also up to 95 °C. 

For the pasting results of the second method (temperature was increased to 130 °C), the 

peak viscosity, trough viscosity, and final viscosity of the tropical flours, was greater (p < 0.05) 

compared with wheat flour (Table 3.5). The differences of viscosity might be explained by the 

combination effects of the test conditions, the composition of carbohydrates in the flour, the ratio 

of amylose to amylopectin, and the resistance of their starch granules to swell. The peak time of 

tropical flours was longer (p < 0.05) than that of the wheat flour. However, pasting temperature 

did not statistically differ (p = 0.46) among treatments. Moreover, the viscosity of all the flours 

decreased during temperature holding at 130 °C (Figure 3.7). The breakdown of the tropical 

flours was greater (p < 0.05) than wheat flour. The peak viscosity and the breakdown were much 

greater than those of using the first RVA method. The differences between using the first and the 

second RVA method may be caused by different components such as protein and fat were 

attached to starch granules, which leads to uncompleted gelatinization process of the flours under 

100 °C. The flours might need higher temperature to become fully gelatinized. It is interesting to 

note that the tropical flours had extraordinary swelling power, especially breadfruit flour, 
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although they did not resist heating and the viscosity decreased significantly. 

3.5 Conclusions 

The tropical fruit flours (breadfruit flours and the banana flour) had greater water holding 

capacity and oil holding capacity compared with the traditional flour source (wheat flour). A 

high propensity of tropical fruit flour amylopectin re-associated during storage. The tropical 

flours had greater the peak viscosity, trough viscosity, and final viscosity compared to wheat 

flour. Moreover, the tropical flours did not resist heating but had extraordinary swelling power. 

Based on the results of flour composition, functional properties, and pasting properties, it is 

reasonable to conclude that both of these sources of flour (breadfruit flour and banana flour) may 

serve as useful ingredients and substitute the traditional flour such as, wheat flour in food 

products (e.g. breads, pancakes, noodles, and meat products) with improved functional properties 

(e.g., hydration, emulsification, fat retention, coagulation, heat stability, etc.). The next stage of 

this research would be to investigate the use of these sources of flour in several different food 

applications. 
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Tables and Figures 

Table 3.1. Proximate composition of tropical flours compared with a traditional flour. 

Items       Units Breadfruit A 1 Breadfruit B 2 Banana 3 Wheat 4 RDL 5 

As is basis       
Moisture g/100 g 12.60 6.47 8.18 12.20 0.1 
Carbohydrates g/100 g 80.13 83.98 83.24 72.45 0.1 
    Starch g/100 g 64.14 62.68 70.83 60.40 0.1 
Protein g/100 g 3.42 4.67 3.98 12.74 0.10 
Fat g/100 g 0.85 2.34 1.78 1.51 0.10 
Ash g/100 g 3.00 2.54 2.82 1.10 0.1 
Energy kJ/100 g 1430.30 1571.81 1526.70 1482.60 1.0 
Calories kcal/100 g 341.85 375.67 364.89 354.35 1.0 

Dry matter basis       
Carbohydrates g/100 g 91.68 89.79 90.66 82.52  
    Starch g/100 g 73.39 67.02 77.14 68.79  
Protein g/100 g 3.91 4.99 4.33 14.51  
Fat g/100 g 0.97 2.50 1.94 1.72  
Ash g/100 g 3.43 2.72 3.07 1.25  
Energy kJ/100 g 1636.50 1680.54 1662.71 1688.61  
Calories kcal/100 g 391.13 401.66 397.40 403.59  

1 Breadfruit flour A was sourced from Natural Foods International (Apia, Western Samoa); 2 Breadfruit flour B was sourced from 
Jungle Project (Alajuela, Costa Rica); 3 Banana flour was sourced from LiveKuna, Kunachia LLC (Davie, FL, USA); 4 Wheat flour 
was obtained commercially from Bulk Barn Foods (Aurora, ON, Canada); 5 RDL = reportable detection limit. 
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Table 3.2. The functional properties of tropical flours compared with a traditional flour.1 

 Breadfruit A 2 Breadfruit B 3 Banana 4 Wheat 5 SEM P-Value 

pH 6.09 a 5.67 c 5.07 d 5.84 b 0.02 <0.0001 

WHC 6, g/g 2.04 c 3.32 a 3.08 b 1.25 d 0.02 <0.0001 

OHC 7, g/g 1.71 b 2.15 a 0.94 d 1.10 c 0.04 <0.0001 

BD 8, g/cm3 0.70 c 0.52 d 0.94 a 0.78 b 0.01 <0.0001 

D4,3 
9, um 138.73 b 220.94 a 222.89 a 132.54 b 10.75 <0.001 

a–d Least square means within a row with different superscripts are statistically different (p < 0.05); 1 Data presented are LS means and 
reported SEM is the maximum standard error of the mean among treatments; 2 Breadfruit flour A was sourced from Natural Foods 
International (Apia, Western Samoa); 3 Breadfruit flour B was sourced from Jungle Project (Alajuela, Costa Rica); 4 Banana flour was 
sourced from LiveKuna, Kunachia LLC (Davie, FL, USA); 5 Wheat flour was obtained commercially from Bulk Barn Foods (Aurora, 
ON, Canada); 6 Water holding capacity, expressed as the weight (in g) of water bound by 1 g of dried flour sample; 7 Oil holding 
capacity, expressed as the weight (in g) of oil bound by 1 g of dried flour sample; 8 Bulk density; 9 D4,3 Volume weighted mean 
indicates the central point of the volume distribution of the particles. 
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Table 3.3. Gelatinization and retrogradation properties of tropical flours compared with a traditional flour.1 

 Breadfruit A 2 Breadfruit B 3 Banana 4 Wheat 5 SEM P-Value 
Gelatinization       

To (°C) 71.33 c 72.45 b 74.19 a 59.21 d 0.23 <0.0001 
Tp (°C) 75.06 c 75.97 b 82.94 a 65.47 d 0.14 <0.0001 
Tc (°C) 88.03 b 88.39 b 96.20 a 77.49 c 0.26 <0.0001 
Tc–To (°C) 16.70 bc 15.94 c 22.01 a 18.28 b 0.45 <0.0001 
ΔH (W/g) 12.98 a 12.31 a 3.56 c 6.30 b 0.25 <0.0001 
Retrogradation       

To (°C) 40.67 40.73 38.97 42.69 0.99 0.15 
Tp (°C) 57.77 a 55.66 a 55.51 a 51.77 b 0.50 <0.001 
Tc (°C) 72.96 b 73.70 ab 75.32 a 60.48 c 0.52 <0.0001 
Tc–To (°C) 32.29 a 32.97 a 36.35 a 17.79 c 0.95 <0.0001 
ΔH (W/g) 5.50 b 5.74 b 6.99 a 0.74 c 0.14 <0.0001 

a–d Least square means within row with different superscripts are statistically different (p < 0.05); 1 Data presented are LS means and 
reported SEM is the maximum SEM among treatments. To-onset temperature, Tp-peak temperature, Tc-conclusion temperature, ΔH- 
enthalpy; 2 Breadfruit A was sourced from Natural Foods International (Apia, Western Samoa); 3 Breadfruit B was sourced from 
Jungle Project (Alajuela, Costa Rica); 4 Banana flour was sourced from (Kunachia LLC, Davie, FL, USA); 5 Wheat flour was obtained 
commercially from Bulk Barn Foods (Aurora, ON, Canada) 
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Table 3.4. The pasting properties of tropical flours compared with a traditional flour using RVA method #1 (maximum 
temperature of 95 °C).1 

 Breadfruit A 2 Breadfruit B 3 Banana 4 Wheat 5 SEM P-Value 
Peak viscosity 6, cP 2678.33 a 2687.33 a 1701.00 b 1258.67 c 34.85 <0.0001 
Trough Viscosity 7, cP 2613.33 a 2499.33 a 1524.33 b 658.00 c 36.28 <0.0001 
Breakdown 8, cP 65.00 c 188.00 b 176.67 b 600.67 a 5.42 <0.0001 
Final Viscosity 9, cP 4188.67 a 4310.00 a 2063.33 b 1768.00 c 39.31 <0.0001 
Setback 10, cP 1575.33 b 1810.67 a 539.00 d 1110.00 c 22.53 <0.0001 
Peak time 11, min 6.60 b 6.36 b 7.00 a 5.44 c 0.08 <0.0001 
Pasting temperature 12, °C 76.80 c 76.75 c 82.40 b 86.85 a 0.14 <0.0001 

a–d Least square means within a row with different superscripts are statistically different (p < 0.05); 1 Data presented are LS means and 
reported SEM is the maximum SEM among treatments; 2 Breadfruit flour A was sourced from Natural Foods International (Apia, 
Western Samoa); 3 Breadfruit flour B was sourced from Jungle Project (Alajuela, Costa Rica); 4 Banana flour was sourced from 
LiveKuna, Kunachia LLC (Davie, FL, USA); 5 Wheat flour was obtained commercially from Bulk Barn Foods (Aurora, ON, Canada); 
6 Peak viscosity indicates the water holding capacity of the flour and the viscous load likely to be encountered by a mixing cooker.; 7 
Tough viscosity is the minimum viscosity after peak; 8 Breakdown = peak viscosity – trough viscosity; 9 Final viscosity is the viscosity 
at the end of the test, which indicates the ability of the flour to form a viscous paste or gel after cooking and cooling; 10 Setback = final 
viscosity – trough viscosity; 11 Peak time is the time when peak viscosity occurred; 12 Pasting temperature indicates the minimum 
temperature required to cook the flour sample and indicates energy costs. 
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Table 3.5. The pasting properties of tropical flours compared with a traditional flour using RVA method #2 (maximum 
temperature of 130 °C).1 

 Breadfruit A 2 Breadfruit B 3 Banana 4 Wheat 5 SEM P-Value 

Peak viscosity 6, cP 5169.33 b 6809.00 a 4142.00 c 1597.00 d 76.95 <0.0001 

Trough Viscosity 7, cP 991.67 c 1195.33 b 1296.67 a 418.33 d 12.43 <0.0001 

Breakdown 8, cP 4177.67 b 5613.67 a 2845.33 c 1178.67 d 67.72 <0.0001 

Final Viscosity 9, cP 1766.00 b 2000.33 a 1962.00 a 1396.00 c 42.03 0.0001 

Setback 10, cP 774.33 b 805.00 ab 665.33 b 977.67 a 37.30 <0.01 

Peak time 11, min 5.85 c 6.11 b 6.58 a 5.71 d 0.02 <0.0001 

Pasting temperature 12, °C 77.85 78.45 82.73 76.53 2.71 0.46 

a–d Least square means within a row with different superscripts are statistically different (P < 0.05); 1 Data presented are LS means and 
reported SEM is the maximum SEM among treatments; 2 Breadfruit A was sourced from Natural Foods International (Apia, Western 
Samoa); 3 Breadfruit B was sourced from Jungle Project (Alajuela, Costa Rica); 4 Banana flour was sourced from LiveKuna, Kunachia 
LLC (Davie, FL, USA); 5 Wheat flour was obtained commercially from Bulk Barn Foods (Aurora, ON, Canada); 6 Peak viscosity 
indicates the water holding capacity of the flour and the viscous load likely to be encountered by a mixing cooker; 7 Tough viscosity is 
the minimum viscosity after peak; 8 Breakdown = peak viscosity – trough viscosity; 9 Final viscosity is the viscosity at the end of the 
test, which indicates the ability of the flour to form a viscous paste or gel after cooking and cooling; 10 Setback = final viscosity – 
trough viscosity; 11 Peak time is the time when peak viscosity occurred; 12 Pasting temperature indicates the minimum temperature 
required to cook the flour sample and indicates energy costs. 
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Figure 3.1. Particle size distribution profiles of tropical flours compared with a traditional 
flour. Treatments were flour types of breadfruit A, breadfruit B, banana, or wheat. Breadfruit 
flour A was sourced from Natural Foods International (Apia, Western Samoa). Breadfruit 
flour B was sourced from Jungle Project (Alajuela, Costa Rica). Banana flour was sourced 
from LiveKuna, Kunachia LLC (Davie, FL, USA). Wheat flour was obtained commercially 
from Bulk Barn Foods (Aurora, ON, Canada). 
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Figure 3.2. DSC thermograms (gelatinization) of tropical flours compared with a traditional 
flour. Treatments were flour types of breadfruit A, breadfruit B, banana, or wheat. Breadfruit 
flour A was sourced from Natural Foods International (Apia, Western Samoa). Breadfruit 
flour B was sourced from Jungle Project (Alajuela, Costa Rica). Banana flour was sourced 
from LiveKuna, Kunachia LLC (Davie, FL, USA). Wheat flour was obtained commercially 
from Bulk Barn Foods (Aurora, ON, Canada). 
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Figure 3.3. Solubility of tropical flours compared with a traditional flour. Within each 
temperature, means without a common superscript differ (p ≤ 0.05). Treatments were flour 
types of breadfruit A, breadfruit B, banana, or wheat. Breadfruit flour A was sourced from 
Natural Foods International (Apia, Western Samoa). Breadfruit flour B was sourced from 
Jungle Project (Alajuela, Costa Rica). Banana flour was sourced from LiveKuna, Kunachia 
LLC (Davie, FL, USA). Wheat flour was obtained commercially from Bulk Barn Foods 
(Aurora, ON, Canada). 
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Figure 3.4. Swelling power of tropical flours compared with a traditional flour. Within each 
temperature, means without a common superscript differ (p ≤ 0.05). Treatments were flour 
types of breadfruit A, breadfruit B, banana, or wheat. Breadfruit flour A was sourced from 
Natural Foods International (Apia, Western Samoa). Breadfruit flour B was sourced from 
Jungle Project (Alajuela, Costa Rica). Banana flour was sourced from LiveKuna, Kunachia 
LLC (Davie, FL, USA). Wheat flour was obtained commercially from Bulk Barn Foods 
(Aurora, ON, Canada). 
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Figure 3.5. DSC thermograms (retrogradation) of tropical flours compared with a traditional 
flour. Treatments were flour types of breadfruit A, breadfruit B, banana, or wheat. Breadfruit 
flour A was sourced from Natural Foods International (Apia, Western Samoa). Breadfruit 
flour B was sourced from Jungle Project (Alajuela, Costa Rica). Banana flour was sourced 
from LiveKuna, Kunachia LLC (Davie, FL, USA). Wheat flour was obtained commercially 
from Bulk Barn Foods (Aurora, ON, Canada). 
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Figure 3.6. The pasting properties of tropical flours compared with a traditional flour using 
RVA method #1 (maximum temperature of 95 °C). Treatments were flour types of 
breadfruit A, breadfruit B, banana, or wheat. Breadfruit flour A was sourced from Natural 
Foods International (Apia, Western Samoa). Breadfruit flour B was sourced from Jungle 
Project (Alajuela, Costa Rica). Banana flour was sourced from LiveKuna, Kunachia LLC 
(Davie, FL, USA). Wheat flour was obtained commercially from Bulk Barn Foods (Aurora, 
ON, Canada). 
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Figure 3.7. The pasting properties of tropical flours compared with a traditional flour using 
RVA method #2 (maximum temperature of 130°C). Treatments were flour types of 
breadfruit A, breadfruit B, banana, or wheat. Breadfruit flour A was sourced from Natural 
Foods International (Apia, Western Samoa). Breadfruit flour B was sourced from Jungle 
Project (Alajuela, Costa Rica). Banana flour was sourced from LiveKuna, Kunachia LLC 
(Davie, FL, USA). Wheat flour was obtained commercially from Bulk Barn Foods (Aurora, 
ON, Canada)
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4.1 Abstract 

Cooking loss, texture properties, and color of comminuted beef when prepared with 

breadfruit (Artocarpus altilis) flour or other flour sources was evaluated using two separate 

studies. Flour sources tested in these studies (against a negative control with no added flour) 

were breadfruit flour, soy flour, corn flour, wheat flour, and tapioca flour. Study 1 – Finely 

minced, comminuted beef batters (extra lean beef targeted to 97% lean and 3% fat, salt, and 

ice/water) prepared with inclusion levels of 0%, 1%, 2%, 3%, 4%, and 5% flour were evaluated 

for cooking loss and texture. Cooking loss was reduced (P < 0.05) in comminuted beef prepared 

with breadfruit flour compared with those not prepared with flour and cooking loss decreased as 

breadfruit flour inclusion level increased (Linear P < 0.01). Hardness was not different (P = 

0.49) in comminuted beef prepared with breadfruit flour compared with soy flour, and was much 

less (P < 0.01) compared with the three other flour sources at each inclusion level. Study 2 – 

Comminuted beef (lean beef targeted to 90% lean and 10% fat, salt, and ice/water) with 

inclusion levels of 0%, 2.5%, and 5% flour were formed into patties and were evaluated for color 

over a simulated retail display period. Redness values (a*) of comminuted beef prepared with 

breadfruit flour were the greatest (P < 0.05) during the 7-day simulated retail display compared 

with all other treatments, including control samples with no flour. Overall, the results indicated 

that breadfruit flour could be effectively used as an ingredient in comminuted beef to produce 

similar texture as observed with soy flour, while actually improving redness values beyond that 

of other flour sources.  

Keywords: breadfruit flour; comminuted beef; meat color stability; meat texture properties; 
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processed beef products  
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4.2 Introduction 

Breadfruit (Artocarpus altilis) is a traditional staple crop found throughout Oceania that 

contains high levels of carbohydrates, fiber, some vitamins, and minerals (Jones et al., 2011a; 

Jones et al., 2013; Turi et al., 2015). Some varieties of breadfruit contain up to 6% protein and 

the protein found in breadfruit is a complete source of protein, which contains all of the 

indispensable amino acids (Liu et al., 2015). While most breadfruit is eaten fresh, there is a long 

history of slicing, sun drying, and grinding the fruit into a flour or porridge. A sample of dried, 

ground breadfruit prepared in Mauritius around 1830 is deposited in the Economic Botany 

collection at Kew Gardens in the UK (sample ID#42792; Kew Royal Botanic Gardens; n.d.). In 

February of 2016, breadfruit flour received ‘Generally Recognized as Safe’ status, thus opening 

the possibility of using the flour as an ingredient for North American food markets (FDA, 2016).  

Breadfruit flour can be used as an alternative source of starch in many different food 

products (Adebowale et al., 2005; Tan et al., 2017). So far, breadfruit flour has been successfully 

incorporated into a variety of food products; such as, bread, cake, pancakes, biscuits, stiff 

porridges, infant formulas, and extruded products (Ayodele and Oginni, 2002; Esparagoza and 

Tangonan, 1993; Jones et al., 2011a; Mayaki et al., 2003; McHugh et al., 2007; Olaoye et al., 

2007).  

Currently, no research has been conducted on breadfruit flour as an ingredient in 

processed meat products. The utilization of functional ingredients in processed meat products 

with intentions to maintain or improve technological, nutritional, visual, and sensory 

characteristics is an important area of research for the meat industry. Breadfruit flour as a 
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potential binder in meat has significant economic potential since breadfruit is a high-yielding 

tropical food crop and breadfruit trees do not require annual planting (Jones et al., 2011b). 

Another benefit of breadfruit flour is that it is gluten free, which may be useful for people who 

have Celiac disease or choose not to consume gluten. Gluten free products are often expensive, 

providing an opportunity for gluten-free flours such as breadfruit to be used as a cheaper 

alternative (Jones et al., 2011b). Likewise, breadfruit flour could be used in processed meat 

products as a replacement of soy ingredients, which are allergens and produce products with 

unfavorable visual and sensory properties when used at high inclusion levels (Rentfrow et al., 

2005). 

The objectives of this study were to evaluate cooking loss and texture properties of 

finely, minced beef batters prepared with breadfruit flour, and to evaluate color stability of 

comminuted beef prepared with breadfruit flour and formed into patties. Two studies with unique 

model systems were used to address the research objectives. Study 1 used finely minced, 

comminuted beef batters to determine cooking loss and texture properties of comminuted beef. 

Study 2 used comminuted beef formed into patties to determine color over a simulated retail 

display period. Additionally, to make the study more comparable to previous studies, different 

inclusion levels of breadfruit (Artocarpus altilis) flour and more common flour sources, such as 

soy flour, corn flour, wheat flour, and tapioca flour were compared. 

 

 

 



 

 

95 

 

4.3 Materials and methods 

4.3.1 Explanation of studies 

In each study, beef was procured from the control fed steers (diet consisted of 76.50% 

high moisture corn, 15.30% alfalfa silage, 6.80% soybean meal, and 1.40% vitamin and mineral 

premix) in a beef feeding trial that evaluated feed additives (data not yet published). The pH 

range of the semimembranosus muscle for all beef in this study ranged from 5.50 to 5.70. In 

study 1, one master batch of extra lean ground beef (15 kg; targeted to 97% lean and 3% fat; 

actual composition: 74.3% moisture, 22.0% protein, 2.8% fat) from a single animal was used for 

all replications of the study. In study 2, one master batch of lean ground beef (39 kg; targeted to 

90% lean and 10% fat; actual composition: 70.5% moisture, 21.2% protein, and 6.8% fat) was 

used for all replications of the study. Beef was ground and packaged according to the standard 

operating procedures of the University of Guelph Meat Science Laboratory for ground beef 

manufacture. 

Comminuted beef (lean beef, salt, and water) prepared with breadfruit flour, soy flour, 

corn flour, wheat flour, tapioca flour, and no added flour (negative control) were evaluated for 

cooking loss, texture analysis, and color using two separate studies. In study 1, comminuted beef 

with inclusion levels of 0%, 1%, 2%, 3%, 4%, and 5% flour were prepared as finely minced 

comminuted beef batters and evaluated for cooking loss and texture. Comminuted meat batters 

present an appropriate model to test product texture and water retention (Youseff and Barbut, 

2009; Vasquez Mejia et al., 2018; Vasquez Mejia et al., 2019). In study 2, comminuted beef with 

inclusion levels of 0%, 2.5%, and 5% flour were formed into patties and evaluated for color over 
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a simulated retail display. Comminuted meat formed into patties present an appropriate model to 

test product color stability (Bess et al., 2013; Cooper et al., 2016; Fruet et al., 2019). Different 

inclusion levels of flour were included for each study so that all treatments for each replication 

could be performed on the same day, although a maximum inclusion level of 5% was used for 

both studies. 

4.3.2 Nutrient composition analysis of flour 

In both studies the same flour sources were used. Flour sources included breadfruit, soy, 

corn, wheat, and tapioca (Table 4.1). The breadfruit flour was provided by Natural Foods 

International, Apia, Western Samoa. The flour was prepared from fresh fruit, harvested at the 

mature but not fully ripe stage, peeled, cored, and sliced into thin wedges (approximately 0.25 

cm thick). The slices were dehydrated and ground into flour at a certified food safe facility. The 

flour was not modified in any way other than drying and nothing was added to the flour. The 

other sources of flour were obtained commercially from a local ingredient supplier in Ontario, 

Canada (Bulk Barn Foods; Aurora, Ontario, Canada). All the flour sources obtained from the 

local ingredient supplier were labeled as unmodified with nothing added to the flour. The 

chemical composition of the five types of flour used in this study were conducted by a third-

party commercial laboratory and included energy, calories, protein, fat, moisture, ash, 

carbohydrates, and starch. The determination of moisture was carried out according to AOAC 

methodology. Protein, ash, and starch content were determined according to the AOAC methods 

992.15, 923.03, 996.11, respectively (AOAC, 2006). A conversion calculation of N × 6.25 was 

used for determination of protein. The determination of fat was carried out using acid hydrolysis 

according to AOAC 922.06 and 933.05 (AOAC, 2006). Calorie and energy content were 
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calculated with the following formula (Buchholz and Schoeller, 2004):  

Calories (kcal/100g) = 4 × (protein content (g/100g) + carbohydrate content (g/100g)) + 

9 × fat content (g/100g).  

Energy (KJ/100g) = 0.239 × Calories (kcal). 

Carbohydrate content was calculated with the formula according to the Food and 

Agriculture Organization of the United Nations (FAO, 2003), with minor modification: 

Carbohydrate (g/100g) = 100 – protein content (g/100g) – fat content (g/100g) – 

moisture content (g/100g) – ash content (g/100g). 

Fiber content was determined using AOAC method 991.43 and AACC method 32-07.01 

in accordance with the total dietary fiber assay kit instructions (Megazyme International Ltd.; 

Wicklow, Ireland). pH of the flour samples was determined (in triplicate) after 10 g of each 

sample was homogenized in 50 mL of distilled water. A benchtop pH meter (Sartorius pHBasic; 

Göttingen, Germany) was used following calibration with buffer solutions of pH 4.0 and pH 7.0. 

4.3.3 Study 1: Determination of cooking loss and texture analysis 

4.3.3.1 Manufacturing process of finely minced comminuted meat batters 

A total of 15 kg of extra lean beef (targeted to 97% lean and 3% fat; i.e. no added fat) 

was coarse ground (8 mm) from the round primal (NAMI# 158; North American Meat Institute, 

2014) of a single beef animal using an industrial meat grinder/mixer (Master 90 Y12, Sirman, 

Marsango, Italy). Beef was collected from the same primal of an individual animal to control 
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variation of raw material among replication and treatments. The experiment was conducted in 

three independent replicates for each treatment and all treatments were represented equally in 

each replicate. Ground samples were partitioned into 500 g vacuum sealed packages and stored 

in a freezer (-20°C) until further analysis. Each individual package (500 g of beef) was thawed 

overnight at 4°C and mixed with 200 g of water in a food processor (Cuisinart Elemental 11-cup 

(2.6 L) Food Processor, Conair Corporation, Stamford, Connecticut, USA) for 15 seconds. This 

procedure (mixing in a food processor for 15 seconds) was repeated three times. Then 17.5 g of 

salt (NaCl) was added into the mixture of beef and water and was mixed in the food processor 

for 10 seconds. This procedure (mixing in a food processor for 10 seconds) was repeated twice. 

Comminuted beef samples (beef, water, and salt) were weighed and mixed into different ratios of 

flour inclusion level (according to the treatments shown in Table 4.2) consisting of 100 g 

comminuted beef and 0 g flour (0%), 99 g comminuted beef and 1 g flour (1%), 98 g 

comminuted beef and 2 g flour (2%), 97 g comminuted beef and 3 g flour (3%), 96 g 

comminuted beef and 4 g flour (4%), and 95 g comminuted beef and 5 g flour (5%). Throughout 

the mincing process, the temperature of the beef mixture was below 10°C, as ensured by proper 

storage of the meat before use and the short mixing times used. 

4.3.3.2 Determination of cooking loss 

Cooking loss was determined with similar methodology described previously by Álvarez 

and Barbut (2013). A 40-g batter (0%, 1%, 2%, 3%, 4% and 5% flour treatments separately) was 

stuffed into centrifuge tubes and heated in a water bath incubator (Model W26, Haake, Berlin, 

Germany) until the internal temperature of the product reached 72°C. The water in the water bath 

was at room temperature (approximately 22°C) until the samples were placed in the water bath, 



 

 

99 

 

and then the temperature of the water bath was increased to 80°C until the samples reached an 

internal temperature of 72°C. The cooking process took roughly 1.5 h in its entirety. A 

thermocouple (Model #52 K ⁄ J, Fluke Co. Inc., Everett, Washington, USA) was placed in the 

center of the samples to monitor and control the internal temperature throughout the cooking 

process. The cooked beef samples were cooled immediately in an ice bath until the internal 

temperature of the product dropped to 40°C. Cooking loss was determined with the following 

calculation: 

Cooking loss (%) = [weight of liquid loss of cooked meat batter (g) / weight of raw meat 

batter (g)] × 100. 

After the weight of cooking loss was measured, the cooked beef samples were stored 

overnight in refrigeration at 4°C until texture profile analysis was conducted the following day.  

4.3.3.3 Texture profile analysis (TPA) 

Texture profile analysis (TPA) was determined with a Texture Analyzer (Model TA.XT2, 

Stable Micro Systems, Texture Technologies Corp., Scarsdale, New York, USA) equipped with 

a 30 kg load cell. The cooked beef samples were removed from the refrigerator and tempered to 

room temperature. Each beef sample was cut into at least three cylindrical cores (15 mm in 

diameter and 10 mm length) and were compressed twice to 75% of their original height using a 

101.6 mm diameter × 10 mm tall cylindrical acrylic probe (TA-40A; Texture Technologies 

Corporation) at a test speed of 1.5 mm/s and post-test speed of 1.5 mm/s. Data were collected 

and the following TPA parameters were analyzed: hardness (N), adhesiveness(g·s), springiness 

(mm), cohesiveness (no units), gumminess (N), chewiness (N·mm), and resilience (%). The 
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average of the four cores was calculated and reported for each parameter. 

4.3.4 Study 2: Determination of color stability 

4.3.4.1 Manufacturing processes of comminuted beef patties 

One 39 kg master batch of lean beef (targeted to 90% lean and 10% fat) was ground to 

achieve a coarse particle size (8 mm in diameter) using an industrial meat grinder/mixer (Master 

90 Y12, Sirman, Marsango, Italy). The same master batch of beef was used to control variation 

of raw material among replication and treatments. The ground beef was allotted and packaged in 

3 vacuum package bags (13 kg per bag) for each of the 3 replicates and kept in frozen storage 

(−20 °C) until day of manufacture of the treatments tested in this study.  

The packaged ground beef was thawed in refrigeration (4°C) for a period of 48 hours 

before it was allotted into the independent batches used to formulate and manufacture the test 

products. This experiment had eleven treatment groups: control (no flour added) and 5 flour 

varieties (breadfruit, soy, corn, wheat, and tapioca at two inclusion levels – 2.5% and 5%). Ice 

was added to the ground beef at a 10 g/100 g inclusion. High purity commercial salt was added 

to the ground beef at a 1.5 g/100 g inclusion. Breadfruit flour, soy flour, wheat flour, corn flour, 

and tapioca flour were added at a 2.5 g/100 g and 5.0 g/100 g inclusions (according to the 

treatments shown in Table 4.3). The lean beef and all the ingredients were mixed using a bowl 

chopper equipped with 2 mm blades (SSM40, Alexanderwerk Schneidmeister, Germany) for 1 

minute on high-speed and 1 minute on low-speed. Throughout the mincing process, the 

temperature of the beef mixture was below 10°C, as ensured by proper storage of the meat before 

use, the use of water in the form of ice, the short mixing times used, and the environmental 
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conditions (refrigerated meat laboratory). 

Patties (115 g) were manufactured with a handheld hamburger press (Starfrit, Atlantic 

Promotions Inc., Longueuil, Québec, Canada). Four patty samples for each treatment were used 

for color measurement during a simulated retail display period. The patties were grouped as pairs 

and immediately placed on Styrofoam meat trays (Genpak 1005, Genpak, Mississauga, Ontario, 

Canada) with a soaker pad placed between the Styrofoam meat tray and the patties (Tite-dri 

Industries, Boynton Beach, Florida, USA). Patties were crust frozen (placed into the -20oC 

freezer for one hour) before being packaged with polyvinylchloride (PVC) overwrap film (60-

gauge meat wrapping film, Western Plastics, Calhoun Georgia, USA) using a film wrapping 

machine (Avantco WM-18 single roll film wrapping machine, Avantco Equipment, Lancaster, 

Pennsylvania, USA). Samples were then stored at refrigerated temperatures (4oC) in simulated 

retail display for 7 days. Two LED light fixtures (121.92 cm long, 52-watt, light output = 1850 

lumens, color temperature = 4000 K (cool white)) were suspended 40 cm above each shelf. 

Throughout the study, LUX was measured with the LightMeter (LUX Light Meter Free; Nipakul 

Buttua) mobile phone application on an iPhone 8 Plus (Apple Inc.; Cupertino, California) to 

ensure a range of 1,612.5 lux to 2,152 lux was maintained at the surface of the meat packages. 

The location of the packaged patties was randomly rotated daily within the shelf to minimize any 

potential shelf location effects. 

4.3.4.2 Chemical composition analysis 

Moisture and fat content of patties was determined with methods previously described by 

Sivendiran et al. (2018). Duplicate 5-g patty samples were weighed into an aluminum weighing 
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dish and covered with two pieces of filter paper (#1 Whatman filter paper, GE Healthcare Life 

Science, Kent, United Kingdom). The sample was dried in an oven at 100°C for 24 hours to 

determine moisture content. The dried sample was washed multiple times over 5 hours with 

warm petroleum ether using a modified procedure of the Soxhlet method (Association of Official 

Analytical Chemists, 2006; method 991.36) to determine lipid content. Nitrogen content was 

determined by Dumas nitrogen analyzer (model TruMac, LECO Corp., St. Joseph, Minnesota, 

USA), and protein content was calculated according to the nitrogen content (Association of 

Official Analytical Chemists, 2006; method 990.03), using EDTA as a standard. The factor for 

the conversion of nitrogen content to protein content was 6.25. 

4.3.4.3 Color analysis 

Objective CIE L* (lightness), a* (redness), and b* (yellowness) scores were collected 

with a Minolta CR-400 Chroma meter (Konica Minolta Sensing, Inc., Osaka, Japan) utilizing a 

D65 light source and a 0o observer with an aperture size of 8 mm on each day of the simulated 

retail display. The Chroma meter was calibrated each day through the PVC film that was used 

for packaging, which allowed for measurement to be taken through the film. Measurements were 

collected at two locations from each patty (two patties for each tray; two trays for each 

treatment) every 24 hours, with the aperture placed directly on the film surrounding the surface 

of the patty, and the mean of the eight measurements was recorded as the objective color score 

for L*, a*, and b*.  

4.3.5 Experimental Design and statistical analysis 

Both studies were conducted in three independent replications for each treatment. All 
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statistical analyses were performed with SAS (SAS 9.4, SAS Inst. Inc., Cary, NC). Statistical 

analyses for parameters evaluated in study 1 (cooking loss, hardness, adhesiveness, springiness, 

cohesiveness, gumminess, chewiness, and resilience) were conducted using the MIXED 

procedure of SAS with fixed effects of flour source, inclusion level, and their interaction. Least 

square means were separated using the PDIFF option with a Tukey-Kramer adjustment. Least 

squares means were further separated using an orthogonal set of estimate statements to analyze 

linear and quadratic effects for inclusion level of each flour source. Statistical analyses for 

parameters evaluated in study 2 (L*, a*, and b*) were conducted using the MIXED procedure of 

SAS as repeated measures over time (day) with fixed effects of flour source × inclusion level, 

day, and their interaction. A repeated Least square means were separated using the PDIFF option 

with a Tukey-Kramer adjustment. Differences were considered statistically different at P < 0.05. 

4.4 Results and discussion 

4.4.1 Hypothesis 

 It was hypothesized that breadfruit flour would have the proper technological properties 

to perform as a binder ingredient, and elicit similar texture and water holding properties when 

compared with other sources of flour/starch used in the meat industry. Initial laboratory testing 

provided insight of the color enhancing properties that breadfruit flour may elicit when added to 

comminuted beef, thus it was further hypothesized that breadfruit flour could improve initial 

color and potentially prolonged color during storage (color stability) of comminuted beef.  
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4.4.2 Nutrient composition of flours 

The energy content and calories of breadfruit, tapioca, corn, and wheat flours were 

similar (1430 to 1500 KJ/100 g and 342 to 358 kcal/100 g), while those of soy flour were greater 

(1880 KJ/100 g and 449 kcal/100 g). The protein (3.42 g/100 g) and fat (0.85 g/100 g) content of 

breadfruit flour were intermediate when compared with other flours, while soy flour had the 

greatest protein and fat content and tapioca flour had the least protein and fat content. The main 

composition of soy flour was protein (42.84 g/100 g) while the breadfruit flour, tapioca flour, 

and corn flour had very high carbohydrate content (80.1 g/100 g to 88.3 g/100 g), with most of 

the carbohydrates of those flours being starches (67.1 g/100 g to 85 g/100 g). Relatively 

speaking, breadfruit flour contained a high amount of carbohydrates (80.1 g/100 g) and starch 

(67.1 g/100 g), which were similar to the levels reported in other studies (Wootton and Tumaalii, 

1984; Oshodi et al., 1999; Turi et al., 2015). Breadfruit flour contained an intermediate amount 

of total fiber (4.77 g/100 g), which was similar to wheat flour (6.12 g/100g), greater than corn 

flour (1.44 g/100g) and tapioca flour (1.34 g/100g), and much less than soy flour (25.95 g/100g). 

Soy flour contained a much greater amount of insoluble fiber compared with all other flour 

sources. Breadfruit flour contained the greatest amount of soluble fiber (1.56 g/100g) but was 

similar to the other flour sources which ranged from 0.79 g/100g to 1.35 g/100g. pH of the flours 

ranged in value from 5.44 to 6.67, with corn flour being the lowest and soy flour being the 

greatest. 
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4.4.3 Study 1 

4.4.3.1 Cooking loss 

Flours usually have the ability to bind and retain moisture (Shewry and Tatham, 2000) 

and generally increase processing and cooking yields and decrease shrink in processed meat 

products (Brewer, 2012). In this study, flour source, flour inclusion level, and their interaction 

affected cooking loss (P < 0.05; Table 4.4). Cooking loss of beef batters prepared with breadfruit 

flour and the four other flour sources observed in this study had a linear relationship with 

inclusion level and decreased at differing rates as the inclusion level increased (Linear P < 0.01). 

The cooking loss of beef batters prepared with different flours at different inclusion levels was 

all less than 15% (Figure 4.1). As shown in Figure 4.1, beef batters prepared with tapioca flour 

(high level of starch) had the lowest cooking loss from 2% to 5% flour inclusion levels 

evaluated, and soy flour (high level of protein) had the lowest cooking loss among flour sources 

at 1% flour inclusion level. This may be related to the ability of these polymers (starch and 

protein) to restrict water mobility and prevent the release of water during the cooking process. 

On the other hand, some starches require higher gelatinization temperature, such as corn starch 

of which the peak gelatinization temperature is around 70oC (Zhang et al., 2018). Therefore, corn 

flour was less able to achieve a complete gelatinization process in the comminuted meat sample 

and consequently retained less water. This was further evidenced by the previously reported 

gelatinization temperatures of other native starches used in this study. Zhou et al. (2008) reported 

the peak gelatinization temperature for native wheat starch was 57.9oC Ren, and Wang (2019) 

reported the peak gelatinization temperature for native tapioca starch was 65.6oC. The previously 

reported peak gelatinization temperature for breadfruit flour was approximately 75oC (Wang et 
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al., 2010). The soy flour used in this study had very low starch content (0.4 g/100 g), so it was 

clear that starch gelatinization temperature only explained some of the water binding ability of a 

meat batter. An additional component of the flours that may be affecting the ability of the meat 

batters to bind and retain moisture was pH. Unfortunately, pH of the meat batters was not 

measured in this study, the differences observed in the pH content of the flours may be 

influencing the overall pH of the meat batters and the inherent water holding characteristics of 

the meat batters especially at high inclusion levels. 

Greater research is warranted from a fundamental standpoint on the interaction of 

different macro-components of flour ingredients and meat batter water retention properties. 

Overall in regard to cooking loss, results in this study followed what was hypothesized and 

breadfruit flour performed similarly to other flour sources, most notably tapioca and wheat flour. 

4.4.3.2 Texture profile analysis (TPA) 

Flour source and its interaction with inclusion level affected hardness (P < 0.05), while 

flour inclusion level did not affect hardness (P = 0.10) (Figure 4.2). Hardness for meat batters 

prepared with breadfruit, soy, and tapioca flour had a linear relationship (Linear P < 0.05) with 

inclusion level (0 to 5%); while hardness for meat batters prepared with corn (Linear P = 0.13) 

and wheat flour (Linear P = 0.74) did not have a linear relationship with inclusion level (0 to 

5%). Hardness was at lesser values compared to control and decreased (Linear P < 0.01) as 

inclusion level increased (0 to 5%) for meat batters prepared with breadfruit and soy flour, while 

hardness was at greater values and remained constant as inclusion level increased (0 to 5%) for 

meat batters prepared with corn and wheat flour. For meat batters prepared with tapioca flour, 
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hardness was at greater values compared to control samples and was sustained at similar levels 

as inclusion level increased from 0% to 5%. Hardness is very related to the amount of water 

retained by the batters during the cooking process and subsequent cooling. When the samples 

lost more water (greater cooking loss) as in the case of batters prepared with corn and wheat 

flour, the structure became more rigid and harder. On the other hand, when a lot of water is 

retained by the hydrocolloids, the structure also becomes rigid because the water is not free in 

the batter. Therefore, there must be a balance between the water immobilized by the 

hydrocolloids in a meat batter, the water retained that influences the tenderness (succulence) of 

the sample, and the water that remains free and would eventually be lost during cooking.  

Flour source, flour inclusion level, and their interaction affected cohesiveness (P < 0.01). 

Cohesiveness for meat batters prepared with breadfruit, soy, and wheat flour had a linear 

relationship (Linear P < 0.05) with inclusion level (0 to 5%), while cohesiveness for meat batters 

prepared with corn (Linear P = 0.16) and tapioca flour (Linear P = 0.14) did not have a linear 

relationship with inclusion level (0 to 5%). Cohesiveness decreased in value as inclusion level 

increased (0 to 5%) for breadfruit and soy flour; while cohesiveness remained constant or 

increased as inclusion level increased (0 to 5%) for meat batters prepared with corn, wheat, and 

tapioca flour (Figure 4.3A).  

Flour source affected adhesiveness (P < 0.05), while flour inclusion level (P = 0.23) and 

its interaction with flour source (P = 0.22) did not affect adhesiveness. Adhesiveness for meat 

batters prepared with breadfruit (Linear P = 0.27), soy (Linear P = 0.15), corn (Linear P = 0.34), 

and wheat flour (Linear P = 0.14) did not have a linear relationship with inclusion level (0 to 

5%). For meat batters prepared with breadfruit and soy flour, adhesiveness was at lesser values 
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compared to three other flours and was the greatest in samples with 2% inclusion level. 

Adhesiveness remained constant as inclusion level increased (0 to 5%) for meat batters prepared 

with corn flour. Adhesiveness was the greatest at 2% inclusion level for meat batters prepared 

with wheat flour. For meat batters prepared with tapioca flour, adhesiveness was the least at 2% 

inclusion level while it increased as inclusion level increased from 2% to 5% (Linear P < 

0.0001) (Figure 4.3B).  

Flour source and inclusion level affected springiness (P < 0.05), while their interaction 

did not affect springiness (P = 0.77). Springiness remained constant as inclusion level increased 

(0 to 5%) for be meat batters prepared with corn and tapioca flour (Figure 4.3C). Springiness for 

meat batters prepared with breadfruit (Linear P = 0.15), soy (Linear P = 0.47), corn (Linear P = 

0.44), wheat flour (Linear P = 0.47), and tapioca flours (Linear P = 0.18) did not have a linear 

relationship with inclusion level (0 to 5%). Springiness was the greatest at 1% inclusion level for 

meat batters prepared with breadfruit, soy, and wheat flour. Meat batters prepared with soy flour 

has the greatest springiness compared to four other flours at all inclusion levels. Springiness has 

been previously reported as greater when protein content was increased in meat batter systems 

(Youseff and Barbut, 2010), thus it was unsurprising that soy flour elicited greater springiness 

compared with other treatments in this study.  

Flour source, flour inclusion level, and their interaction affected gumminess (P < 0.05). 

Gumminess for meat batters prepared with breadfruit, soy, and tapioca flour had a linear 

relationship with inclusion level (0 to 5%); while gumminess for meat batters prepared with corn 

(Linear P = 0.13) and wheat flour (Linear P =0.42) did not have a linear relationship with 

inclusion level (0% - 5%). For meat batters prepared with breadfruit and soy flour, gumminess 
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was at lesser values compared to three other flours and decreased (Linear P < 0.01) as inclusion 

level increased (0 to 5%); while gumminess was at greater values and remained constant as 

inclusion level increased (0 to 5%) for meat batters prepared with corn and wheat flour. For meat 

batters prepared with tapioca flour, gumminess increased (Linear P < 0.05) as inclusion level 

increased (0 to 5%) (Figure 4.3D). 

Flour source, flour inclusion level, and their interaction affected chewiness (P < 0.01). 

Chewiness for meat batters prepared with breadfruit, soy, and tapioca flour had a linear 

relationship (Linear P < 0.05) with inclusion level (0 to 5%); while chewiness for meat batters 

prepared with corn (Linear P = 0.15) and wheat flour (Linear P = 0.45) did not have a linear 

relationship with inclusion level (0 to 5%). For meat batters prepared with breadfruit and soy 

flour, chewiness was at lesser values compared to three other flours and decreased (Linear P < 

0.01) as inclusion level increased (0 to 5%); while chewiness was at greater values and remained 

constant as inclusion level increased (0 to 5%) for meat batters prepared with corn and wheat 

flour. For meat batters prepared with tapioca flour, chewiness increased as inclusion level 

increased from 0% to 4% with a slight decrease at 5% (Figure 4.3E). 

Based on the combination of texture profile analysis, it was concluded that breadfruit 

flour behaved most similar to soy flour, and less similar to other flours. This was highlighted by 

the results of hardness, adhesiveness, and gumminess. It is acknowledged that there were 

certainly inconsistencies among the breadfruit flour and soy flour treatments for cohesiveness, 

springiness, chewiness, and resilience. For an explanation as to why these differences were 

observed, all components of the flours should be considered; however, there is the most 

supporting documentation for the carbohydrate components (starch and fiber). Hardness is 
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generally thought to be affected by high viscosity of carbohydrate ingredients, and greater 

hardness is not necessarily more desirable – it depends on the application or product being 

manufactured. With that said, it was interesting that breadfruit flour and soy flour were so similar 

in their hardness properties as their starch and fiber compositions were very different. In a 

previous study, hardness values were reported as lower in meat batters prepared with beta-glucan 

(an ingredient high in soluble dietary fiber) compared with starch and micro-crystalline cellulose 

(Vasquez Mejia et al., 2019). 

4.4.4 Study 2 

4.4.4.1 Chemical composition 

Addition of different flour sources at both inclusion levels decreased (P < 0.05) the 

moisture content of beef patties compared with the control samples, with exceptions for 2.5% 

inclusion levels of breadfruit flour and wheat flour (Table 4.5). To the contrary, Khalil (2000) 

reported that beef patties prepared with modified corn starch and water had greater moisture 

content than those formulated with water alone. Nisar et al. (2009) also reported that moisture 

content was significantly greater in low fat (< 10% total fat) buffalo meat patties prepared with 

tapioca starch compared with the control samples. No difference (P > 0.50) was found in 

moisture content among the beef patties prepared with different flour sources at each inclusion 

level. Protein content in the treatment of 2.5% and 5% soy flour was greater (P < 0.05) than that 

of breadfruit, corn, wheat, and tapioca flour sources confirming the high protein content of soy 

flour. Angor and Al-abdullah (2010) reported that beef burger prepared with texturized soy 

increased protein content compared with the control sample. No difference (P > 0.53) was found 
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among treatments for fat content. Overall, the patties used in this study were all very low in their 

fat content (as expected), which would increase myoglobin content of the meat. 

4.4.4.2 Color determination 

There was not a storage day × treatment effect (P = 0.99) for L* during the 7-day 

simulated retail display period (Table 4.6). There was an effect of storage day (P = 0.01) on L*; 

however, this effect was small as L* changed only 0.77 units from day 0 to day 7 (when all 

treatments were averaged). There was an effect of treatment (P < 0.0001) on L*. L* of beef 

patties prepared with 2.5% breadfruit flour were not different (P = 0.95) compared with control 

samples, while L* was less (P < 0.05) in these two treatments compared with all other 

treatments. Interestingly, when included at the 5% inclusion level, L* of beef patties prepared 

with breadfruit flour was less (P < 0.05) than other flour types at the 5% inclusion level. Rocha-

Garza and Zayas (1995) reported that no difference in lightness between beef patties prepared 

with wheat germ protein flour and control samples. Generally, lower L* of uncooked beef patties 

was observed as a positive, although color that was too dark can be viewed as a negative 

(Mancini and Hunt, 2005). However, other components of the color spectrum (most notably a*) 

must also be considered. 

There was a storage day × treatment effect (P < 0.0001) for a* during the 7-day simulated 

retail display period, as a* decreased at differing rates for each treatment throughout the display 

period (Table 4.7). Storage day affected a* value (P < 0.0001) with the aforementioned trends 

(a* value decreased as display period increased). There was a main effect of treatment (P < 

0.0001) on a*. Beef patties prepared with 2.5% and 5% breadfruit flour were redder (greater a*; 
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(P < 0.05)) compared with other treatments and control samples over the 7-day display period. 

To the contrary, a* values of beef patties prepared with soy flour were less than (P < 0.05) other 

treatments and the control samples on day 0 and day 1, and remained constant at lower values as 

the display period increased. Soy ingredients are usually low priced ingredients that are high in 

protein which has led to their use in many processed meat products, such as, cooked sausage and 

nonspecific meat loaves (Rakosky, 1974); however, several reports have indicated that soy 

ingredients caused meat products to be less red. Youssef and Barbut (2011) found that pre-

emulsified oil (using soy protein isolate) resulted in a significant reduction in redness of 

comminuted beef product. Several other studies have since confirmed less redness in meat 

products prepared with soy ingredients (Gao et al., 2015; Kang et al., 2016; Lee et al., 2017). 

There was no difference (P > 0.43) between the a* values of beef patties prepared with the three 

other treatments – corn, wheat, and tapioca flour were similar to the control samples over the 7-

day display period.  

There was a storage day × treatment effect (P < 0.0001) for b* during the 7-day simulated 

retail display period, as b* changed at different rates for each treatment throughout the display 

period (Table 4.8). There was an effect of storage day (P < 0.0001) on b*, with the general effect 

being quadratic in nature (the greatest two b* values were at day 0 and day 7, and the lowest b* 

value was on day 5). There was an effect of treatment (P < 0.0001) on b*. b* values were lower 

for the control samples during the display period compared with the five flour treatments. At 5% 

of inclusion, yellowness (b* value) was greater in the patties prepared with tapioca, wheat, and 

corn flours. 
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4.5 Conclusions 

Based on the cooking loss and textural profile analysis of finely comminuted meat 

batters (raw beef used was 97% lean and 3% fat) prepared with different flours, the inclusion of 

breadfruit flour showed promise as a binder ingredient. Based on color determination of 

comminuted beef (raw beef used was 90% lean and 10% fat) formed into patties using a 

simulated retail display for 7 days, breadfruit flour improved the redness of comminuted beef 

products immediately and prevented discoloration of beef for a longer period of time. Therefore, 

it is reasonable to conclude that breadfruit flour can be effectively used as a binder ingredient in 

processed beef products that may elicit positive effects on color stability. More research is 

warranted to further investigate the mechanism of action of breadfruit flour in governing the 

quality of comminuted beef products and sensory attributes of beef products prepared with 

breadfruit flour.  



 

 

114 

 

4.6 References 

Adebowale, K. O., B. I. Olu-Owolabi, E. K. Olawumi, and O. S. Lawal. 2005. Functional 
properties of native, physically and chemically modified breadfruit (Artocarpus artilis) 
starch. Ind. Crop Prod. 21(3):343–351. doi.org/10.1016/j.indcrop.2004.05.002 

Álvarez, D., and S. Barbut. 2013. Effect of inulin, β-Glucan and their mixtures on emulsion 
stability, color and textural parameters of cooked meat batters. Meat Sci. 94(3):320–327. 
https://doi.org/10.1016/j.meatsci.2013.02.011 

Angor, M. M., and B. M. Al-abdullah. 2010. Attributes of low-fat beef burgers made from 
formulations aimed at enhancing product quality. J. Muscle Foods. 21(2):317–326. 
doi.org/10.1111/j.1745-4573.2009.00184.x 

AOAC. 2006. Official Methods of Analysis. 18th Edition, Association of Official Analytical 
Chemists, Gaithersburgs, MD. 

Ayodele, M. S., and E. O. Oginni. 2002. Utilization of breadfruit (Artocarpus incisa) flour for 
confectionery products. Tropical Sci. 42(3):120–122. 

Bess, K. N., D. D. Boler, M. A. Tavárez, H. K. Johnson, F. K. McKeith, J. Killefer, and A. C. 
Dilger. 2013. Texture, lipid oxidation and sensory characteristics of ground pork patties 
prepared with commercially available salts. LWT-Food Sci. Technol. 50(2):408-413. 
doi.org/10.1016/j.lwt.2012.09.004 

Brewer, M. S. 2012. Reducing the fat content in ground beef without sacrificing quality: A 
review. Meat Sci. 91(4):385–395. doi.org/10.1016/j.meatsci.2012.02.024 

Buchholz, A. C., and D. A. Schoeller. 2004. Is a calorie a calorie? Am. J. Clin. Nutr. 
79(5):899S–906S. doi.org/10.1093/ajcn/79.5.899s 

Cooper, J. B., B. R. Wiegand, A. B. Koc, L. Schumacher, I. Grün, and C. L. Lorenzen. 2016. 
Rapid Communication: Impact of contemporary light sources on oxidation of fresh 
ground beef. J. Anim. Sci. 9(10):4457-4462. doi.org/10.2527/jas.2016-0728 

Esparagoza, R. S., and G. J. Tangonan. 1993. Instant baby food using banana and breadfruit flour 
as food base. University of Southern Mindanao College of Agriculture Research Journal 
(Philippines) 4:175–177. 

FAO (Food and Agriculture Organization of the United Nations). 2003. Food energy-methods of 
analysis and conversion factors. FAO food and nutrition paper 77. Report of a Technical 
Workshop, 3–6 December 2002; Rome. ISSN 0254-4725. 

FDA. 2016. Agency Response Letter GRAS Notice No. GRN 000596 
https://www.fda.gov/Food/IngredientsPackagingLabeling/GRAS/NoticeInventory/ucm49
5765.htm (Accessed 19 August 2018). 



 

 

115 

 

Fruet, A. P. B., J. L. Nörnberg, C. R. Calkins, and A. De Mello. 2019. Effects of different 
antioxidants on quality of beef patties from steers fed low-moisture distillers grains. Meat 
Sci. In Press. doi.org/10.1016/j.meatsci.2019.04.014 

Gao, X. Q., Z. L. Kang, W. G. Zhang, Y. P. Li, and G. H. Zhou. 2015. Combination of κ-
carrageenan and soy protein isolate effects on functional properties of chopped low-fat 
pork batters during heat-induced gelation. Food Bioprocess Tech. 8(7):1524-1531. 
doi.org/10.1007/s11947-015-1516-x 

Jones, A. M. P., D. Ragone, W. A. Lane, K. Aiona, and S. J. Murch. 2011a. Nutritional and 
morphological diversity of breadfruit (Artocarpus, Moraceae): Identification of elite 
cultivars for food security. J. Food Compos. Anal. 24:1091–1102. 
doi.org/10.1016/j.jfca.2011.04.002 

Jones, A. M. P., D. Ragone, N. G. Tavana, D. W. Bernotas, and S. J. Murch. 2011b. Beyond the 
bounty: Breadfruit (Artocarpus altilis) for food security and novel foods in the 21st 
Century. Ethnobotany Research and Applications, 9, 129-149. 
doi.org/10.17348/era.9.0.129-149 

Jones, A. M. P., R. Baker, D. Ragone, and S. J. Murch. 2013. Identification of pro-vitamin A 
carotenoid-rich cultivars of breadfruit (Artocarpus, Moraceae). J. Food Comp. Analysis. 
31:51-61. doi.org/10.1016/j.jfca.2013.03.003 

Kang, Z. L., F. S. Chen, and H. J. Ma. 2016. Effect of pre-emulsified soy oil with soy protein 
isolate in frankfurters: A physical-chemical and Raman spectroscopy study. LWT Food 
Sci. Tech. 74:465-471. doi.org/10.1016/j.lwt.2016.08.011 

Kew Royal Botanic Gardens n.d. Kew economic botany collection - online database. Taxon 
153.05 MORACEAE Artocarpus communis Forst. Catalogue number 42792. 
http://apps.kew.org/ecbot/specimen/42792 (Accessed on 19 August 2018). 

Khalil, A. H. 2000. Quality characteristics of low-fat beef patties formulated with modified corn 
starch and water. Food Chem. 68(1):61–68. doi.org/10.1016/s0308-8146(99)00156-9 

Lee, C. W., T. K. Kim, K. E. Hwang, H. W. Kim, Y. B. Kim, C. J. Kim, and Y. S. Cho. 2017. 
Combined effects of wheat sprout and isolated soy protein on quality properties of 
breakfast sausage. Korean J. Food Sci. Anim. Resour. 37(1):51-61. doi: 
10.5851/kosfa.2017.37.1.52 

Liu, Y., D. Ragone, and S. J. Murch. 2015. Breadfruit (Artocarpus altilis): a source of 
high-quality protein for food security and novel food products. Amino Acids. 47:847-
856. doi.org/10.1007/s00726-015-1914-4 

Mancini, R. A., and M. C. Hunt. 2005. Current research in meat color. Meat Sci. 71(1):100-
121.doi.org/10.1016/j.meatsci.2005.03.003 



 

 

116 

 

Mayaki, O. M., J. O. Akingbala, G. S. H. Baccus-Taylor, and S. Thomas. 2003. Evaluation of 
breadfruit (Artocarpus communis) in traditional stiff porridge foods. J. Food Agri. Envir. 
1(2):54–59.  

McHugh, T., Z. Pan, E. Apple, and T. A. Films. 2007. Properties of extruded expandable 
breadfruit products. CIGR Section VI (Postharvest Technology and Process Engineering) 
3rd International Symposium: Food and Agricultural Products: Processing and 
Innovations. Presented on September 24-26, 2007, in Naples, Italy 

NAMI (North American Meat Institute). 2014. NAMP Meat Buyer’s Guide. 8th rev. ed. North 
American Meat Association, Washington, DC. 

Nisar, P. U. M., M. K. Chatli, and D. K. Sharma. 2009. Efficacy of tapioca starch as a fat 
replacer in low-fat Buffalo meat patties. Buffalo Bulletin. 28:18–24.  

Olaoye, O. A., A. A. Onilude, and C. O. Oladoye. 2007. Breadfruit flour in biscuit making: 
effects on product quality. Afr. J. Food Sci. 1(2):20–23. 

Oshodi, A. A., K. O. Ipinmoroti, and T. N. Fagbemi. 1999. Chemical composition, amino acid 
analysis and functional properties of breadnut (Artocarpus altilis) flour. Nahrung/Food. 
43(6):402–405. doi.org/10.1002/(sici)1521-3803(19991201)43:6<402::aid-
food402>3.3.co;2-p 

Rakosky, J. 1974. Soy grits, flour, concentrates, and isolates in meat products. J. Am. Oil Chem. 
Soc. 51(1):123A–127A. doi.org/10.1007/bf02542109 

Ren, F., and S. Wang. (2019). Effect of modified tapioca starches on the gelling properties of 
whey protein isolate. Food Hydrocoll. 93:87-91. doi.org/10.1016/j.foodhyd.2019.02.025 

Rentfrow, G., M. S. Brewer, K. E. Weingartner, and F. K. McKeith. 2005. Sensory 
characteristics of beef and pork processed meats containing nonsolvent extracted 
texturized soy protein. J. Musc. Foods. 15(4):225–234. doi.org/10.1111/j.1745-
4573.2004.06303.x 

Rocha-Garza, A. E., and J. F. Zayas. 1995. Effect of wheat germ protein flour on the quality 
characteristics of beef patties cooked on a griddle. J. Food Process. Preserv. 19(5):341–
360. doi.org/10.1111/j.1745-4549.1995.tb00300.x 

Shewry, P. R., and A. S. Tatham. 2000. Wheat gluten. Special publication. Royal Society of 
Chemistry. 261:500–548. doi.org/10.1039/9781847552372 

Sivendiran, T., L. M. Wang, S. Huang, and B. M. Bohrer. 2018. The effect of bacon pump 
retention levels following thermal processing on bacon slice composition and sensory 
characteristics. Meat Sci. 140(2):128–133. doi.org/10.1016/j.meatsci.2018.03.007 

Tan, X., Li, X., L. Chena, F. Xie, L. Li, and J. Huang. 2017. Effect of heat-moisture treatment on 



 

 

117 

 

multi-scale structures and physicochemical properties of breadfruit starch. Carbohydr. 
Polym. 161:286–294. doi.org/10.1016/j.carbpol.2017.01.029 

Turi, C. E., Y. Liu, D. Ragone, and S. J. Murch. 2015. Breadfruit (Artocarpus altilis and 
hybrids): A traditional crop with the potential to prevent hunger and mitigate diabetes in 
Oceania. Trends Food Sci. Technol. 45(2):264–272. doi.org/10.1016/j.tifs.2015.07.014 

Vasquez Mejia, S. M., A. de Francisco, P. L. Manique Barreto, C. Damian, A. W. Zibetti, H. S. 
Mahecha, and B. M. Bohrer. 2018. Incorporation of β-glucans in meat emulsions through 
an optimal mixture modeling systems. Meat Sci. 143:210-218. 
doi.org/10.1016/j.meatsci.2018.05.007 

Vasquez Mejia, S. M., A. de Francisco, and B. M. Bohrer. 2019. Replacing starch in beef 
emulsion models with β-glucan, microcrystalline cellulose, or a combination of β-glucan 
and microcrystalline cellulose. Meat Sci. 153:58-65. 
doi.org/10.1016/j.meatsci.2019.03.012 

Wang, X., L. Chen, X. Li, F. Xie, H. Liu, and L. Yu. 2010. Thermal and rheological properties of 
breadfruit starch. J. Food Sci. 76(1):E55-E61. doi.org/10.1111/j.1750-3841.2010.01888.x 

Wootton, M., and F. Tumaalii. 1984. Composition of flours from Samoan breadfruit. J. Food Sci. 
49(5):1396–1397. doi.org/10.1111/j.1365-2621.1984.tb15000.x 

Youssef, M. K., and S. Barbut. 2009. Effects of protein level and fat/oil on emulsion stability, 
texture, microstructure and color of meat batters. Meat Sci. 82(2):228-233. 
doi.org/10.1016/j.meatsci.2009.01.015 

Youssef, M. K., and S. Barbut. 2010. Physicochemical effects of the lipid phase and protein level 
on meat emulsion stability, texture, and microstructure. J. Food Sci. 75(2):S108-S114. 
doi.org/10.1111/j.1750-3841.2009.01475.x 

Youssef, M. K., and S. Barbut. 2011. Fat reduction in comminuted meat products-effects of beef 
fat, regular and pre-emulsified canola oil. Meat Sci. 87(4):356–360. 
doi.org/10.1016/j.meatsci.2010.11.011 

Zhang, Y., Z. Gu, L. Zhu, and Y. Hong. 2018. Comparative study on the interaction between 
native corn starch and different hydrocolloids during gelatinization. Int. J. Biol. 
Macromol. 116:136–143. doi.org/10.1016/j.ijbiomac.2018.05.011 

Zhou, Y., D. Wang, L. Zhang, X. Du, and X. Zhou. 2008. Effect of polysaccharides on 
gelatinization and retrogradation of wheat starch. Food Hydrocoll. 22(4):505-512. 
doi.org/10.1016/j.foodhyd.2007.01.010 

  



 

 

118 

 

Tables and Figures 

 
Table 4.1. Nutrient composition and pH of flour types used in both study 1 and 
study 2. 

Item Units Breadfruit Soy Corn Wheat Tapioca 

Energy KJ/100g 1430 1880 1500 1484 1491 

Calories kcal/100g 342 449 358 355 356 

Protein g/100g 3.42 42.84 0.21 12.74 ND 

Fat g/100g 0.85 19.3 0.57 1.51 0.33 

Moisture g/100g 12.6 6.6 11.1 12.2 11.2 

Ash g/100g 3.0 5.2 ND 1.1 0.1 

Carbohydrates g/100g 80.1 26.1 88.1 72.5 88.3 

Starch g/100g 67.1 0.4 85.0 60.4 84.9 

Total fiber g/100g 4.77 25.95 1.44 6.12 1.34 

Insoluble fiber g/100g 3.21 25.16 0.34 4.77 0.18 

Soluble fiber g/100g 1.56 0.79 1.10 1.35 1.16 

pH  6.09 6.67 5.44 5.84 6.07 
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Table 4.2. Formulations used in study 1 (finely minced comminuted beef batters).1 

Inclusion level Lean beef, % Water, % Salt (NaCl), % Flour2, % Total, % 
0 69.69 27.87 2.44 0 100 
1 68.99 27.60 2.41 1 100 
2 68.29 27.32 2.39 2 100 
3 67.60 27.04 2.36 3 100 
4 66.90 26.76 2.34 4 100 
5 66.20 26.48 2.32 5 100 
1Comminuted beef was prepared as 500 g beef, 200 g water, and 17.5 g of salt. 
2Flour sources were breadfruit flour, soy flour, corn flour, wheat flour, and tapioca 
flour 
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Table 4.3. Formulations used in study 2 (comminuted beef formed into patties). 

    Flour Type  
Treatment1 Lean beef, % Water, % Salt (NaCl), % Breadfruit, % Soy, % Corn, % Wheat, % Tapioca, % Total, % 
Control 88.5 10.0 1.5 - - - - - 100 
2.5% breadfruit flour 86.0 10.0 1.5 2.5 - - - - 100 
5.0% breadfruit flour 83.5 10.0 1.5 5.0 - - - - 100 
2.5% soy flour 86.0 10.0 1.5 - 2.5 - - - 100 
5.0% soy flour 83.5 10.0 1.5 - 5.0 - - - 100 
2.5% corn flour 86.0 10.0 1.5 - - 2.5 - - 100 
5.0% corn flour 83.5 10.0 1.5 - - 5.0 - - 100 
2.5% wheat flour 86.0 10.0 1.5 - - - 2.5 - 100 
5.0% wheat flour 83.5 10.0 1.5 - - - 5.0 - 100 
2.5% tapioca flour 86.0 10.0 1.5 - - - - 2.5 100 
5.0% tapioca flour 83.5 10.0 1.5 - - - - 5.0 100 
1Treatment was defined as Flour Source × Inclusion level. 
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Table 4.4. P-Values for cooking loss and texture attributes of comminuted beef formulation used in study 1 (finely minced comminuted beef 
batters). 

P-Value 
Cooking 

loss Hardness Adhesiveness Springiness Cohesiveness Gumminess Chewiness Resilience 
Flour Source <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Inclusion Level <0.0001 0.10 0.23 0.01 <0.01 0.01 <0.01 <0.0001 
Flour × Inclusion Level 0.01 0.05 0.22 0.77 <0.01 0.01 <0.01 <0.0001 
Linear Effect of inclusion level 
Breadfruit flour <0.0001 <0.01 0.27 0.15 <0.0001 <0.0001 <0.0001 <0.0001 
Soy flour <0.0001 <0.01 0.15 0.47 0.01 <0.01 <0.01 <0.01 
Corn flour <0.01 0.13 0.34 0.44 0.16 0.13 0.15 0.21 
Wheat flour <0.01 0.74 0.14 0.47 0.03 0.42 0.45 0.03 
Tapioca flour <0.0001 0.03 <0.0001 0.18 0.14 0.03 0.03 0.02 
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Table 4.5. Proximate composition of comminuted beef used in study 2 (comminuted beef formed into patties) after preparation with 
different sources of flours at 2.5% and 5.0% inclusion levels.1 

 Treatment2  
 

 Control Breadfruit flour Soy flour Corn flour Wheat flour Tapioca flour  

P-Value  0 2.5 5.0 2.5 5.0 2.5 5.0 2.5 5.0 2.5 5.0 SEM 

Moisture 71.87a 70.42ab 69.30bc 69.96bc 68.56c 70.02bc 68.99bc 70.3ab 69.05bc 70.16bc 69.17bc 0.32 <0.0001 

Fat 4.27a 3.72a 3.46a 3.84a 4.28a 3.79a 3.68a 3.77a 3.73a 3.62a 3.49a 0.37 0.84 

Protein 20.99bc 20.65c 19.89d 21.54ab 22.12a 20.69c 19.89d 20.79c 20.69c 20.67c 19.98d 0.12 <0.0001 
a-dLeast square means within row with different superscripts are different (P < 0.05). 
1Data presented are LS means and reported SEM is the maximum SEM among treatments. 
2Treatment was defined as Flour Source × Inclusion level. 
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Table 4.6. Instrumental color of comminuted beef used in study 2 (comminuted beef formed into patties) after preparation with different 
sources of flours at 2.5% and 5.0% inclusion levels.1 

 Treatment2 SEM P-Value 
 Control Breadfruit flour Soy flour Corn flour Wheat flour Tapioca flour  

Storage day Treatment 
Storage day × 

Treatment  0 2.5 5.0 2.5 5.0 2.5 5.0 2.5 5.0 2.5 5.0  

L* 41.65f 42.03f 43.83de 44.84bcd 46.96a 43.72de 46.07ab 43.50e 45.18bc 44.42cde 46.49a 0.27 0.01 <0.0001 0.99 
a* 9.08e 10.32b 11.21a 8.22f 8.57f 8.57f 9.34de 9.00e 9.73cd 9.14e 9.87c 0.09 <0.0001 <0.0001 <0.0001 
b* 7.07f 8.18de 9.40bc 8.29d 9.29c 8.30d 9.79a 7.84e 9.37bc 8.39d 9.70ab 0.07 <0.0001 <0.0001 <0.0001 
a-dLeast square means within row with different superscripts are different (P < 0.05). 
1Data presented are LS means and reported SEM is the maximum SEM among treatments. 
2Treatment was defined as Flour Source × Inclusion level. 
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Table 4.7. Instrumental a* (redness) of comminuted beef used in study 2 (comminuted beef formed into patties) after preparation with 
different sources of flours at 2.5% and 5.0% inclusion levels over a 7-day display period.1 

 Treatment2   
 Control Breadfruit flour Soy flour Corn flour Wheat flour Tapioca flour  

P-Value3 Day 0 2.5 5.0 2.5 5.0 2.5 5.0 2.5 5.0 2.5 5.0 SEM 
0 11.59 a 12.57 a 12.54 a 9.59b 9.94 b 11.87 a 12.50 a 11.82 a 12.00a 12.36a 12.98a 0.36 <0.0001 
1 11.51ab 12.06ab 12.67a 9.43d 9.91cd 10.89bc 11.65ab 11.33abc 11.80ab 11.61ab 12.31ab 0.36 <0.0001 
2 10.53abc 11.47a 11.86a 9.38c 10.25bc 9.97bc 10.72abc 10.65abc 11.54a 10.68abc 11.35ab 0.36 <0.0001 
3 9.27bc 10.56ab 11.38a 9.27bc 9.73bc 8.94c 9.50bc 9.69bc 10.77ab 9.58bc 10.03abc 0.36 <0.0001 
4 8.09cd 9.76ab 10.90a 8.36bcd 8.54bcd 7.73d 8.41bcd 8.26bcd 9.31bc 8.36bcd 8.89bcd 0.36 <0.0001 
5 7.51bcd 9.05ab 10.36a 7.14cd 7.14cd 6.60d 7.62bcd 7.14cd 8.05bcd 7.31cd 8.22bc 0.36 <0.0001 
6 7.15c 8.77ab 10.15a 6.42c 6.65c 6.29c 7.25bc 6.65c 7.43bc 6.76c 7.75bc 0.36 <0.0001 
7 6.96c 8.36bc 9.78a 6.20c 6.43c 6.25c 7.05bc 6.45c 6.96bc 6.43c 7.42bc 0.36 <0.0001 
a-dLeast square means within row with different superscripts are different (P < 0.05). 
1Data presented are LS means and reported SEM is the maximum SEM among treatments. 
2Treatment was defined as Flour Source × Inclusion level. 
3P-value is the test of the effect of slice for each individual storage day. 
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Table 4.8. Instrumental b* (yellowness) of comminuted beef used in study 2 (comminuted beef formed into patties) after preparation with 
different sources of flours at 2.5% and 5.0% inclusion levels over a 7-day display period.1 

 Treatment2   
 Control Breadfruit flour Soy flour Corn flour Wheat flour Tapioca flour  

P-Value3 Day 0 2.5 5.0 2.5 5.0 2.5 5.0 2.5 5.0 2.5 5.0 SEM 
0 7.39f 9.17abc 9.95ab 8.62cdef 9.06abcde 8.53cdef 9.40abcd 8.06ef 9.80abc 8.88abc 10.03a 0.30 <0.0001 
1 7.48f 8.66bcdef 10.15a 8.13def 9.01abcde 8.08ef 9.41abcd 7.88ef 9.70ab 8.24def 9.58abc 0.30 <0.0001 
2 7.06d 8.25bcd 9.36ab 7.90cd 9.14abc 8.00cd 9.66a 7.73d 9.59a 8.16bcd 9.62a 0.30 <0.0001 
3 6.80c 7.99bc 9.10ab 8.06bc 9.06ab 8.13b 9.66a 7.89bc 9.54a 7.90bc 9.47a 0.30 <0.0001 
4 6.66ef 7.86cdef 9.14abc 7.99cdef 9.12abcd 8.10bcde 9.53a 7.80ef 9.31ab 8.14bcde 9.34ab 0.30 <0.0001 
5 6.78d 7.65cd 9.06ab 8.14bcd 9.32ab 8.10bcd 9.72a 7.39cd 8.91abc 8.18bcd 9.53a 0.30 <0.0001 
6 6.93f 7.93cdef 9.21abc 8.45bcde 9.66ab 8.52bcde 10.29a 7.79def 9.00abcd 8.57bcde 9.86a 0.30 <0.0001 
7 7.45e 7.89de 9.21bc 9.05bcd 9.91ab 8.96bcd 10.65a 8.22cde 9.13bcd 9.06bcd 10.19ab 0.30 <0.0001 
a-dLeast square means within row with different superscripts are different (P < 0.05). 
1Data presented are LS means and reported SEM is the maximum SEM among treatments. 
2Treatment was defined as Flour Source × Inclusion level. 
3P-value is the test of the effect of slice for each individual storage day. 
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Figure 4.1. Effects of flour source and inclusion level on cooking loss of comminuted 
beef formulation used in study 1 (finely minced comminuted beef batters). P-values for 
data in these figures can be found in Table 4.4. 
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Figure 4.2. Effects of flour source and inclusion level on hardness of comminuted beef 
formulation used in study 1 (finely minced comminuted beef batters). P-values for data 
in these figures can be found in Table 4.4.

0

5

10

15

20

25

0% 1% 2% 3% 4% 5%

H
ar

d
n

es
s 

(N
)

Inclusion Level

Hardness Breadfruit flour

Soy flour

Corn flour

Wheat flour

Tapioca flour

Control



 

 

128 

 

   

   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Effects of flour source and inclusion level on cohesiveness (A), adhesiveness (B), springiness (C), gumminess (D), chewiness 
(E), and resilience (F) of comminuted beef formulation used in study 1 (finely minced comminuted beef batters). P-values for data in these 
figures can be found in Table 4.4.

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 1 2 3 4 5

C
o

he
si

ve
ne

ss

Inclusion Level (%)

A

0

2

4

6

8

10

12

14

0 1 2 3 4 5

G
um

m
in

es
s 

(N
)

Inclusion Level (%)

D

0.78

0.80

0.82

0.84

0.86

0.88

0.90

0.92

0 1 2 3 4 5

S
pr

in
gi

ne
ss

 (
m

m
)

Inclusion Level (%)

C

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0 1 2 3 4 5

R
es

il
ie

nc
e 

(%
)

Inclusion Level (%)

F-0.18

-0.16

-0.14

-0.12

-0.1

-0.08

-0.06

-0.04

-0.02

0
0 1 2 3 4 5

A
dh

es
iv

en
es

s 
(g

·s
)

Inclusion Level (%)

B

0

2

4

6

8

10

12

0 1 2 3 4 5

C
he

w
in

es
s 

(N
·m

m
)

Inclusion Level (%)

E



 

 

129 

 

Chapter 5 The Effect of Tropical Flours (Breadfruit and Banana) on 

Structural and Technological Properties of Beef Emulsion Modeling 

Systems 

 

Shiqi Huanga, Benjamin M. Bohrera, * 

a Department of Food Science, University of Guelph, Guelph, Ontario, Canada. 

 

 

 

*Corresponding author – Benjamin M. Bohrer, Assistant Professor. Department of Food Science, 

University of Guelph, 50 Stone Rd. East, Guelph, Ontario, N1G-2W1, Canada. Telephone: 1-

519-824-4120 ext.52486. E-mail: bbohrer@uoguelph.ca 

 

 

 

Published in Meat Science, 163, 108082 (2020), doi:10.1016/j.meatsci.2020.108082  



 

 

130 

 

5.1 Abstract 

 This study evaluated structural and technological properties of beef emulsion modeling 

systems prepared with tropical flours. Treatments consisted of a control (0% flour inclusion) and 

three inclusion levels (1%, 2% and 4%) of two breadfruit flours and a banana flour. Flour type 

affected starch content of cooked beef emulsions, with greater starch content for emulsions 

prepared with banana flour compared with breadfruit flour, yet flour type did not affect cooking 

loss. Hardness and chewiness of cooked beef emulsion prepared with breadfruit flour decreased 

as inclusion level increased from 0% to 4%, while hardness was not affected by inclusion level 

of banana flour. Redness values of cooked beef emulsions increased as flour inclusion level 

increased, but were not affected by flour type. Evaluation of the beef emulsion microstructure 

and storage modulus revealed that the starch granules of banana flour behaved remarkably 

different than breadfruit flour. Overall, there were positive structural and technological attributes 

when tropical flours were included in beef emulsions. 

 

Key Words: meat processing; meat emulsion modeling; banana flour; breadfruit flour; tropical 

fruit flours  
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5.2 Introduction 

 Flours from many different plant sources have been evaluated for their use in meat 

processing (Tarté, 2009; Xiong, 2012). Most notably, flours (and starches) from staple crops like 

potatoes, corn, wheat, and tapioca have been used commercially for their ability to bind and 

retain moisture in processed meat products (Eliášová, Pospiech, Tremlová, Kubíčková, & 

Jandásek, 2012). Most of the common flours used as meat processing ingredients have high 

starch composition (> 60% starch) (Huang, Mejía Vasquez, Murch, & Bohrer, 2019a). High-

starch-content flours are added to processed meat products as ingredients to reduce formulation 

costs, improve processing yields, decrease shrink loss during packaging and storage, reduce 

cooking loss, and improve organoleptic attributes (Brewer, 2012). Granules of starch swell when 

hydrated and gelatinize when heated, which often increases viscosity and helps form and 

stabilize the gel-like structure after cooling (Brewer, 2012). Native starches that form a starch 

paste with high viscosity during heating/cooling provide a gummy and cohesive structure in 

many processed meat products, most notably emulsions like frankfurters and various deli meats 

(Svihus, Uhlen, & Harstad, 2005). 

Breadfruit flour and banana flour are both novel ingredients with great potential for 

application in food products due to their high starch content (Jones et al., 2011, Huang et al., 

2019a). These flours could be used as replacements for wheat or soy ingredients which present 

food sensitivities and allergens. A previous research study (Huang et al., 2019a) reported that 

breadfruit flour produced appropriate texture when added to meat emulsions (similar to that of 

meat emulsions formulated with wheat, corn, tapioca, and soy flour sources), while improving 



 

 

132 

 

initial color and sustained color stability beyond that of other flour sources when added to 

comminuted meat patties. Limited research has been conducted on banana flour in processed 

meat products, and the few studies that have investigated banana flour have not investigated beef 

emulsions. Even so, several others have researched the effects of banana flour in meat products. 

Bastos et al. (2014) studied the incorporation of green banana flour as a fat replacement in beef 

hamburgers and reported promising results in terms of technological and organoleptic properties. 

Kumar, Biswas, Sahoo, Chatli, and Sivakumar (2013) reported improved technological 

characteristics in chicken nuggets formulated with green banana flour; however also reported 

detrimental effects on sensory quality. Most recently, dos Santo Alves et al. (2016) studied the 

effects of combining pork skin and green banana flour as a fat replacement in Bologna style 

sausages, and reported lower cooking loss and greater emulsion stability, while no difference in 

color or texture parameters were apparent with the incorporation of up to 60% fat replacement. 

The objectives of this study were to evaluate the effects of tropical flours at several 

inclusion levels (0%, 1%, 2%, and 4%) on structural and technological properties of beef 

emulsion modeling systems (including proximate composition, pH, cooking loss, texture, 

instrumental color, microstructure, and dynamic rheological characteristics). 

5.3 Materials and methods 

5.3.1 Characterization of flours 

 The flours used in this study were previously characterized in a separate study (Huang, 

Martinez, & Bohrer, 2019b). In that study, proximate composition, bulk density, pH, water and 
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oil holding capacity, swelling power and solubility, particle size distribution, and pasting 

properties were determined for the flours used in this study.  

5.3.2 Raw materials and treatment description 

Commercially-sourced beef inside rounds (semimembranosus muscle) were diced into 

2.5-cm cubes, mixed, and then coarse ground (8 mm) using an industrial meat grinder/mixer 

(Master 90 Y12, Sirman, Marsango, Italy). One master batch of ground beef was used for this 

study to ensure that variation between batches of ground beef did not contribute to experimental 

error. The composition of the ground beef was 66.36% moisture, 14.73% lipid, 18.30% protein, 

and 1.05% ash, and the pH was 5.80. The methodology used for these analyses were the same as 

those subsequently described for the prepared meat emulsions in this study. One-kg samples 

were collected, vacuum packaged, and stored at -20°C until use in this study. Corn oil (Mazola, 

ACH Food Companies, Inc., Memphis, USA), sodium chloride (Hela Spice Canada Inc., 

Uxbridge, Canada), sodium tri-polyphosphate (Malabar Super Spice Co. Ltd., Burlington, 

Canada), and Prague #1 Powder (6.25% of sodium nitrite and 93.75% of NaCl; Hoosier Hill 

Farm LLC, Fort Wayne, USA) were sourced from commercial vendors. The first type of 

breadfruit flour (Breadfruit A) was provided by Natural Foods International, Apia, Western 

Samoa. The second type of breadfruit flour (Breadfruit B) was provided by Jungle 

Project/Tropico Agroforestal S.R.L. (Alajuela, Costa Rica). The banana flour was provided by 

LiveKuna (Quito, Ecuador) and was manufactured by Kunachia LLC (Davie, Florida, USA). The 

flours were used in their native state and were not modified. The three flours (Breadfruit A, 

Breadfruit B, and Banana) were tested at three inclusion levels (1%, 2%, and 4%) in beef 

emulsion modeling systems. Therefore, this experiment had ten treatment groups in total, which 
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included a control treatment (no flour added) and the three inclusion levels of each of the three 

types of flours. The formulations used for each treatment are shown in Table 5.1. 

5.3.3 Meat emulsion preparation 

All ten treatments were prepared on the same day for each replication. Each of the three 

replications were performed on independent days. The same lots of ingredients and the same 

master batch of ground beef were used for all three replications. Beef samples were thawed at 

4°C for 24 h before allotment into the independent batches used to formulate and manufacture 

the products tested in this study. 

Beef emulsions were prepared according to the methodology described by Vasquez 

Mejia, Shaheen, Zhou, McNeill, & Bohrer (2019a) with modifications. Each beef emulsion was 

formulated to a batch size of 500 g. Initially, ground beef was mixed using a food homogenizer 

(Ninja BL780C, SharkNinja Operating LLC, Needham, USA) for 10 s. Salt, phosphate, Prague 

#1 powder, and 50% of the water (in the form of crushed ice) were then added followed by an 

additional 30 s of mixing. Corn oil was then added independently followed by 20 s of mixing. 

Finally, the predetermined inclusion level of flour and the remaining 50% of the water (in the 

form of liquid water) were added to the homogenized emulsion, followed by an additional 30 s 

of mixing until a homogeneous meat mass was obtained. Throughout the emulsification process, 

the temperature of the beef mixture was below 10°C, as ensured by replacing half of the water 

with ice and verified by monitoring the temperature of the meat with a thermometer 

(Fisherbrand, Traceable, Total-Range Thermometer, Thermo Fisher Scientific, Waltham, 

Massachusetts, USA). 
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5.3.4 Sample distribution 

Each sample was divided into five sub-samples, the first sub-sample consisting of 90 ± 5 

g was used for evaluation of cooking loss and proximate analysis; the second sub-sample 

consisting of 90 ± 5 g was used for texture profile analysis, color evaluation of cooked 

emulsions, and microstructure of cooked emulsions; the third sub-sample consisting of 120 ± 5 g 

was used for determination of microstructure and rheological properties of uncooked emulsions; 

the fourth sub-sample consisting of 50 ± 5 g was used for pH evaluation; and the remaining sub-

sample was used for uncooked emulsion color evaluation. The first sub-sample and the second 

sub-sample were cooked on the same day as the preparation of the emulsion, followed by storage 

at 4°C until future analysis. The third sub-sample was immediately stored in tubes at 4°C until 

future analysis. The fourth sub-sample, which was used for pH determination and determination 

of color of uncooked emulsions, was used immediately after the preparation of the emulsion. 

Storage length for the first sub-sample (proximate analysis) was less than 2 weeks, storage length 

of the second sub-sample (texture profile analysis, cooked color evaluation, and cooked 

microstructure) was approximately 18 to 24 h, and storage length for the third sub-sample 

(uncooked microstructure and rheological properties) was approximately 36 h. 

5.3.5 pH determination 

 The pH values of each sample were measured in a homogenate prepared with 5 g of meat 

emulsion and 20 mL of distilled water. Three equivalent portions (5 g each) from the first 

subsample were used. pH values were measured by a pH meter (AR15 Accumet Research, 

Thermo Fisher Scientific) using a liquid filled combination electrode (accuTupH Plus rugged 
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bulb variable temperature pH combination electrode, 13-620-185, Thermo Fisher Scientific) 

following calibration with buffer solutions of pH 4.0 and pH 7.0. 

5.3.6 Cooking loss 

 Cooking loss was determined with similar methodology described previously by Vasquez 

Mejia et al. (2019a) with minor modification. Three 30 ± 0.5 g uncooked meat emulsion samples 

of each treatment were stuffed into 50 ml polypropylene tubes, followed by centrifugation 

(Heraeus Multifuge X1R, Thermo Fisher Scientific) at 1000 × g for 1 min to remove air bubbles. 

The samples were cooked to 72°C using a water bath (#89032-226, VWR International, 

Mississauga, Canada). The temperature of the water bath was initially set to 55°C until the 

samples reached an internal temperature of 50°C, and then the temperature of the water bath was 

increased to 80°C until the samples reached an internal temperature of 72°C. The test tubes were 

inverted for 16 h to release the exudate and then the samples were weighed again to determine 

cooking loss. 

5.3.7 Proximate composition 

 Moisture content was determined with the method previously described by Sivendiran, 

Wang, Huang, & Bohrer (2018). Five grams of the cooked meat emulsion sample was air dried 

at 100°C for at least 24 h using a forced-air convection drying oven (Fisherbrand Isotemp 180 L 

drying oven, Thermo Fisher Scientific) (AOAC, 2016a; method 950.46). Ash was determined 

according to AOAC method 920.153 (AOAC, 2016b). Cooked emulsion samples were prepared 

with a freeze dryer (VirTis Genesis 35EL, Stone Ridge, New York, USA) prior to the lipid 

content analysis. Lipid content was determined with a modified procedure of the Soxhlet method 
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(AOAC, 2016c; method 991.36). Freeze-dried defatted samples were used for determining 

protein content, according to the Dumas method (AOAC, 2016d; method 992.15) using a LECO 

FP-528 protein /nitrogen analyzer (FP-528, LECO Corp., Saint Joseph, Michigan), with EDTA 

as a standard and 6.25 as the nitrogen conversion factor. Total starch content was determined 

with a modified procedure of the AOAC method 996.11 (AOAC, 2016e) in accordance with the 

total starch assay kit instructions (Megazyme International Ltd.).  

5.3.8 Texture profile analysis (TPA) 

Texture profile analysis (TPA) was determined using a texture analyzer (Model TA-XT 

Icon, Stable Micro Systems, Texture Technologies Corp., South Hamilton, Massachusetts, USA) 

with similar methodology described previously by Huang et al. (2019a). Meat emulsion samples 

were cooked using the same methodology as described for cooking loss. The measurements were 

assessed the day following the preparation of the samples, approximately 18 to 24 h after the 

emulsions were initially prepared. Prior to evaluation, the cooked samples were removed from 

the refrigerator and tempered to room temperature (approximately 21.5°C). Subsequently, the 

cooked samples were cut into cylindrical cores (10 mm length and 15 mm diameter). For each 

replication, 5 cylindrical cores were obtained from each prepared emulsion (experimental unit). 

The sub-samples were compressed twice at 75% of their original height with a 101.6 mm 

diameter × 10 mm tall cylindrical acrylic probe (TA-40A; Texture Technologies Corporation) at 

a test speed of 1.5 mm/s and post-test speed of 1.5 mm/s. 

5.3.9 Color evaluation 

Instrumental color was determined with a Chroma Meter CR-400 colorimeter utilizing 
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10° viewing angle and D65 illuminator with an aperture size of 8 mm (Konica Minolta Sensing 

Inc., Osaka, Japan). The CIE (1976) L*a*b* color space was used for the evaluation of objective 

color according to methodology proposed by American Meat Science Association (AMSA, 

2012). For the evaluation of uncooked emulsion color, samples from each experimental unit 

were placed in a petri dish immediately after preparation and covered with PVC film. The 

colorimeter was calibrated with a single layer of PVC film covering the calibration tile to 

properly calibrate the instrument for color readings of meat samples that were covered with a 

single layer of PVC film. The purpose of using the PVC film was to avoid contamination of the 

color instrument and avoid the presence of residual meat on the lens of the color instrument. 

Measurements were then immediately collected at five different locations of the petri dish 

containing the uncooked sample and then averaged. For the evaluation of cooked emulsion color, 

samples were cooked in the same conditions as explained for the cooking loss and color was 

evaluated in the same manner as explained for uncooked emulsion color. 

5.3.10 Microstructure  

Samples were prepared with similar methodology as described previously by Barbut 

(2006) and Gravelle, Barbut, & Marangoni (2017). Both uncooked emulsion samples and cooked 

emulsion samples were evaluated. For the evaluation of cooked emulsion microstructure, 

samples were cooked in the same conditions as explained for cooking loss. Samples were 

sectioned and encased in a cassette. Formalin-fixed samples were dehydrated with a series of 

alcohols, followed by embedment in a paraffin block. The blocks were then cut with a 

microtome into approximately 8 μm thick slices, deparaffinised, and finally stained using 

Periodic acid-Schiff (PAS) with hematoxylin and eosin as a counter-stain. Slides were observed 
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using a light microscope (OMAX microscope, M82ES, Kitchener, Ontario, Canada). Images 

were captured with a digital camera using image processing software (OMAX ToupView, 

version 3.7, Hangzhou ToupTek Photonics Co., Ltd., Hangzhou, Zhejiang, China). 

5.3.11 Dynamic rheology 

Dynamic rheology was measured for each experimental unit with a dynamic rheometer 

(Model Physica MCR-301, Anton Paar Rheometer, Ashland, Virginia, USA) using similar 

methodology as described by Zhang & Barbut (2005). The settings were a parallel-plate 

geometry of 50 mm diameter (Measuring system: PP50, SN12050; Cell: P-PTD200/Air, 

SN82777579) and a gap of 2 mm. The uncooked meat emulsion samples were placed between 

the parallel plates of the rheometer. The excess sample protruding beyond the upper plate was 

removed. Preliminary tests were conducted to obtain the linear range for the dynamic analysis. 

The uncooked meat emulsions were tested using a stress sweep from 1 Pa to 30 Pa at 20°C and 

72°C, respectively. The linear range was observed at a stress of 10 Pa. Therefore, a stress of 10 

Pa was used to assure the tests were in the linear region. Frequency was set at 1 Hz. For the 

temperature sweep, samples were heated from 20°C to 72°C and then cooled from 72°C to 20°C 

at a heating and cooling rate of 1.5°C/min. Storage modulus (G') and loss modulus (G") were 

recorded from the temperature sweep test using the accompanying software program.  

5.3.12 Experimental design and statistical analysis 

Manufacture of the emulsions was conducted using three replications on three 

independent days. The same lots of ingredients and the same master batch of ground beef were 

used for all three replications, but each formulation (assignment to treatment) was conducted on 
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the day of testing. All ten treatments were prepared on the same day for each replication.  

Data were analyzed with PROC GLIMMIX of SAS (SAS 9.4, SAS Inst. Inc.) with fixed 

effects of flour type, flour inclusion level, and their interaction as well as a random effect of 

replication. Least square means were separated using the PDIFF option with a Tukey-Kramer 

adjustment. Differences were considered statistically different at P ≤ 0.05. 

5.4 Results and discussion 

5.4.1 Proximate composition 

The interaction between flour type and flour inclusion level did not significantly affect 

moisture (P = 0.88), lipid (P = 0.17), protein (P = 0.74), or ash (P = 0.31) of the cooked meat 

emulsion samples (Table 5.2). There was an interaction between flour type and flour inclusion 

level of starch (P < 0.01). This was caused by greater starch at each respective inclusion level for 

the banana flour, which was also apparent for the main effect of flour type as this was the only 

compositional trait that was different (P < 0.01) among the flour types as reported by Huang et 

al. (2019b). As expected, removal of beef and increased flour inclusion level affected (P < 0.05) 

several compositional traits, including moisture, protein, ash, and starch. pH was unaffected (P ≥ 

0.08) by flour type, flour inclusion level, and their interaction. This was an interesting finding, as 

the pH level of the flours used in this study were significantly different from one another with 

breadfruit flour A = 6.09, breadfruit flour B = 5.67, and banana flour = 5.07 (Huang et al., 

2009b). Yet this was likely a result of the relatively low inclusion levels of the flours used in 

these formulations and the consistency of the other raw materials. The pH value of the ground 
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beef used in this study was held constant at 5.80 as only one batch of ground beef was used for 

all three replicates. The sodium tri-polyphosphate used in this study slightly increased the pH 

value in the formulated meat products, which was expected. 

5.4.2 Cooking loss 

Cooking loss was not significantly affected by the interaction of flour type and flour 

inclusion level (P = 0.45) or flour type (P = 0.26), yet there was an effect of flour inclusion level 

(P < 0.01, Table 5.3). Cooking loss decreased as flour inclusion level increased for all of the 

flour types. When compared to control samples (no flour inclusion), cooking loss decreased 0.01 

percentage units at 1% flour inclusion level, 0.04 percentage units at 2% flour inclusion level, 

and 0.11 percentage units at 4% flour inclusion level. This was in agreement with the results by 

Huang et al. (2019a), which reported cooking loss of beef batters prepared with breadfruit flour 

decreased as the flour inclusion level increased from 0% to 5% (Linear P < 0.01). However, the 

emulsion formulations studied by Huang et al. (2019a) were formulated only with flour and salt, 

which resulted in cooking loss values to be much greater than the cooking loss values reported in 

the current study, which formulated emulsions with a more commercially representative set of 

ingredients (i.e. sodium tri-polyphosphate and sodium nitrite). Cooking loss in the current study 

was also in agreement with Kumar, Biswas, Sahoo, Chatli, & Sivakumar (2013), which reported 

cooking yield of chicken nuggets improved (P < 0.05) as green banana flour inclusion level 

increased from 0% to 5%. Overall, these findings were in agreement with previously reported 

findings regarding improvements of yield during cooking when inclusion level of these tropical 

flour sources was increased from 1% to 4%. It is commonly considered that flours that are high 

in starch content improve the water holding ability of meat emulsions as the starch granules are 
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capable of swelling when hydrated and gelatinizing when heated, thus improving the interaction 

of different macro- and micro-components and forming a more stable network (Tarté, 2009; 

Xiong, 2012; Brewer, 2012). 

5.4.3 Texture profile analysis 

Hardness was significantly affected by flour type (P < 0.01), flour inclusion level (P < 

0.01), and their interaction (P < 0.01). For the cooked meat emulsions prepared with breadfruit 

flour A, there were no significant differences among 1% flour inclusion level, 2% flour inclusion 

level, and the control samples. However, hardness of meat emulsions prepared with 4% 

breadfruit flour A was significantly lower compared with control samples, 1% inclusion level of 

breadfruit flour A, and 2% inclusion level of breadfruit flour A. For the cooked meat emulsions 

prepared with breadfruit flour B, hardness sharply decreased (P < 0.01) from 43.48 N to 28.77 N 

as inclusion level increased from 0% (control) to 4%. However, it was observed that banana 

flour inclusion level did not significantly affect hardness of the cooked meat emulsions. The data 

reported for breadfruit flours were in the agreement with Huang et al. (2019a), which reported 

that hardness decreased (Linear P < 0.01) as inclusion level increased from 0% to 5% for meat 

batters prepared with breadfruit flour. Kumar et al. (2013) presented that the replacement of 3% 

and 4% lean meat with green banana flour in cooked chicken nuggets did not change hardness, 

yet the replacement of 5% lean meat with green banana flour significantly (P < 0.05) increased 

hardness. There must be a balance between the water immobilized by the hydrocolloids and the 

water available to react with the meat proteins during the emulsification process. These 

interactions of water, meat proteins, and hydrocolloids directly influence on hardness and 

elasticity of the emulsion system (Vasquez Mejia, de Francisco, & Bohrer, 2019b). 
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Chewiness generally behaved in a similar fashion as hardness, which made sense as 

chewiness is a secondary parameter related to hardness, as well as springiness and cohesiveness. 

There was an effect between flour type and flour inclusion level (P < 0.05), an effect of flour 

type (P < 0.01), or an effect of flour inclusion level (P < 0.01) for chewiness. Chewiness 

decreased as breadfruit flour A or breadfruit flour B inclusion level increased, yet they were not 

affected by banana flour inclusion level. 

Springiness was not affected by the interaction between flour type and flour inclusion 

level (P = 0.41) or flour type (P = 0.31), yet there was an effect of flour inclusion level (P < 

0.01). Springiness decreased as flour inclusion level increased. As flour inclusion level 

increased, more water was likely trapped by hydrocolloids and was not available to react with the 

proteins and maintain elasticity. Cohesiveness and adhesiveness were both not affected by the 

interaction of flour type and flour inclusion level (P ≥ 0.30) or flour inclusion level (P ≥ 0.11), 

but both cohesiveness and adhesiveness were affected by flour type (P < 0.01). Alves et al. 

(2016) reported that in most cases, when emulsions become harder they were also more 

cohesive, conversely, when emulsions become softer they were less cohesive. This was in 

agreement with the current study. Adhesiveness was affected by flour types in the current study, 

with banana flour having greater adhesiveness (negative values) compared with breadfruit flours 

and control. 

5.4.4 Instrumental color evaluation 

For instrumental color parameters of uncooked samples, there was not an interaction of 

flour type and flour inclusion level (P ≥ 0.23; Table 5.4). L*, b*, and hue angle were affected by 
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both flour type (P < 0.05) and flour inclusion level (P < 0.05). a* was affected (P < 0.05) by 

flour inclusion level and was not affected (P = 0.59) by flour type, while chroma was affected (P 

< 0.01) by flour type and was not affected (P = 0.14) by flour inclusion level.  

For instrumental color parameters of cooked samples, there was not an interaction of 

flour type and flour inclusion level (P ≥ 0.09) for L*, a*, b*, and chroma, yet there was an 

interaction (P < 0.05) for hue angle. Both L* and b* were affected (P < 0.01) by flour type and 

were not affected (P ≥ 0.22) by flour inclusion level. a* was not affected (P = 0.81) by flour 

type, yet there was an effect (P = 0.01) of flour inclusion level, with greater a* value as the flour 

inclusion level increased from 0% to 4% for each flour type. There was an effect of flour type (P 

< 0.001) or an effect of flour inclusion level (P < 0.01) on chroma. However, there was no effect 

of flour type (P = 0.06) or flour inclusion level (P = 0.13) for hue angle. 

The reddish-pink color of cooked meat products results from the combination effects of 

thermally denatured myoglobin and hemoglobin blended with the other nonmeat additives 

(Faustman & Suman, 2017). Regarding the color of uncooked and cooked meat emulsion 

samples, all the treatments had increased a* value and decreased b* value after cooking. This 

was caused by formulations that included sodium nitrite, as this is typical with cured products 

(Suman & Joseph, 2013). Moreover, a* values of both uncooked and cooked samples were both 

affected (P < 0.05) by flour inclusion level. This was likely due to the effects of antioxidant 

substances from the flours. The phenolic content and antioxidant capacities/properties of 

breadfruit flour and banana flour have been previously characterized in several studies (Fatemeh, 

Saifullah, Abbas, and Azhar, 2012; Sarawong, Schoenlechner, Sekiguchi, Berghofer, & Ng, 

2014; Jalal et al., 2015; Famurewa, Pele, Esan, & Jeremiah, 2016). Jalal et al. (2015) reported 
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that the various parts of breadfruit extracts had promising antioxidant activities due to the high 

content of phenolic compounds. Fatemeh, Saifullah, Abbas, and Azhar (2012) reported banana 

flour had high content of anti-oxidative compounds and high antioxidant activities. Huang et al. 

(2019a) reported that breadfruit flour prevented discoloration of comminuted beef products for a 

longer period of time than four other flours – wheat flour, tapioca flour, corn flour, and soy flour. 

Kumar et al. (2013) reported that the replacement of 3% and 4% of lean meat with green banana 

flour in cooked chicken nuggets did not change a* value, yet the replacement of 5% lean meat 

with green banana flour significantly (P < 0.05) lowered a* value. Therefore, the effects of 

tropical flours on color of cured and cooked meat products could be favorable to the promotion 

of red color, yet results to this point are inconsistent among sources of tropical flours. 

Nonetheless, a detailed classification of the compounds involved in the antioxidant activity and 

promotion of red color associated with tropical flours is currently lacking and further 

investigation is warranted. 

5.4.5 Microstructure 

Figure 5.1 and Figure 5.2 presented uncooked and cooked meat emulsions prepared with 

different types of flours at 0%, 1%, 2%, and 4% inclusion levels. In control samples, the oil 

granules were stable, well distributed, and held well within the meat matrix. The breadfruit flour 

A granules and breadfruit flour B granules were dispersed in the meat matrix while the banana 

flour granules appeared to be trapped within the oil droplets within the meat emulsions. 

Moreover, the banana flour portions were much larger in their diameter when compared with 

breadfruit flour A and breadfruit flour B, which indicated their inherent ability to aggregate with 

one another.  
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When taking the microstructure of the meat emulsions prepared with the different flour 

sources into consideration, it is important to relate this information to the other tests. For 

example, the similarities in composition and cooking loss yet the differences observed in texture 

properties like hardness and chewiness. The structural interactions between the starch granules 

with the lipid components of the emulsions could help explain the differences observed in the 

maintenance of hardness and chewiness at all the tested inclusion levels of the banana flour and 

the reduced values for hardness and chewiness at increased inclusion levels of the breadfruit 

flours. 

5.4.6 Dynamic rheological properties 

Storage modulus (G’) and loss modulus (G”) of dynamic viscoelastic tests are two 

attributes which represent the elastic and the viscous properties of given samples, respectively. 

The rheological property of interest in solids is generally elasticity and the property of interest in 

liquids is generally viscosity (Jamilah et al., 2009; Gençcelep et al., 2015). 

It was observed that generally, the storage modulus remained constant from 20°C to 33°C 

and sharply increased after 33°C (Figure 5.3; Table 5.5). The storage modulus values reached 

their peak at about 55°C and then dropped as the temperature increased from 55°C to 72°C. The 

meat emulsions were subsequently cooled down to 20°C. During cooling, the storage modulus 

increased. The increase of storage modules from 33°C to 55°C indicated the start of myofibrillar 

protein denaturation, which usually ranges from 43°C to 67°C for myosin (Sarker et al., 2013). 

The myosin in salt-soluble proteins can act as a meat gelation agent (Siegel & Schmidt, 1979). 

Meat protein began denaturing prior to starch gelatinization in the current study. During the 
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cooling process, the storage modulus increased in both control and flour treatments. Kerry, 

Morrissey, & Buckley (1999) reported that storage modulus of meat batters prepared with salt 

increased when cooled. Nevertheless, storage modulus increased in flour treatments, which was 

possibly attributed to the starch molecules which participated in the structure-forming process 

through hydrogen bond and other bonds formation (Zhang & Barbut, 2005).  

At 1% and 2% flour inclusion levels, the storage modulus for meat emulsions prepared 

with breadfruit flour A and breadfruit flour B were relatively greater when compared with the 

control samples during both temperature intervals periods, while meat emulsions prepared with 

banana flour had relatively similar storage modulus compared with control samples during 

intervals periods. However, at 4% flour inclusion level, the storage modulus of meat emulsions 

prepared with banana flour was obviously lower when compared with control samples, while 

breadfruit flour A and breadfruit flour B behaved like the two other flour inclusion levels. Above 

40°C, breadfruit flour A and breadfruit flour B presented greater storage modulus than the 

control samples, indicating that the breadfruit flours improved the stability of the formed gel 

network structure. The improved network stability could have been attributed to compositional 

differences in the flour products. As reported in Huang et al. (2019b), starch content (on a dry 

matter basis) of breadfruit flour A, breadfruit flour B, and banana flour was 73.39 g/100 g, 67.02 

g/100 g, and 77.14 g/100 g, respectively. Furthermore, meat emulsions prepared with breadfruit 

flour A and breadfruit flour B showed greater storage modulus than those with banana flour at all 

inclusion levels since breadfruit flour A and breadfruit flour B provided greater viscosity and 

thickening capabilities during the cooking process, and greater gelling ability during cooling, 

which was consistent with the flour pasting properties (Huang et al., 2019b).  
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There was no a significant interaction of flour type and flour inclusion level on storage 

modulus of the meat emulsions at 20°C (before cooking) or at 72°C (after cooking). There was 

an effect (P < 0.01) of flour inclusion level on storage modulus of meat emulsions at 20°C 

(before cooking). Storage modulus (20°C, before cooking) increased as flour inclusion level 

increased from 1% to 4%. Storage modulus of meat emulsions at 20°C was affected by flour type 

with greater value for meat emulsions prepared with banana flour (G’ = 9.05 kPa) compared with 

control samples (G’ = 7.93 kPa), breadfruit flour A (G’ = 7.97 kPa), and breadfruit flour B (G’ = 

8.70 kPa). Storage modulus of meat emulsions after cooking to 72°C was not affected (P = 0.13) 

by flour inclusion level, yet there was an effect (P < 0.01) of flour type, with greater value for 

meat emulsions prepared with breadfruit flour A (G’ = 101.70 kPa) and breadfruit flour B (G’ = 

90.54 kPa) compared with control samples (G’ = 59.87) and banana flour (G’ = 54.25 kPa). This 

may be because banana flour had a relatively high pasting temperature (82.40°C; Huang et al., 

2019b) and had not gone through swelling before 72°C, while breadfruit flour A and breadfruit 

flour B were closer to their gelatinization temperature (76.80°C and 76.7°C, respectively) thus 

contributing to the structure-forming process. For the storage modulus of the meat emulsions at 

20°C after cooling, there was no significant difference between different flour types at different 

inclusion levels and the control samples. 

Generally, the trend of loss modulus behaved in a similar fashion as storage modulus, yet 

loss modulus had lower values compared with storage modulus (Figure 5.4). At the first 

temperature interval period (20°C to 72°C, cooking), each flour type at each flour inclusion level 

behaved similarly as the storage modulus. However, the loss modulus values fluctuated at the 

second temperature interval period (72°C to 20°C, cooling). There was not an interaction of flour 
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type and flour inclusion level (P ≥ 0.57) on loss modulus of meat emulsions at 20°C (before 

cooking) or at 72°C (after cooking). Loss modulus of meat emulsions at 20°C (before cooking) 

was not affected (P = 0.17) by flour type, yet loss modulus was affected (P < 0.01) by flour 

inclusion level, with greater values as flour inclusion level increased. Loss modulus of meat 

emulsions at 72°C was not affected (P = 0.40) by flour inclusion level, yet loss modulus was 

affected (P < 0.01) by flour type, with greater value for meat emulsions prepared with breadfruit 

flour A (G” = 16.14 kPa) and breadfruit flour B (G” = 14.67 kPa) compared with banana flour 

(G” = 8.91 kPa) and control samples (G” = 10.09 kPa). Loss modulus of meat emulsions at 20°C 

after cooling was affected (P < 0.05) by the interaction between flour type and flour inclusion 

level, yet there was not an effect of flour type (P = 0.24) or an effect of flour inclusion level (P = 

0.22). Overall, this study indicated that the meat emulsion modeling system was a structured 

material and had a more solid-like behavior due to greater values for storage modulus than for 

loss modulus. 

5.5 Conclusions 

 Proximate composition, cooking loss, and redness values of beef emulsion modeling 

systems prepared with the tropical flours evaluated in this study were similar when formulated at 

the same flour inclusion levels. However, beef emulsions prepared with high inclusion levels 

(4%) of breadfruit flour and banana flour differed in some texture attributes, such as hardness 

and chewiness which were affected by increased inclusion level of breadfruit flour but were 

unaffected by increased inclusion level of banana flour. High inclusion level of breadfruit flour 

decreased hardness and chewiness of beef emulsions, while banana flour inclusion level did not 
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significantly affect hardness or chewiness of cooked meat emulsions. Moreover, banana flour 

behaved very differently in the emulsion matrix compared with the breadfruit flours. This was 

apparent in the microstructure as well as dynamic rheology.  

 This research is beneficial to the global meat industry, because it provides a 

characterization of the structural network and functional changes apparent when meat emulsions 

were formulated with novel, previously unresearched flour ingredients. Future research efforts 

evaluating new non-meat ingredients benefit meat processors around the world. Specifically, 

future work expanding on these research findings should include modification of the flour 

ingredients to improve technological function and/or isolation of the starch ingredients to 

improve commercial applicability. Furthermore, greater investigation of other tropical flour 

sources that may be more readily available in some parts of the world will be beneficial to 

improving global food security and nutrition.  
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Tables and Figures 

Table 5.1. Formulation of beef emulsion modeling systems prepared with breadfruit or banana flour at 1%, 2%, or 4% 
inclusion level. 

 Treatment1 
 Control Breadfruit A2 Breadfruit B3 Banana4 
 0% 1% 2% 4% 1% 2% 4% 1% 2% 4% 

Samples, n 3 3 3 3 3 3 3 3 3 3 
Ground beef5, % 62.46 61.46 60.46 58.46 61.46 60.46 58.46 61.46 60.46 58.46 
Water, % 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 
Corn oil6, % 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 
Flour, % 0.00 1.00 2.00 4.00 1.00 2.00 4.00 1.00 2.00 4.00 
Sodium chloride7, % 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
Phosphate8, % 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 

Prague #1 Powder9, % 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24 
1 Treatments were inclusion levels of 0.00%, 1.00%, 2.00% and 4.00% of Breadfruit A, Breadfruit B, or Banana flour. 
2 Breadfruit A was sourced from Natural Foods International (Apia, Western Samoa). 
3 Breadfruit B was sourced from Jungle Project (Alajuela, Costa Rica). 
4 Banana flour was sourced from Kunachia LLC (Davie, Florida, USA). 
5 The proximate composition of the ground beef was: moisture (66.36%), protein (18.30%), lipid (14.73%), and ash (1.05%). 
The pH of the ground beef was 5.80. 
6 Corn oil (Mazola, ACH Food Companies, Inc.; Memphis, USA). 
7 Sodium chloride (Hela Spice Canada Inc.; Uxbridge, Canada). 
8 Sodium tri-polyphosphate (Malabar Super Spice Co. Ltd.; Burlington, Canada). 
9 Prague # 1 powder (Hoosier Hill Farm LLC, Fort Wayne, USA) contained 6.25% of sodium nitrite and 93.75% of NaCl. 
Therefore, the final product was formulated to contain 0.015% (150 ppm) of sodium nitrite. 
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Table 5.2. Interaction effects for proximate composition of cooked beef emulsions and pH of uncooked beef emulsions 
prepared with breadfruit or banana flour at 1%, 2%, or 4% inclusion level.1 

 Treatment2 
   Control Breadfruit A3 Breadfruit B4 Banana5 

 0% 1% 2% 4% 1% 2% 4% 1% 2% 4% SEM P-Value 
Samples, n 3 3 3 3 3 3 3 3 3 3   

Moisture, % 66.21 65.35 64.87 64.02 65.43 64.95 63.99 65.34 65.01 63.56 0.32 0.88 
Lipid, % 18.64 18.67 18.63 18.40 18.64 18.50 18.01 18.49 18.13 18.47 0.25 0.17 
Protein, % 11.58 11.46 11.38 10.89 11.50 11.27 11.02 11.61 11.49 10.95 0.17 0.74 
Ash, % 3.08 3.13 3.15 3.14 3.09 3.12 3.17 3.13 3.13 3.18 0.02 0.31 
Starch, % 0.00e 0.58d 1.16c 2.30b 0.60d 1.15c 2.32b 0.67d 1.32c 2.76a 0.06 <0.01 
pH 5.98 5.87 5.85 5.83 5.88 5.84 5.86 5.92 5.86 5.83 0.03 0.71 
a-eLeast square means within a row with different superscripts are statistically different (P < 0.05). 
1 Data presented are LS means for interaction effects and reported SEM is the maximum SEM among the interaction effects. 
2 Treatments were inclusion levels of 0.00%, 1.00%, 2.00% and 4.00% of Breadfruit A, Breadfruit B, or Banana flour. 
3 Breadfruit A was sourced from Natural Foods International (Apia, Western Samoa). 
4 Breadfruit B was sourced from Jungle Project (Alajuela, Costa Rica). 
5 Banana flour was sourced from Kunachia LLC (Davie, Florida, USA). 
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Table 5.3. Interaction effects for cooking loss and texture profile analysis of cooked beef emulsion modeling systems prepared 
with breadfruit or banana flour at 1%, 2%, or 4% inclusion level.1 

 Treatment2 
   Control Breadfruit A3 Breadfruit B4 Banana5 

 0% 1% 2% 4% 1% 2% 4% 1% 2% 4% SEM P-Value 

Samples, n 3 3 3 3 3 3 3 3 3 3   

Cooking loss, % 0.80 0.81 0.80 0.70 0.81 0.74 0.68 0.76 0.75 0.69 0.04 0.45 

Hardness, N 43.48abc 40.29cd 38.85cd 34.58de 41.58bcd 36.33d 28.77e 49.00a 47.76ab 49.44a 1.86 <0.01 

Chewiness 17.63ab 13.71bc 13.48bc 10.59cd 14.02bc 11.66cd 7.80d 20.41a 20.35a 20.70a 1.19 0.02 

Springiness, % 86.69 85.13 84.04 81.43 85.08 84.83 81.96 84.70 84.97 83.69 0.87 0.41 

Cohesiveness, % 46.79 39.73 41.00 37.29 39.59 37.62 33.09 49.33 50.08 50.14 2.15 0.32 

Adhesiveness, g·sec -0.12 -0.12 -0.13 -0.14 -0.14 -0.11 -0.11 -0.16 -0.15 -0.16 0.01 0.30 

Resilience, % 25.49 19.28 19.35 15.73 19.11 16.78 12.33 26.75 26.05 25.31 1.49 0.25 

a-eLeast square means within a row with different superscripts are statistically different (P < 0.05). 
1 Data presented are LS means for interaction effects and reported SEM is the maximum SEM among the interaction effects. 
2 Treatments were inclusion levels of 0.00%, 1.00%, 2.00% and 4.00% of Breadfruit A, Breadfruit B, or Banana flour. 

3 Breadfruit A was sourced from Natural Foods International (Apia, Western Samoa). 
4 Breadfruit B was sourced from Jungle Project (Alajuela, Costa Rica). 
5 Banana flour was sourced from Kunachia LLC (Davie, Florida, USA). 
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Table 5.4. Interaction effects for instrumental color of uncooked and cooked beef emulsion modeling systems prepared with 
breadfruit or banana flour at 1%, 2%, or 4% inclusion level.1 

 Treatment2  
 Control Breadfruit A3 Breadfruit B4 Banana5 
 0% 1% 2% 4% 1% 2% 4% 1% 2% 4% SEM P-Value 

Samples, n 3 3 3 3 3 3 3 3 3 3   

Color of uncooked 
samples 

            

L* 68.05 67.81 68.24 68.67 68.02 68.92 68.87 67.54 67.86 67.41 1.18 0.29 
a* 6.55 6.71 6.53 6.40 6.51 6.60 6.29 6.63 6.47 6.50 0.13 0.44 
b* 13.36 13.94 13.99 14.43 13.59 13.72 13.78 13.55 13.53 13.71 0.24 0.23 
Chroma 14.88 15.48 15.44 15.78 15.07 15.23 15.15 15.09 15.00 15.18 0.26 0.32 
Hue angle 63.87 64.30 64.96 66.07 64.39 64.33 65.46 63.92 64.46 64.65 0.32 0.35 
Color of cooked samples             

L* 66.88 67.47 67.46 67.08 67.70 67.62 67.43 66.41 66.90 66.22 0.92 0.86 
a* 7.61 7.95 7.72 7.81 7.62 7.71 8.37 7.67 7.75 8.11 0.63 0.09 
b* 10.70 10.78 10.78 11.16 10.68 10.55 10.66 10.53 10.35 10.32 0.50 0.17 
Chroma 13.16 13.47 13.31 13.67 13.17 13.11 13.61 13.07 12.97 13.18 0.14 0.52 
Hue angle 54.56 53.53 54.39 55.04 54.46 53.86 51.87 53.93 53.19 51.85 3.41 0.05 
1 Data presented are LS means for interaction effects and reported SEM is the maximum SEM among the interaction effects. 
2 Treatments were inclusion levels of 0.00%, 1.00%, 2.00% and 4.00% of Breadfruit A, Breadfruit B, or Banana flour. 
3 Breadfruit A was sourced from Natural Foods International (Apia, Western Samoa). 
4 Breadfruit B was sourced from Jungle Project (Alajuela, Costa Rica). 
5 Banana flour was sourced from Kunachia LLC (Davie, Florida, USA). 
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Table 5.5. Interaction effects for storage modulus (G') and loss modulus (G'') values for beef emulsion modeling systems 
prepared with breadfruit or banana flour at 1%, 2%, or 4% inclusion level.1 

 Treatment2  
 Control Breadfruit A3 Breadfruit B4 Banana5 
 0% 1% 2% 4% 1% 2% 4% 1% 2% 4% SEM P-Value 

Samples, n 3 3 3 3 3 3 3 3 3 3   

Storage modulus (G', kPa)             

20°C (start) 7.93 7.52 7.75 8.65 7.83 8.34 9.92 8.08 8.63 10.45 0.53 0.75 

72°C (heating) 59.87 126.98 90.04 88.09 95.55 89.91 86.15 66.99 57.34 38.42 18.50 0.77 

20°C (cooling) 234.02ab 274.08a 245.89ab 306.44a 272.18a 275.23a 272.20a 256.15ab 240.79ab 139.32b 23.36 0.02 

Loss modulus (G'', kPa)             

20°C (start) 1.57 1.82 1.88 2.07 1.90 2.02 2.34 1.87 1.95 2.26 0.21 0.90 

72°C (heating) 10.09 19.09 14.65 14.68 14.04 14.49 15.47 10.92 9.74 6.07 2.83 0.57 

20°C (cooling) 36.69 41.20 39.12 47.79 46.54 40.93 35.18 38.72 45.10 25.73 4.44 0.04 

a,b Least square means within a row with different superscripts are statistically different (P < 0.05). 
1 Data presented are LS means for interaction effects and reported SEM is the maximum SEM among the interaction effects. 
2 Treatments were inclusion levels of 0.00%, 1.00%, 2.00% and 4.00% of Breadfruit A, Breadfruit B, or Banana flour. 
3 Breadfruit A was sourced from Natural Foods International (Apia, Western Samoa). 

4 Breadfruit B was sourced from Jungle Project (Alajuela, Costa Rica). 

5 Banana flour was sourced from Kunachia LLC (Davie, Florida, USA). 
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Figure 5.1. Light micrograph of uncooked meat emulsions prepared with breadfruit and 
banana flours at different inclusion levels. BF-A = breadfruit flour A; BF-B = breadfruit 
flour B; BF = banana flour; FG = fat globules. 

(A), (B), (C) – Breadfruit A at 1%, 2%, and 4% inclusion level; (D), (E), (F) – Breadfruit B at 1%, 2%, 
and 4% inclusion level; (G), (H), (I) – Banana flour at 1%, 2%, and 4% inclusion level; (J), Control. Scale 
bar = 100 μm.  
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Figure 5.2. Light micrograph of cooked meat emulsions prepared with breadfruit and 
banana flours at different inclusion levels. BF-A = breadfruit flour A; BF-B = breadfruit 
flour B; BF = banana flour; FG = fat globules. 

(A), (B), (C) – Breadfruit A at 1%, 2%, and 4% inclusion level; (D), (E), (F) – Breadfruit B at 1%, 2%, 
and 4% inclusion level; (G), (H), (I) – Banana flour at 1%, 2%, and 4% inclusion level; (J), Control. Scale 
bar = 100 μm. 
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Figure 5.3. Effect of flour source and inclusion level (1%, 2%, or 4%) on the development 
of storage modulus (G’) in meat emulsions during heating (20°C to 72°C) and cooling (72°C 
to 20°C). 
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Figure 5.4. Effect of flour source and inclusion level (1%, 2%, or 4%) on the development 
of loss modulus (G”) in meat emulsions during heating (20°C to 72°C) and cooling (72°C to 
20°C).
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Supplementary Table 1. Main effects for proximate composition and pH of cooked beef emulsion modeling systems prepared with breadfruit or banana flour at 1%, 2%, or 4% 
inclusion level.1 

   Flour type  Flour inclusion level  P-Value 

 Control  Breadfruit A2 Breadfruit B3 Banana4 SEM  1% 2% 4% SEM  Flour type Flour inclusion level 

Samples, n 3  9 9 9   9 9 9     

Moisture, % 66.21  64.75 64.79 64.63 0.21  65.37x 64.95x 63.86y 0.24  0.83 <0.01 

Lipid, % 18.64  18.57 18.39 18.37 0.22  18.60 18.42 18.29 0.22  0.29 0.11 

Protein, % 11.58  11.24 11.26 11.35 0.15  11.52x 11.38x 10.95y 0.15  0.49 <0.01 

Ash, % 3.08  3.14 3.13 3.15 0.02  3.12y 3.13xy 3.16x 0.02  0.52 0.03 

Starch, % 0.00  1.35b 1.36b 1.58a 0.04  0.62z 1.21y 2.46x 0.04  <0.01 <0.01 

pH 5.98  5.85 5.86 5.87 0.02  5.89 5.85 5.84 0.02  0.77 0.08 
a-c, x-z Least square means within a main effect within each row with different superscripts are statistically different (P < 0.05). 

1 Data presented are LS means for main effects and reported SEM is the maximum SEM among treatments. 

2 Breadfruit A was sourced from Natural Foods International (Apia, Western Samoa). 

3 Breadfruit B was sourced from Jungle Project (Alajuela, Costa Rica). 

4 Banana flour was sourced from Kunachia LLC (Davie, Florida, USA). 
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Supplementary Table 2. Main effects for cooking loss and texture profile analysis of cooked beef emulsion modeling systems prepared with breadfruit or banana flour at 1%, 
2%, or 4% inclusion level.1 

 
  Flour type  Flour inclusion level  P-Value 

Control  Breadfruit A2 Breadfruit B3 Banana4 SEM  1% 2% 4% SEM  Flour type Flour inclusion level 

Samples, n 3  9 9 9   9 9 9     

Cooking loss, % 0.80  0.77 0.75 0.74 0.04  0.79x 0.76x 0.69y 0.04  0.26 <0.01 

Hardness, N 43.48  37.91b 35.56b 48.73a 1.48  43.62x 40.98xy 37.60y 1.48  <0.01 <0.01 

Chewiness 17.63  12.59b 11.16b 20.49a 0.93  16.05x 15.16xy 13.03y 0.93y  <0.01 <0.01 

Springiness, % 86.69  83.54 83.96 84.45 0.58  84.97x 84.62x 82.36y 0.58  0.31 <0.01 

Cohesiveness, % 46.79  39.34b 36.77b 49.85a 1.58  42.88 42.90 40.18 1.58  <0.01 0.11 

Adhesiveness, g·sec -0.12  -0.13a -0.12a -0.15b 0.01  -0.14 -0.13 -0.13 0.01  <0.01 0.58 

Resilience, % 25.49  18.12b 16.08b 26.04a 1.13  21.72x 20.73x 17.79y 1.13  <0.01 <0.01 
a-c, x-z Least square means within a main effect within each row with different superscripts are statistically different (P < 0.05). 

1 Data presented are LS means for main effects and reported SEM is the maximum SEM among treatments. 

2 Breadfruit A was sourced from Natural Foods International (Apia, Western Samoa). 

3 Breadfruit B was sourced from Jungle Project (Alajuela, Costa Rica). 

4 Banana flour was sourced from Kunachia LLC (Davie, Florida, USA). 
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Supplementary Table 3. Main effects for instrumental color of uncooked and cooked beef emulsion modeling systems prepared with breadfruit or banana flour at 1%, 2%, or 
4% inclusion level.1 

 
  Flour type  Flour inclusion level  P-Value 

Control  Breadfruit A2 Breadfruit B3 Banana4 SEM  1% 2% 4% SEM  Flour type Flour inclusion level 

Samples, n 3  9 9 9   9 9 9     

Color of uncooked samples               

L* 68.05  68.24a 68.60a 67.60b 1.16  67.79y 68.34x 68.31x 1.16  <0.01 0.04 

a* 6.55  6.55 6.47 6.53 0.11  6.62x 6.53xy 6.40y 0.11  0.59 0.04 

b* 13.36  14.12a 13.70b 13.60b 0.23  13.70y 13.74y 13.97x 0.23  <0.01 <0.01 

Chroma 14.88  15.57a 15.15b 15.09b 0.25  15.21 15.22 15.37 0.25  <0.01 0.14 

Hue angle 63.87  65.11a 64.73ab 64.34b 0.18  64.20y 64.59y 65.39x 0.18  0.03 <0.01 

Color of cooked samples               

L* 66.88  67.34a 67.58a 66.51b 0.92  67.19 67.33 66.91 0.92  <0.01 0.22 

a* 7.61  7.82 7.90 7.84 0.64  7.75y 7.73y 8.10x 0.64  0.81 0.01 

b* 10.70  10.91a 10.63b 10.40b 0.50  10.66 10.56 10.71 0.50  <0.01 0.26 

Chroma 13.16  13.48a 13.29a 13.07b 0.11  13.23y 13.13y 13.49x 0.11  <0.01 <0.01 

Hue angle 54.56  54.32 53.40 52.99 3.46  53.97 53.81 52.91 3.46  0.06 0.13 
a-c, x-z Least square means within a main effect within each row with different superscripts are statistically different (P < 0.05). 

1 Data presented are LS means for main effects and reported SEM is the maximum SEM among treatments. 

2 Breadfruit A was sourced from Natural Foods International (Apia, Western Samoa). 

3 Breadfruit B was sourced from Jungle Project (Alajuela, Costa Rica). 

4 Banana flour was sourced from Kunachia LLC (Davie, Florida, USA). 
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Supplementary Table 4. Main effects for storage modulus (G') and loss modulus (G'') values for beef emulsion modeling systems prepared with breadfruit or banana flour at 
1%, 2%, or 4% inclusion level.1 

 
  Flour type  Flour inclusion level  P-Value 

Control  Breadfruit A2 Breadfruit B3 Banana4 SEM  1% 2% 4% SEM  Flour type Flour inclusion level 

Samples, n 3  9 9 9   9 9 9     

Storage modulus (G', kPa)               

20°C (start) 7.93  7.97b 8.70ab 9.05a 0.36  7.81y 8.24y 9.67x 0.36  0.04 <0.01 

72°C (heating) 59.87  101.70a 90.53a 54.25b 14.67  96.51 79.10 70.88 14.67  <0.01 0.13 

20°C (cooling) 234.02  275.47a 273.21a 212.09b 16.86  267.47 253.97 239.32 16.86  <0.01 0.36 

Loss modulus (G'', kPa)               

20°C (start) 1.57  1.93 2.09 2.03 0.21  1.86y 1.95y 2.22x 0.21  0.17 <0.01 

72°C (heating) 10.09  16.14a 14.67a 8.91b 2.20  14.68 12.96 12.08 2.20  <0.01 0.40 

20°C (cooling) 36.69  42.70 40.88 36.52 3.04  42.15 41.72 36.23 4.30  0.24 0.22 
a-c, x-z Least square means within a main effect within each row with different superscripts are statistically different (P < 0.05). 

1 Data presented are LS means for main effects and reported SEM is the maximum SEM among treatments. 

2 Breadfruit A was sourced from Natural Foods International (Apia, Western Samoa). 

3 Breadfruit B was sourced from Jungle Project (Alajuela, Costa Rica). 

4 Banana flour was sourced from Kunachia LLC (Davie, Florida, USA). 
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6.1 Abstract 

  The objective was to modify functional properties of breadfruit flours using twin-screw 

extrusion and test the physicochemical properties of the extruded flours. Extruded breadfruit 

flours were produced with twin-screw extrusion using different last barrel temperature (80 °C or 

120 °C) and feed moisture content (17% or 30%). These conditions resulted in four extruded 

flours with different mechanical (specific mechanical energy, SME) and thermal (melt 

temperature) energies. At temperatures below the gelatinization of the native starch (<70 °C), 

swelling power was increased in all extruded treatments. Solubility was dramatically increased in 

high-SME extruded flours at all tested temperatures. Water holding capacity was dramatically 

increased in the low-SME extruded flours. A two-fold higher cold peak viscosity was obtained 

for low SME-high temperature extruded flour compared with the other extruded flours. Low 

SME-low temperature extruded flour still exhibited a hot peak viscosity, which occurred earlier 

than in native flour. Setback was decreased in all extruded flours, especially in high-SME 

treatments. The incorporation of extruded flours into soy protein gels did not affect cooking loss, 

while hardness and springiness decreased with the addition of extruded flours. Overall, extrusion 

of breadfruit flour altered functional flour properties, including water holding capacity and 

pasting properties, and modified the texture of soy protein gels.  

 

Key Words: breadfruit flour; flour modification; extrusion; starch; pasting properties; texture; 

protein gels; gel stability  
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6.2 Introduction 

Breadfruit is a high-yielding tropical staple crop grown throughout Oceania, Central 

Africa, and Central America. Breadfruit is a relatively low-input crop since the tree does not 

need to be replanted each year and its production lifespan is 50 years or potentially more [1]. 

Therefore, the breadfruit crop has great potential to positively impact food security in the 

developing world and has significant economic potential worldwide once the obstacles with 

developing a global market are overcome [2,3]. Breadfruit flour has shown promise as an 

alternative flour source with enhanced water retention ability when compared with other more 

common flour sources (i.e., wheat flour) [4]. Breadfruit flour is a gluten-free flour that has high 

content of starch [4] and fiber [5], as well as a variety of vitamins and minerals, like vitamin C 

and potassium [6]. Based on these properties, breadfruit flour has been applied as an ingredient 

in a variety of processed food products, including pasta [7], instant baby food [8], bread [9,10], 

cake [11], cookies [12], and meat [13,14]. However, it was reported that inclusion of breadfruit 

flour in these products should be limited in order to maintain desirable quality characteristics 

(i.e., high cooking yield, acceptable textural and sensory quality). Some of these shortcomings in 

product quality stemmed from the high starch gelatinization temperature (peak temperature of 

approximately 77 °C; Huang et al. [4]) of native breadfruit flour [15–17], making its starch 

incapable of completely swelling. This is likely caused by the entrapment of starch within the 

fruit tissue matrix when breadfruit flour is added to hydrothermally treated food products that are 

processed below the starch gelatinization temperature [4]. 

Chemical, physical, and enzymatic modification have been widely used to improve the 
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functional and physicochemical properties of flours and starches. In recent years, physical 

modification has garnered attention because of several advantages, such as cost-saving and 

consumer acceptance (and demand) in terms of natural and clean-labeled ingredients [18,19]. 

The pre-gelatinization of flour/starch is a typical physical modification technique that results in 

an improved ability of starch fractions to absorb water and swell at room temperature conditions 

[20,21]. Extrusion cooking technology is a short time, relatively low-moisture treatment that 

combines thermal and mechanical energy to produce pre-gelatinized starch while maintaining 

“clean-label” status (i.e., without the use of chemicals and/or artificial ingredients) [22]. 

Extrusion promotes starch gelatinization and disrupts the structure of amylose and amylopectin 

chains, which increases swelling power of starch granules [23–25]. The extent of these structural 

changes is dependent on the many extrusion intensity and processing conditions, such as barrel 

temperatures, moisture content, feed rate, and screw speed [26,27]. The changes promoted on the 

constituents of the flours, namely starch gelatinization and protein denaturation, can affect the 

hydration, thermal, pasting, and rheological properties of extruded/pre-gelatinized flours. Thus, 

new functional properties are obtained that have potential for several applications in the food 

industry such as fat-reduction [28–32], reduced-syneresis and staling in sauce and bakery 

applications [33–36], and improved rheological properties in meat emulsions due to improved 

thickening and stabilizing properties [37]. Various physical and chemical modifications of 

breadfruit starch, including acetylation, oxidation, annealing, heat-moisture treatment, and 

fermentation, have been studied [38–41]. In addition, Ma et al. [5] investigated the properties of 

breadfruit in a variety of extruded and expanded products including dried snacks. However, the 

functional attributes of breadfruit flours obtained with different extrusion conditions and 
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posterior re-milling of the extruded products remain unexplored. For this reason, breadfruit flour 

was modified by extrusion in this study to make native breadfruit flour a more suitable ingredient 

for numerous food applications including both thermally processed and non-thermally processed 

food products. 

Proteins are able to form different gel structures and provide various textural properties in 

processed food products (i.e., yoghurt, cheese, custards, and sausages). The properties of the gels 

are affected by the protein source, concentration, pH, ionic environment, processing time, and 

interactions with other ingredients [42]. Soy proteins usually consist of a well-balanced amino-

acid composition and are widely used in many foods; such as bakery products, dairy products, 

beverages, infant formula, and meat analogues [43]. Combined protein–starch model systems 

(i.e., soy protein gels formulated with flour) provide a more simplified example for studying the 

interaction of flours in a protein/starch model system prior to the inclusion of novel ingredients 

in a more complex food matrix. Thus, this food model system has been previously utilized in 

research studies to help assess ingredient performance and predict starch–protein interactions 

[44–46].  

The goal of this study was to modify functional properties of breadfruit flour with twin-

screw extrusion technology using different conditions during extrusion. Therefore, breadfruit 

flours were extruded at different moisture (17% or 30%) and temperature conditions (80 °C or 

120 °C in the last barrel) in order to achieve different mechanical and thermal energies. It was 

hypothesized that extruded flours would have altered viscosity (more viscous at lower 

temperatures and less viscous at greater temperatures), greater solubility, and improved swelling 

power when compared with native flour. It was further hypothesized that the extruded flours 
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would have great potential as a texture enhancer and stabilizer in hydrothermal conditions close 

to the gelatinization temperatures of the native breadfruit flour. 

6.3 Materials and methods 

6.3.1 Extrusion of flour 

Native breadfruit flour was provided by Natural Foods International (Apia, Western 

Samoa). Breadfruit flour was extruded as detailed in Pico et al. [47] with slight modifications. 

The native breadfruit flour was processed in a Coperion ZSK MV PLUS 27 twin-screw extruder 

(Ramsey, NJ, USA) with co-rotating, closely intermeshing screws that were 27 mm in diameter 

with a length to diameter ratio of 24 (L/D). The extruder was equipped with 6 barrel sections. 

The die head consisted of two circular dies with a diameter of 4 mm each. The temperature of 

barrel sections 2, 3, 4, and 5 was controlled and remained constant (from the feeding to the die 

zone) at 40 °C, 60 °C, 80 °C, and 80 °C, respectively. The temperature of the last barrel was 

controlled and adjusted to either 80 °C or 120 °C. The total moisture content of the product 

inside the barrel was adjusted to 17% or 30%. These values were based on a mass balance that 

was performed considering the initial moisture of the solids and then adjusting the mass flow of 

the water stream accordingly. This resulted in four extrusion treatments (2 × 2 factorial design) 

varying in specific mechanical energy (SME) and melt temperature (the temperature at which the 

product comes out of the extruder). The four extruded flours obtained were defined as (1) Low 

SME-Low Temperature (LS-LT), (2) Low SME-High Temperature (LS-HT), (3) High SME-

Low Temperature (HS-LT), and (4) High SME-High Temperature (HS-HT). The main extrusion 

parameters and full details of the extruded flour treatments are detailed in Table 6.1.  
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Extruded products were dried overnight at room temperature and then ground with a rotor 

mill (Rotor Beater Mill SR 300, Retsch, Haan, Germany) equipped with a 500-μm mesh screen. 

Extruded breadfruit flours were stored in air-tight plastic bags at −20 °C until further analyses.  

6.3.2 Characterization of flours 

6.3.2.1 Proximate composition 

Moisture, lipid, protein, and ash content were determined with the AOAC methods 

925.10, 920.85, 992.15, 923.03, respectively [48–51]. Total starch content was determined 

according to AOAC method 996.11 [52] following total starch assay kit instructions (Megazyme 

International Ltd., Bray, Ireland). The samples were washed with aqueous ethanol (80% v/v) to 

remove D-glucose and stirred with 2 M potassium hydroxide at approximately 4 °C (ice/water 

bath) to pre-dissolve resistant starch.  

6.3.2.2 pH of breadfruit flours 

pH values were measured in a homogenate prepared with 2 g of flour sample (both native 

and extruded flour samples) and 10 mL of distilled water using a benchtop pH meter (AR15 

Accumet Research, Thermo Fisher Scientific, Mississauga, ON, Canada) following calibration 

with buffer solutions of pH 4.0 and pH 7.0. 

6.3.2.3 Water and oil holding capacity  

Water and oil holding capacity were measured using similar methodology that was 

previously reported by Huang et al. [4]. The flour samples (1 g for both native and extruded flour 



 

 

176 

 

samples) were added to 15 mL of distilled water or 15 mL of refined corn oil for the 

determination of water holding capacity and oil holding capacity, respectively. Contents were 

mixed using a vortex mixer for 2 min, followed by centrifugation for 20 min at 6000× g on a 

benchtop centrifuge (Model 21000, IEC International Equipment Company, Needham Heights, 

MA, USA). The clear supernatant was carefully discarded following centrifugation. Water 

holding capacity was expressed as grams of water bound by 1 g of dried flour sample. Oil 

holding capacity was expressed as the weight in grams of oil bound to 1 g of dried flour sample. 

6.3.2.4 Pasting properties 

Pasting properties of the flours (both native and extruded flour samples) were analyzed 

using a Rapid Visco Analyser 4800 (RVA 4800, Perten Instruments; a PerkinElmer Company, 

Macquarie Park, Ryde, NSW, Australia) with the maximum holding temperature set at 95 °C. 

The moisture of flour samples was measured prior to analysis using a moisture analyzer 

(MA35M-115US, Sartorius Lab Instruments GmbH & Co. KG, Goettingen, Germany) in order 

to obtain the correct flour sample weight and the amount of water required for the test. The flour 

suspension (28.5 g total weight) was poured into the RVA canister. Subsequently, the samples 

were subjected to a heating-cooling cycle in which temperature was initially held at 25 °C for 6 

min, increased to 95 °C with a heating rate set to 14.0 °C/min, maintained at 95 °C for 6.5 min, 

decreased to 25 °C with a cooling rate set to 14.0 °C/min, and finally maintained at 25 °C for 5 

min.  

The following pasting parameters were calculated from the pasting curves—cold peak 

viscosity as the maximum viscosity of the flour slurry at room temperature (25 °C); hot peak 
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viscosity as the maximum viscosity during the heating step; breakdown as the difference 

between minimum viscosity upon cooling and hot peak viscosity; final viscosity as the viscosity 

at the end of the test, which indicated the ability of the flour to form a viscous paste or gel after 

cooking and cooling; setback obtained as the difference between minimum viscosity upon 

cooling and final viscosity; and peak time was estimated as the time at which hot peak viscosity 

was reached. 

6.3.2.5 Scanning electron microscopy 

Scanning electron microscopy (JCM-5000 Benchtop SEM, Jeol Ltd., Tokyo, Japan) was 

used for the determination of granule morphology. Flour samples were sprinkled onto double-

sided adhesive tape attached to a circular specimen stub. A uniform layer of sparsely scattered 

particles was obtained after carefully removing excess powder with a brush. The specimen 

holder was then transferred to the sample chamber and the flour samples were observed and 

photographed at an accelerating potential of 10 kV. 

6.3.2.6 Solubility and swelling power  

Solubility and swelling power were measured using a similar methodology that was 

previously reported by Huang et al. [4]. One wt% aqueous suspension of each flour sample (ratio 

of 0.1 g flour for every 10 mL of water) was prepared in a 500 mL glass flask and was heated at 

desired temperatures (30, 50, 70, and 90 °C) for 1 h with constant stirring using a magnetic stir 

bar and a stirring hotplate (Fisherbrand Isotemp stirring hotplate; Thermo Fisher Scientific, 

Mississauga, ON, Canada). Samples were poured into a weighed centrifuge tube and centrifuged 

(Model 21000, IEC International Equipment Company, Needham Heights, MA, USA) at 3000× 
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g for 10 min. The supernatant was poured into a weighed aluminum dish and evaporated at 

100 °C in a drying oven (Fisherbrand Isotemp 180 L drying oven; Thermo Fisher Scientific, 

Mississauga, ON, Canada) for 24 h. The weight of dry solids and the weight of wet sediments in 

the centrifuge tube were determined for the calculation of solubility and swelling power, 

respectively.  

Solubility (%) = (the weight of flour dissolved in water / the weight of total flour sample) 

× 100%. 

Swelling power (g water/g flour) = the weight of the wet sediments / [the weight of total 

flour sample × (100% - solubility)]. 

6.3.3 Characterization of soy protein isolate gels 

6.3.3.1 Preparation of soy protein isolate gels 

Soy protein isolate (MyVegan, The Hut Group, Shepherdsville, KY, USA) and sodium 

chloride (Hela Spice Canada Inc., Uxbridge, ON, Canada) were sourced from commercial 

vendors. Water, soy protein isolate, flour (both native and extruded flour samples), and sodium 

chloride were formulated at consistent levels of 74%, 20%, 4%, and 2%, respectively. The soy 

protein isolate and flour inclusion levels of gels was kept constant at inclusion levels of 20% and 

4%, respectively, to ensure that a self-supporting gel was formed. The soy protein isolate 

inclusion level of 20% was similar to previous studies [43,53]. The flour inclusion level of 4% 

was deemed appropriate for the test based on preliminary experiments. Initially, sodium chloride 

was dissolved in water to create a salt solution. Subsequently, flour was mixed thoroughly with 
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the soy protein isolate. Flour and protein isolate were then added and mixed thoroughly in the 

salt solution using a spatula until a homogenous batter was generated.  

Thirty grams of uncooked, mixed and prepared protein/flour batter was placed in 50 mL 

centrifuge tubes with constant agitation to prevent air voids. Samples were placed in a water bath 

(Haake W26 Fisons, Berlin, Germany) set to 87 °C and cooked to an internal temperature of 

85 °C. The samples remained at 85 °C for 25 min. The cooking temperature was kept constant at 

85 °C to ensure that a self-supporting gel was formed after cooking. This endpoint cooking 

temperature was determined based on preliminary experiments.  

6.3.3.2 Cooking loss 

After cooking, test tubes were removed from the water bath and inverted for 16 h at room 

temperature to release the exudate. The samples were weighed again to determine cooking loss 

after the release of the exudate. 

Cooking loss (%) = [the weight of liquid loss of cooked protein/flour batter (g) / the 

weight of uncooked protein/flour batter (g)] × 100. 

6.3.3.3 Textural properties 

Texture profile analysis (TPA) of protein gel samples was conducted using a texture 

analyzer (Model TA-XT Icon, Stable Micro Systems, Texture Technologies Corp., South 

Hamilton, MA, USA) in accordance with methodology described previously by Huang and 

Bohrer [14]. Protein gels were cooked using the same methodology as described for cooking 

loss. The cooked protein gels were stored in refrigeration at 4 °C for approximately 24 h before 
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the TPA assay was performed. Prior to TPA, cooked samples were removed from the refrigerator 

and tempered to room temperature (approximately 21.5 °C). Subsequently, the cooked samples 

were cut into cylindrical cores (10 mm length and 28 mm diameter) and prepared for TPA. Six 

cylindrical cores were obtained from each gel sample. The sub-samples were compressed twice 

(instantaneously) at 25% of their original height with a 101.6-mm diameter cylindrical acrylic 

probe (TA-40A; Texture Technologies Corporation, South Hamilton, MA, USA) at a constant 

crosshead speed of 1.5 mm/s. The following TPA parameters were analyzed: hardness (N), 

gumminess (no units), springiness (%), adhesiveness (g·sec). 

6.3.3.4 Instrumental color 

Instrumental color was measured using guidelines presented by the American Meat 

Science Association [54]. Instrumental color was determined with a calibrated, handheld Minolta 

Chroma meter (Konica Minolta Sensing Inc., Osaka, Japan) using illuminant D65, a 0° viewing 

angle, and an 8-mm aperture. The standard CIELAB Color System (L* = lightness; a* = red to 

green; b* = yellow to blue) was used for the evaluation of instrumental color. The cooked protein 

gel samples were freshly cut into cylindrical cores (10 mm length and 28 mm diameter) 

immediately prior to evaluation. Six cylindrical cores were obtained and evaluated from each gel 

sample. 

6.3.4 Statistical analysis 

All laboratory procedures were conducted in three independent replications for each 

treatment (n = 3 for each flour). Each replication was at the minimum conducted in duplicate for 

each laboratory procedure, and the coefficient of variation thresholds were used to ensure 
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precision and repeatability. Statistical analyses were performed using Statistical Analysis System 

software (SAS 9.4, SAS Inst. Inc., Cary, NC, USA). The data were analyzed with PROC 

GLIMMIX of SAS with the fixed effect of flour and the random effect of replication. Least 

square means were separated using the PDIFF option with a Tukey–Kramer adjustment. 

Differences were considered statistically different at P ≤ 0.05. Pearson correlation coefficients 

were calculated among parameters using PROC CORR of SAS. 

6.4 Results and discussion 

6.4.1 Characterization of native and extruded breadfruit flours 

The SME attained during extrusion and melt temperature in the die section are important 

parameters as both directly reflect the impact of the extrusion conditions on the structural 

characteristics of the resulting extruded material [55,56]. In this study, two SME values (74 

kJ/kg and 145 kJ/kg) were attained from the adjustment of extrusion conditions, which included 

moisture content (17% and 30%) and last barrel temperature (80 °C and 120 °C). Specifically, 

the two extruded flours with low SME values had melt temperatures of 83 °C (LS-LT) and 

105 °C (LS-HT), while the other two extruded flours with high SME values had melt 

temperatures of 100 °C (HS-LT) and 126 °C (HS-HT). As a whole, the combination of these 

parameters was expected to enable meaningful conclusions to be formed regarding the individual 

and interactive effects of SME and melt temperature on the physicochemical properties of 

extruded breadfruit flours. 
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6.4.1.1 Proximate composition 

The extruded flours had less (P < 0.01) moisture content compared with the native flour. 

This caused starch, protein, lipid, and ash content to differ (P < 0.05) on an as-is basis (Table 

6.2). The magnitudes of difference were generally reduced when composition was expressed on 

a dry-matter basis. The main compositional component of all the flours was starch (ranging from 

66.59% to 72.19%). As expected, the extrusion treatments did not affect (P = 0.20) starch 

content in extruded flours when expressed on a dry matter basis. Extrusion did not change (P > 

0.05) the protein content (expressed on a dry-matter basis) in LS-LT, HS-LT, and HS-HT 

extruded flours compared with native flour (protein ranged from 5.41% to 5.53%), but the 

protein content of LS-HT extruded flour (5.26%) was slightly less than (P < 0.05) the native 

flour (5.54%). The lipid content (expressed on a dry matter basis) of the native flour was 3.51%, 

which was greater than (P < 0.05) all the extruded flours (ranging from 1.74% to 1.99%). This 

was expected, as detectable lipid content is often reduced following extrusion due to reduced 

extractability [57]. The formation of amylose–lipid and protein–lipid complexes can lead to less 

free lipid [58]. Björck and Asp [59] reported that detectable lipid measured with lipid extraction 

using non-polar solvents was lower in extruded wheat and corn when compared with non-

extruded materials. In contrast, ash content was greater (P < 0.05) for all extruded flours 

compared with native flour, which may be due to a better extractability of minerals in the 

disrupted tissue matrix after extrusion. 

6.4.1.2 pH, water holding capacity and oil holding capacity 

The pH value of native flour was 5.74, while pH significantly increased to a more neutral 
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pH after extrusion (ranging from 6.73 to 7.16). In this sense, breadfruit pulp is rich in ascorbic 

acid (vitamin C; 5.79 mg/100 g to 22.6 mg/100 g), and this value varies with maturity state [60]. 

However, ascorbic acid is easily destroyed during thermal processing; thus, the significant 

reduction in ascorbic acid content following thermal processing was in agreement with previous 

research [61]. Thus, greater pH after extrusion could be related to the partial loss of acidic 

components, like ascorbic acid during extrusion. 

The water holding capacity of extruded flour in this study ranged from 2.66 g water/g 

flour to 5.01 g water/g flour. These values were similar to the values for the water absorption 

index (which ranged from 2.543 to 4.285 g water/g flour) of extruded and expandable breadfruit 

products reported by Ma et al. [5]. Yet, the water absorption index increased as barrel 

temperature increased in the previous study conducted by Ma et al. [5]. This did not occur in this 

study, likely due to the differences in extruder configuration. The water holding capacity was 

dramatically increased (almost double of native flour, P < 0.05) for LS-LT and LS-HT extruded 

flours, while the water holding capacity was only slightly increased (P < 0.05) for HS-LT 

extruded flour and did not significantly increase for HS-HT extruded flour compared with native 

flour. The differences in water holding capacity among extruded flours was likely due to the fact 

that extrusion in the lower SME treatments (LS-LT and LS-HT) was carried out at a greater 

moisture content (30%). Moisture can operate as a plasticizer during extrusion cooking, which 

can reduce the degradation of starch and lead to an increased water absorption ability [26]. On 

the other hand, greater shear (higher SME) may result in more solubilisation of degraded starch, 

making the material less capable of absorbing water [36], as discussed below.  

Oil holding capacity was dramatically lowered (P < 0.05) in all extruded flours when 
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compared with the native flour. Among the extruded flours, oil holding capacity was slightly less 

(P < 0.05) in HS-LT extruded flour compared with the other three extruded flours. Oil holding 

capacity depends on hydrophobic groups in the material and the ability of the material to 

maintain oil within its structure [62]. The reduction in oil holding capacity in extruded breadfruit 

flour may be attributed to fewer lipophilic sites being released during extrusion, which might 

have been initiated from protein denaturation/unfolding and rearrangement of the hydrophilic 

and hydrophobic groups. When both protein denaturation and aggregation take place during 

extrusion, interactions among hydrophobic groups also occur during the formation of aggregates, 

which would lead to a decrease in the hydrophobicity or number of available hydrophobic sites 

able to react with oil in the resulting extruded material [63]. 

6.4.1.3 Pasting properties 

Pasting viscosity profile and pasting properties of native and extruded breadfruit flours 

are shown in Figure 6.1 and Table 6.3, respectively. When extruded flours were dispersed in 

water at 25 °C, the cold peak viscosity/initial viscosity observed for all extruded flours suggested 

the presence of pre-gelatinized starch. LS-HT extruded flour had the greatest (P < 0.05) cold 

peak viscosity and HS-HT extruded flour had the lowest (P < 0.05) cold peak viscosity. Lower 

values of cold peak viscosity suggested more amylopectin was fragmented during extrusion [56]. 

These results were consistent with the applied SME. There was no hot peak viscosity detected 

for LS-HT, HS-LT, and HS-HT extruded flours, indicating that these flours were completely 

gelatinized during extrusion. However, a hot peak viscosity was detected for LS-LT extruded 

flour, suggesting the starch in this flour was not fully gelatinized. Similar observations for 

pasting profile with a different degree of starch gelatinization have been reported previously for 
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extruded cereal flours [26,27]. The peak time at which the hot peak viscosity occurred in LS-LT 

extruded flour was earlier and less pronounced compared with native flour. This could cause 

significant differences in the technological properties of processed food systems formulated with 

the two flours during thermal processing and cooking. The native flour had much greater (P < 

0.05) final viscosity and setback values compared with the extruded flours. During cooling, the 

extent of the increase in paste viscosity is governed by the tendency of the starch to re-associate 

by hydrogen bonding, known as retrogradation [64]. The reduction in final viscosity and setback 

in extruded flours provided evidence of the effect on the amylose chains that were less able to 

retrograde during the cooling cycle, which is attributed to shear-fragmentation during extrusion 

[27,56]. This dramatic reduction in the final viscosity of extruded samples compared with 

corresponding non-extruded samples has been reported previously [24,26,27,56,65]. Overall, 

breadfruit flour extruded at higher SME levels (HS-LT and HS-HT) displayed lower final 

viscosity compared with those extruded at lower SME levels (LS-LT and LS-HT), which was 

likely caused by greater starch fragmentation. 

6.4.1.4 Particle size and microscopic appearance 

The typical structure of pre-gelatinized flour was observed in the extruded breadfruit 

flour samples (Figure 6.2). Starch granules lost their integrity and amorphous agglomerates were 

nearly formed. This was in agreement with previous research findings for extruded rice and 

maize flours [34,66]. Remarkably, the gelatinization of LS-LT extruded flour was not complete 

as the presence of a hot peak viscosity suggested. However, no rounded or swollen starch 

granules in this broken structure were visible. Extruded flour particles had a similar size, 

indicating that the differences in functionalities among extruder flours were not caused by 
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differences in particle size, but rather extrusion conditions. 

6.4.1.5 Solubility and swelling power 

The solubility of both native and extruded flours increased when samples were heated 

from 30 °C to 90 °C (Figure 6.3A). At each temperature, the solubility of all the extruded flours 

was much greater (P < 0.05) compared with native flour. At 30 °C, the solubility of extruded 

flours ranged from 25.76% to 41.84%, while the solubility of the native flour was 11.34%. 

Likewise, Ma et al. [5] reported that water solubility index of extruded breadfruit products 

ranged from 54.75% to 65.75% at 20 °C, with water solubility index decreasing as barrel 

temperature increased. Among extruded flours, the solubility of low SME extruded flours (LS-

LT and LS-HT) was generally lower (P < 0.05) than that of high SME extruded flours (HS-LT 

and HS-HT), with significant differences between LS-HT, HS-LT, and HS-HT extruded flours at 

higher temperatures (70 °C and 90 °C). Low SME extruded flours (LS-LT and LS-HT) were 

extruded at a greater moisture content compared with high SME extruded flours (HS-LT and HS-

HT), which suggests that starch was more degraded in high SME extruded flours due to a greater 

shear-fragmentation on starch molecules [56]. Interestingly, LS-HT extruded flour had greater 

solubility compared with LS-LT extruded flour, which indicated that lower temperature and low 

SME interacted to decrease solubility. This could be related to the fact that the melt temperature 

of LS-LT extruded flour was 83 °C and below the conclusion temperature of starch gelatinization 

for breadfruit (88 °C) as reported by Huang et al. [4]. Thus, some of the starch components may 

still have been trapped inside the remnant swollen granules, and not solubilized within the 

medium. In fact, differences in solubility between LS-LT and the other extruded flours were 

minimized at 90 °C, which was well above the gelatinization temperature of breadfruit starch. 
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The extruded flours were pre-gelatinized and had greater (P < 0.05) swelling power at 

lower temperatures (30 °C and 50 °C) compared with native flour (Figure 6.3B). Moreover, the 

swelling power of extruded flours seemed to reach a stable value as temperature increased. The 

swelling power of pre-gelatinized starches from other sources behaved in a similar fashion. 

Kittipongpatana and Kittipongpatana [67] reported that the swelling power of pre-gelatinized 

jackfruit starch was greater than that of native jackfruit starch at lower temperatures and 

remained stable as temperature increased. Similarly, Zhang et al. [68] reported extruded maize 

flour had greater swelling power than native maize flour at low temperatures; yet, at elevated 

temperatures, the swelling power of extruded flour maize flour was lower than native maize flour 

and it remained stable.  

Conversely, the swelling power for native breadfruit flour increased with increasing 

temperature, especially from 70 °C to 90 °C, at which point starch gelatinization in breadfruit 

flours occurs (peak temperature of ~77 °C; Huang et al. [4]). Interestingly, the swelling power of 

the gelatinized native flour was greater (P < 0.05) than the extruded flours at 90 °C (i.e., after 

complete gelatinization of the starch). Regarding extrusion conditions, LS-HT extruded flour had 

greater (P < 0.05) swelling power at 30 °C and 50 °C compared with the other extruded flours. 

This was in agreement with the results seen for pasting profile, which showed that LS-HT had 

greater viscosity compared with the other extruded flour until approximately 65 °C to 70 °C, at 

which point LS-LT extruded flour reached similar viscosity values. This could imply that LS-HT 

was more capable of interacting with water compared with the other extruded flours at lower 

temperatures. However, swelling power was not different between LS-LT and LS-HT extruded 

flours at 70 °C and 90 °C, yet both were greater (P < 0.05) compared with HS-LT and HS-HT 
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extruded flours (i.e., higher SME and possibly higher starch degradation). This was also 

supported by the RVA results, which showed that LS-LT extruded flour was not fully pre-

gelatinized (or the granule structure fully disrupted), as the presence of a small peak swelling at 

approximately 82 °C suggested. However, this increment in viscosity was less significant, and 

occurred at an earlier temperature and time than in the native flour whose swelling power was 

only significantly higher at 90 °C. 

6.4.2 Characterization of breadfruit flour-soy protein isolate gels 

6.4.2.1. Cooking loss  

There were no differences (P = 0.29) for the cooking loss of protein gels between the 

flours (Table 6.4). This indicated that the native flour and the extruded flours had similar water-

retention ability in the soy protein gels. Although there were no significant differences between 

samples, there was a moderate negative correlation (r = −0.49; P < 0.10) between the cooking 

loss of protein gels and the water holding capacity of the flour. 

6.4.2.2 Texture profile analysis 

The hardness of protein gels was greater (P < 0.01) for gels prepared with the native flour 

compared with gels prepared with the extruded flours. In addition, hardness was greater (P < 

0.05) for protein gels prepared with low SME extruded flours (LS-LT and LS-HT) compared 

with gels prepared with high SME extruded flours (HS-LT and HS-HT). The gumminess of 

protein gels was similar to the values of hardness, as gumminess was lower (P < 0.01) in 

extruded flours compared with native flour. Among the extruded flours, the gumminess of 

protein gels was greater (P < 0.05) for gels prepared with LS-LT extruded flour compared with 
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all other extruded flours, and was greater (P < 0.05) for gels prepared with LS-HT extruded flour 

compared with HS-LT and HS-HT extruded flour. There was no difference (P > 0.05) for the 

springiness of protein gels prepared with low SME extruded flours (LS-LT and LS-HT) 

compared with native flour. However, springiness was lower (P < 0.05) for protein gels prepared 

with high SME extruded flours (HS-LT and HS-HT) compared with the other flours. The ability 

of successful gel formation largely depends on the mechanisms of bonding and interactions, such 

as hydrogen and covalent bonds, and electrostatic and hydrophobic interactions [53,69]. Protein 

and starch interactions may be primarily based on the unfolding of the protein chains resulting 

from protein denaturation and the amylose or amylopectin components leaching out from the 

starch granules during thermal processing (for native sample) or the already solubilized extruded 

starch in a mostly amorphous state. High SME extruded flours had more mechanical damage and 

fragmentation of amylopectin molecules, which led to lower viscosity and lower tendency for 

short-term retrogradation (i.e., setback), two things that may be indicative of the softer gels 

observed here. In fact, hardness was strongly correlated (r = 0.81, P < 0.01) with final viscosity 

and the setback of the flours. All textural attributes of protein gels were negatively correlated (r ≥ 

|0.56|, P < 0.05) with solubility at 90 °C and positively correlated (r ≥ 0.69 and P < 0.01) with 

swelling power at 90 °C. Moreover, adhesiveness of protein gels was negatively correlated (r = 

−0.68, P < 0.01) with flour water holding capacity and positively correlated (r = 0.86, P < 0.01) 

with setback, which would highlight greater adhesiveness (more negative value) of protein gels 

prepared with extruded flours. In this sense, starch de-polymerization causes greater stickiness of 

flours and on the surface of protein gels. 
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6.4.2.3 Instrumental color 

Regarding the instrumental color of the gels, there was no difference (P > 0.05) for the L* 

value (lightness) of protein gels prepared with LS-LT, LS-HT, and HS-LT extruded flours 

compared with protein gels prepared with native flour. Yet, the L* value was greater (P < 0.05) 

for protein gels prepared with HS-HT extruded flour compared with all other treatments. Perhaps 

more meaningful was that protein gels prepared with extruded flours had a greater (P < 0.05) a* 

value (redness) compared with native flour. Extrusion treatment can cause several heat-sensitive 

chemical reactions to occur, including the formation of Maillard reaction compounds [57]. 

Maillard reaction compounds, specifically melanoidins, likely attributed a darker redder color to 

the protein gels. 

6.5 Conclusions 

Breadfruit extruded flours varying in cold swelling and retrogradation properties can be 

obtained by controlling the specific mechanical and thermal energies applied during extrusion 

treatments. Extrusion treatments did not change the major proximate composition of the flour, 

namely starch and protein, although it seemed to modify lipid and ash extractability when 

compared with native flour. The resulting flours had greater pH values after extrusion, indicating 

that extrusion treatments led to a partial loss of acidic components, such as ascorbic acid. 

Extrusion conditions that resulted in a lower SME (74 kJ/kg) led to an increased capacity for 

water absorption and reduced solubility (compared to high SME conditions) as a result of the 

lower shear-fragmentation of starch molecules, which could be desirable in food applications and 

result in improvements in processing yields. In fact, a two-fold higher cold peak viscosity was 
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obtained for LS-HT extruded flour compared with the other extruded flours. This flour may 

prove to be useful in situations where cooking at high temperatures is undesirable and/or in 

instant food applications. Conversely, low short-term retrogradation properties, as denoted by 

setback, were obtained for all extruded flours, especially for those subjected to higher SME (175 

kJ/kg) during extrusion. 

Based on the results of cooking loss and texture in the protein gel modeling systems, it 

can be concluded that the incorporation of extruded flour can maintain adequate processing 

yields (i.e., no cooking loss) while adjusting the texture and color of protein/starch food systems. 

This research is beneficial for the food industry as it provides a characterization of the extruded 

breadfruit flour and its potential as a gelling agent in protein/starch food systems. Research on 

the incorporation of extruded breadfruit flour in specific food applications is necessary to further 

these initiatives. 
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Tables and Figures 

Table 6.1. Extrusion conditions applied to breadfruit flour. 

Extrusion 
treatment 

Mechanical energy - temperature 
conditions 

Last barrel 
temperature, °C 

Total moisture 
content, % 

Screw 
speed, rpm 

Feed rate, 
kg/h 

Specific mechanical 
energy, SME, kJ/kg 

Melt 
temperature, °C 

Native - - - - - - - 
LS-LT Low SME – Low Temperature 80 30 200 13.2 74 83 
LS-HT Low SME – High Temperature 120 30 200 13.2 74 105 
HS-LT High SME – Low Temperature 80 17 200 13.2 145 100 
HS-HT High SME – High Temperature 120 17 200 13.2 145 126 
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Table 6.2. Effects of modification of breadfruit flour with extrusion on flour proximate 
composition, pH, water holding capacity, and oil holding capacity. 

 
Extrusion treatment1 

SEM
2 

P-
value Native 

Flour 
LS-LT LS-HT HS-LT HS-HT 

Proximate composition 

As is basis        

Moisture, % 11.58a 6.57d 7.47b 6.98c 6.07e 0.06 <0.01 

Starch, % 58.88b 67.44a 65.76ab 63.85ab 67.49a 1.64 0.02 

Protein, % 4.91bc 5.07ab 4.87c 5.15a 5.09ab 0.05 <0.01 

Lipid, % 3.10a 1.86b 1.65c 1.80bc 1.64c 0.04 <0.01 

Ash, % 2.91c 3.18ab 3.15b 3.22a 3.19ab 0.01 <0.01 

Dry matter basis        

Starch, % 66.59 72.19 71.06 68.64 71.85 1.76 0.20 

Protein, % 5.54a 5.43ab 5.26b 5.53a 5.41ab 0.05 0.01 

Lipid, % 3.51a 1.99b 1.78bc 1.94bc 1.74c 0.05 0.01 

Ash, % 3.30c 3.40b 3.41b 3.46a 3.40b 0.01 <0.01 

pH 5.74d 7.16a 6.99b 7.04b 6.73c 0.02 <0.01 

Water holding capacity, g water/g 
flour 

2.62c 4.89a 5.01a 2.99b 2.66c 0.06 <0.01 

Oil holding capacity, g oil/g flour 2.02a 1.33b 1.39b 1.15c 1.40b 0.03 <0.01 

a-eLeast square means lacking a common superscript letter within a row are different (P < 0.05).  
1Treatments include native breadfruit flour and four extruded breadfruit flours 

Native breadfruit flour. 

LS-LT: SME = 74kJ/kg, melt temperature = 83°C. 

LS-HT: SME = 74kJ/kg, melt temperature = 105°C. 

HS-LT: SME = 145kJ/kg, melt temperature = 100°C. 

HS-HT: SME = 145kJ/kg, melt temperature = 126°C. 
2Maximum SEM (standard error of the mean) was reported. 
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Table 6.3. Effects of modification of breadfruit flour with extrusion on pasting properties 
of flours. 

 Extrusion treatment1 
SEM2 P-Value 

Native Flour LS-LT LS-HT HS-LT HS-HT 

Cold peak viscosity, cP ND3 726.00b 1586.33a 679.67b 487.33c 19.08 <0.01 

Hot peak viscosity, cP 2846.67a 978.67b ND ND ND 24.28 <0.01 

Breakdown, cP 496.00b 784.00a ND ND ND 36.83 <0.01 

Final Viscosity, cP 6850.00a 583.00b 542.00b 260.67c 222.33c 21.72 <0.01 

Setback, cP 4499.33a 388.33b 378.00b 169.33c 144.67c 29.76 <0.01 

Peak time, min 12.22a 9.49b ND ND ND 0.04 <0.01 
a-cLeast square means lacking a common superscript letter within a row are different (P < 0.05).  
1Treatments include native breadfruit flour and four extruded breadfruit flours. 

Native breadfruit flour. 

LS-LT: SME = 74kJ/kg, melt temperature = 83°C. 

LS-HT: SME = 74kJ/kg, melt temperature = 105°C. 

HS-LT: SME = 145kJ/kg, melt temperature = 100°C. 

HS-HT: SME = 145kJ/kg, melt temperature = 126°C. 
2Maximum SEM (standard error of the mean) was reported. 
3ND is not detected. 

 

  



 

 

203 

 

Table 6.4. Effects of modification of breadfruit flour with extrusion on cooking loss, 
texture (storage day 1 and day 14), and instrumental color of soy protein isolated gels. 

 Extrusion treatment1 
SEM2 P-Value 

Native Flour LS-LT LS-HT HS-LT HS-HT 

Cooking loss, % 1.36 1.21 1.32 1.33 1.40 0.06 0.29 

Texture profile analysis 

Hardness, N 12.14a 9.58b 8.10c 5.82d 4.96e 0.12 <0.01 

Gumminess, no units 9.62a 7.48b 6.20c 4.35d 3.63e 0.08 <0.01 

Springiness, % 95.27a 94.65ab 94.78ab 93.80bc 93.30c 0.31 <0.01 

Adhesiveness g·sec -0.55a -1.18b -1.06b -0.95b -0.99b 0.05 <0.01 

Instrumental color 
 

      

L* (lightness) 63.73a 62.69a 62.84a 62.97a 60.87b 0.27 <0.01 

a* (redness) 1.77d 2.28bc 2.22c 2.34b 2.74a 0.03 <0.01 

b* (yellowness) 14.72a 14.19b 14.71a 14.03b 14.66a 0.09 <0.01 

a-eLeast square means lacking a common superscript letter within a row are different (P < 0.05). 
1Treatments include native breadfruit flour and four extruded breadfruit flours. 

Native breadfruit flour.  

LS-LT: SME = 74kJ/kg, melt temperature = 83°C.  

LS-HT: SME = 74kJ/kg, melt temperature = 105°C. 

HS-LT: SME = 145kJ/kg, melt temperature = 100°C. 

HS-HT: SME = 145kJ/kg, melt temperature = 126°C. 
2Maximum SEM (standard error of the mean) was reported. 
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Figure 6.1. The pasting profile of native and extruded breadfruit flours. Treatments include 
native breadfruit flour and four extruded breadfruit flours: LS-LT: SME = 74kJ/kg, melt 
temperature = 83°C; LS-HT: SME = 74kJ/kg, melt temperature = 105°C; HS-LT: SME = 
145kJ/kg, melt temperature = 100°C; HS-HT: SME = 145kJ/kg, melt temperature = 126°C. 
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Figure 6.2. Micrograph images of native and extruded breadfruit flours on scanning electron 
microscopy. Treatments include native breadfruit flour and four extruded breadfruit flours: 
LS-LT: SME = 74kJ/kg, melt temperature = 83°C; LS-HT: SME = 74kJ/kg, melt 
temperature = 105°C; HS-LT: SME = 145kJ/kg, melt temperature = 100°C; HS-HT: SME = 
145kJ/kg, melt temperature = 126°C.  
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Figure 6.3. Solubility (Figure 6.3A) and swelling power (Figure 6.3B) of native and 
extruded breadfruit flours. Within each temperature, means without a common superscript 
differ (P ≤ 0.05). Treatments include native breadfruit flour and four extruded breadfruit 
flours: LS-LT: SME = 74kJ/kg, melt temperature = 83°C; LS-HT: SME = 74kJ/kg, melt 
temperature = 105°C; HS-LT: SME = 145kJ/kg, melt temperature = 100°C; HS-HT: SME = 
145kJ/kg, melt temperature = 126°C. 
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7.1 Abstract 

The objective of this study was to determine the structural and technological properties of 

beef emulsion modeling systems prepared with extruded breadfruit flours that were produced 

using different twin-screw extrusion conditions which included last barrel temperature (80°C or 

120°C) and feed moisture content (17% or 30%). These conditions resulted in four extruded 

flours with different mechanical and thermal energies. Treatments were defined as 1) Low 

specific mechanical energy (SME) – Low Temperature (LS-LT), 2) Low SME – High 

Temperature (LS-HT), 3) High SME – Low Temperature (HS-LT), and 4) High SME – High 

Temperature (HS-HT). Meat emulsions formulated with 3% inclusion of extruded breadfruit 

flours or native breadfruit flour were compared with control (no additional flour) formulations. 

Addition of native or extruded flours did not change cooking loss, instrumental redness values, 

and viscoelasticity of cooked meat emulsions. Addition of LS-HT, HS-LT, or HS-HT extruded 

flours decreased hardness. Overall, the different extruded flours behaved in a similar fashion in 

meat emulsions in terms of functionality. 

 

Key Words: meat processing; meat emulsion modeling; meat ingredients; breadfruit flour; 

extruded flour 
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7.2 Introduction 

The crop produced by the breadfruit tree is recognized for its potential as a nutritious and 

sustainable food source in developing regions of the world including Oceania, Tropical Africa, 

and Central America (Turi, Liu, Ragone, & Murch, 2015). While most breadfruit is consumed 

fresh, there is a long history of slicing, sun drying, and grinding/milling the fruit into a flour. Flour 

and other high starch ingredients are widely used in meat processing due to their water-binding 

capabilities and noticeable improvements on technological properties during thermal processing 

(Jamilah et al., 2009; Abbas, Khalil, & Hussin, 2010; Brewer, 2012; Petracci, Bianchi, Mudalal, 

& Cavani, 2013). Exploring novel flours/starches and modification of novel flours/starches in an 

effort to maintain or improve quality of processed meat products is an important research priority 

for the global meat industry. 

Several previous studies have been conducted to investigate breadfruit flour as an 

ingredient in processed meat. Comminuted beef prepared with native breadfruit flour had 

appropriate texture, improved initial color (greater instrumental redness), and sustained color 

stability (greater instrumental redness) during a 7-d simulated retail display when compared with 

comminuted beef prepared with traditional flour sources (soy, corn, wheat, and tapioca) (Huang, 

Vásquez Mejía, Murch, & Bohrer, 2019a). Interestingly, cooking loss and instrumental redness for 

beef emulsions prepared with breadfruit flour were not different compared with beef emulsions 

prepared with another tropical flour (banana flour), yet hardness and chewiness of beef emulsions 

prepared with breadfruit flour were lower compared with beef emulsions prepared with banana 

flour when flour inclusion level increased to 4% (Huang & Bohrer, 2020a). A challenge observed 

in the above studies was that the starch in breadfruit flour did not completely gelatinize after 
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cooking the beef emulsions to 72°C since the pasting temperature of native breadfruit starch is 

approximately 77°C (Huang, Martínez, & Bohrer, 2019b). This implies that the starch in breadfruit 

will not be fully functionalized in processed meat if its gelatinization temperature is not met or 

exceeded during thermal processing (Tarté, 2009). Pre-gelatinization is a type of physical 

modification technology which allows starch to absorb a greater amount of water and typically 

results in greater viscosity in processed foods at lower temperatures (Singh, Kaur, & McCarthy, 

2007a; Mason, 2009; Abbas, Khalil, & Hussein, 2010). Moreover, pre-gelatinized starch has been 

reported as an appropriate thickener and stabilizer in meat emulsions due to improved water and 

oil binding capacity, greater intrinsic viscosity, and greater solubility compared with native starch 

(Gençcelep, Saricaoglu, Anil, Agar, & Turhan, 2015). Starches can be referred to as cold swelling 

when pre-gelatinized, and cold swelling starches may be more appropriate for use in meat products 

to ensure the water remains bound within the meat matrix during heating, which theoretically 

should result in greater processing yields and less shrinkage (Tarté, 2009). Therefore, an 

investigation of the effects of pre-gelatinized breadfruit flour on meat emulsion structure, texture, 

color, and cooking yield is of interest.  

Physically modified flours can pre-gelatinize starch while maintaining clean label status 

(i.e. without the use chemicals and artificial ingredients) (Jacobs & Delcour, 1998; Busken, 2015; 

BeMiller, 2018). Extrusion is one type of hydrothermal treatment that causes starch to become 

gelatinized. The intensity of the extrusion conditions (i.e. extruder barrel temperature, moisture 

content, feed rate, and screw speed) modifies flour properties (i.e. hydration, thermal, pasting, and 

rheological) to different levels which may or may not be useful in meat processing (Hagenimana, 

Ding, & Fang, 2006; Román, Pico, Antolín, Martínez, & Gómez, 2018). Huang, Román, Martínez, 
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& Bohrer (2020b) reported that extrusion of breadfruit flour had the potential to improve water 

holding capacity, dramatically increase solubility, and alter thermodynamics during heating. 

Swelling power of extruded breadfruit flour was greater compared with native flour at 30°C, 50°C, 

and 70°C, but was reduced when temperature was increased to 90°C (Huang et al., 2020b). A 

desirable starch for emulsion-type meat products is usually expected to have a low hydration 

temperature, a gelation temperature similar to (or lower than) the endpoint cooking temperature, 

and the ability to form a semi-gel during thermal processing, all of which should be obtained during 

extrusion.  

Therefore, the objective of this research was to study the effects of extruded breadfruit 

flours engineered with different twin-screw extrusion conditions on the structural and 

technological properties of beef emulsion modeling systems.  

7.3 Materials and methods 

7.3.1 Raw materials and treatment description 

Native breadfruit flour was provided by Natural Foods International (Apia, Western 

Samoa). Extruded breadfruit flours were produced using a Coperion ZSK MV PLUS 27 twin-

screw extruder (Ramsey, NJ, USA). Full details on the extrusion conditions were outlined in a 

separate study (Huang et al., 2020b). Briefly, during extrusion the temperature of the last barrel 

(80 or 120°C) and the moisture content of the product inside the barrel (17 or 30%) were adjusted 

to result in four extrusion treatments (2 × 2 factorial design) varying in specific mechanical energy 

(SME) and melt temperature. Four extruded flours with different mechanical and thermal energy 
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were obtained and were defined as 1) Low SME – Low Temperature (LS-LT; SME = 74 kJ/kg and 

Melt Temperature = 83°C), 2) Low SME – High Temperature (LS-HT; SME = 74 kJ/kg and Melt 

Temperature = 105°C), 3) High SME – Low Temperature (HS-LT; SME = 145 kJ/kg and Melt 

Temperature = 100°C), and 4) High SME – High Temperature (HS-HT; SME = 145 kJ/kg and 

Melt Temperature = 126°C). 

 The native and extruded breadfruit flours were previously characterized by Huang et al. 

(2020b). In that study, proximate composition, pH, water and oil holding capacity, swelling power 

and solubility, pasting properties, bulk density, particle size, and scanning electron microscopy of 

the flours were evaluated. 

Commercially sourced beef inside rounds (semimembranosus and other associated 

muscles; IMPS # 169; NAMP, 2014) were diced into 2.5-cm cubes, mixed, and coarse ground (8 

mm) with an industrial meat grinder (Master 90 Y12, Sirman, Marsango, Italy). One master batch 

of ground beef was used for this study to ensure variation between batches of ground beef did not 

contribute to experimental error. Similar techniques have been used in other studies that have 

tested ingredients in meat systems (Huang et al., 2019a; Vasquez Mejia, Shaheen, Zhou, McNeill, 

& Bohrer, 2019; Huang & Bohrer, 2020a). The moisture content, protein content, and lipid content 

of the master batch of ground beef were 69.35%, 20.87%, and 7.79%, respectively. The pH of the 

master batch of ground beef was 5.67. The methodology used for these analyses were the same as 

those subsequently described for the prepared meat emulsions in this study. One-kg samples were 

collected, vacuum packaged, and stored at -20°C until use in this study.  

Corn oil (Mazola, ACH Food Companies, Inc., Memphis, TN, USA), sodium chloride 

(Hela Spice Canada Inc., Uxbridge, ON, Canada), sodium tri-polyphosphate (Malabar Super Spice 
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Co. Ltd., Burlington, ON, Canada), and Prague #1 Powder (6.25% of sodium nitrite and 93.75% 

of NaCl; Hoosier Hill Farm LLC, Fort Wayne, IN, USA) were sourced from commercial vendors. 

The five flours (including native breadfruit flour and the four extruded breadfruit flours) 

were formulated and tested at 3% inclusion level in beef emulsion modeling systems. Therefore, 

this experiment had six treatment groups in total, which included one control treatment (no flour 

added) and five flour-added treatments. The formulations used for each treatment are described 

in Table 7.1. 

7.3.2 Preparation of beef emulsions 

All six treatments were prepared on the same day for each replication. Each of the three 

replications were conducted on three independent days. The same master batch of ground beef and 

the same lots of ingredients were used for all replications to reduce experimental error attributed 

to differently sourced raw materials and non-test ingredients. Ground beef samples were thawed 

at 4°C for 24 h prior to allotment into the independent batches used to formulate the emulsions. 

Beef emulsions were prepared following the methodology described by Huang & Bohrer 

(2020a) with modifications in formulations. Each beef emulsion was formulated to a batch size 

of 500 g. Initially, beef emulsions were mixed using a food homogenizer (Ninja BL780C, Shark 

Ninja Operating LLC, Needham, USA) for 10 s. Sodium chloride, phosphate, Prague #1 powder, 

and 50% of the water (in the form of crushed ice) were added and mixed with ground beef for 30 

s. Subsequently, corn oil was added which was followed by 20 s of mixing. Finally, flour and the 

remaining 50% of the water (in the form of liquid water) were added to the homogenized 

emulsion, which was followed by another 30 s of mixing until a homogeneous meat mass was 
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obtained. The temperature of the meat mixture was below 10°C throughout the emulsification 

process.  

7.3.3 Sample distribution 

Each emulsion was divided into five subsamples. The first subsample comprised of 

approximately 15 g was used for the determination of pH in uncooked emulsions. The second 

subsample comprised of approximately 90 g was used for the determination of cooking loss and 

proximate composition. The third subsample comprised of approximately 120 g was immediately 

stored at 4°C until evaluation for microstructure and rheological properties in uncooked 

emulsions was conducted. Storage length for the third subsample was approximately 36 h. The 

fourth subsample comprised of approximately 90 g was cooked and then stored at 4°C overnight 

(12 to 16 h) until determination for texture, instrumental color, and microstructure was 

conducted. The remaining subsample was used for determination of instrumental color in 

uncooked emulsions and this was conducted immediately after preparation of the emulsions. 

7.3.4 pH determination 

pH values were evaluated using a homogenate prepared with the uncooked beef 

emulsions and distilled water at the ratio of 1:4 using a pH meter (AR15 Accumet Research, 

Thermo Fisher Scientific) equipped with a liquid filled combination electrode (accuTupH Plus 

rugged bulb variable temperature pH combination electrode, 13-620-185, Thermo Fisher 

Scientific). The pH meter was calibrated with buffer solutions of pH 4.0 and pH 7.0 before the 

start of measurements each day. 
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7.3.5 Cooking loss 

Three 30 g uncooked beef emulsion samples of each treatment were placed in 50 mL 

polypropylene tubes and centrifuged (Heraeus Multifuge X1R, Thermo Fisher Scientific) at 1000 

× g for 1 min to remove air bubbles. The samples were heated to reach an internal temperature of 

50°C in a water bath (Haake W26 Fisons, Berlin, Germany) which was initially set to 52°C. The 

temperature of the water bath was then increased to 80°C until the samples reached an internal 

temperature of 72°C. The cooking process took roughly 45 min in its entirety. During cooking, 

the internal temperature of samples was monitored using a thermocouple inserted into the center 

of the sample. The cooked samples were immediately cooled in an ice bath for 5 min. The 

exudate was discarded and the samples were weighed again to determine cooking loss. 

7.3.6 Proximate composition 

Approximately 5 g of the cooked beef emulsion sample was dried at 100°C for 24 h in a 

forced-air convection drying oven (Fisherbrand Isotemp 180 L drying oven, Thermo Fisher 

Scientific) according to AOAC method 950.46 (AOAC, 2016). Protein content and starch 

content were measured using the AOAC methods 992.15 and 996.11, respectively (AOAC, 

2016). A conversion calculation of N × 6.25 was used for determining protein. Lipid content was 

determined using acid hydrolysis according to AOAC 992.06 and 933.05 (AOAC, 2016). Due to 

sample limitations, all three replicate samples were pooled for lipid assays, and therefore only 

mean values were reported for lipid content. 
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7.3.7 Microstructure  

Microstructure of uncooked and cooked beef emulsion samples was evaluated according 

to the methodology described previously by Huang & Bohrer (2020a). Samples were cooked 

with the same procedures used for cooking loss. Approximately 3 mm thick samples for each 

treatment were sectioned, encased in a cassette, and fixed with formalin. Samples were then 

dehydrated in a series of alcohols, followed by embedment in a paraffin block. Subsequently, the 

blocks were sectioned with a microtome into approximately 8 μm thick slices and de-

paraffinized, followed by staining with Periodic acid-Schiff (PAS) using hematoxylin and eosin 

as a counter-stain. Samples were imaged using a light microscope (OMAX microscope, M82ES, 

Kitchener, Ontario, Canada) equipped with a digital camera and image processing software 

(OMAX ToupView, version 3.7, Hangzhou ToupTek Photonics Co., Ltd., Hangzhou, Zhejiang, 

China). 

7.3.8 Dynamic rheology 

Dynamic rheology was determined using a dynamic rheometer (Model Physica MCR-

301, Anton Paar Rheometer, Ashland, Virginia, USA) equipped with a parallel-plate geometry of 

50 mm diameter and a gap of 2 mm (Measuring system: PP50, SN12050; Measuring cell: P-

PTD200/Air, SN82777579). The uncooked beef emulsion samples were placed between the 

parallel plates of the rheometer. The excess sample protruding beyond the upper plate was 

carefully removed. Prior to dynamic analysis, preliminary tests were conducted to obtain the 

linear range. The uncooked beef emulsions were tested using a strain sweep from 0.01% to 100% 

at 20°C and 72°C, respectively. The linear range was found at a strain of 0.5%. For the 
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temperature sweep, samples were heated from 20°C to 72°C and then cooled from 72°C to 20°C 

with a heating and cooling rate of 1.5°C/min using a strain of 0.5% and a frequency of 1 Hz. 

Storage modulus (G') and loss modulus (G") were obtained using an accompanying software 

program. 

7.3.9 Texture profile analysis (TPA) 

Texture profile analysis (TPA) was determined according to the methodology described 

previously by Huang & Bohrer (2020a). Beef emulsion samples were cooked with the same 

procedures used for cooking loss and then were immediately stored at 4°C. Texture profile 

analyses were conducted on the following day (12 to 16 hours later). Cooked beef samples were 

tempered to room temperature (approximately 21.5°C) before evaluation and then cut into 

cylindrical cores (10 mm length and 15 mm diameter). Five cylindrical cores were obtained from 

each treatment for each replication. The cylindrical cores were compressed twice at 75% of their 

original height using a texture analyzer (Model TA-XT Icon, Stable Micro Systems, Texture 

Technologies Corp., South Hamilton, Massachusetts, USA) equipped with a 101.6 mm diameter 

× 10 mm tall cylindrical acrylic probe (TA-40A; Texture Technologies Corporation) at a 

constant test speed of 1.5 mm/s. 

7.3.10 Instrumental color evaluation 

A Chroma Meter CR-400 colorimeter (Konica Minolta Sensing Inc., Osaka, Japan) with 

illuminant D65, a 0° viewing angle, and an 8 mm aperture was used to determine instrumental 

color of uncooked and cooked samples. Samples were cooked with the same procedures used for 

the cooking loss. The CIE L*a*b* color space was used to evaluate objective color according to 
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the methodology described by American Meat Science Association (AMSA, 2012). Samples 

from each treatment were placed in a petri dish after preparation and covered with PVC film. 

The colorimeter was calibrated with PVC film covering the calibration tile. Measurements were 

collected at five locations from the uncooked and cooked samples and then averaged. 

7.3.11 Statistical analysis 

Data analysis was performed with PROC GLIMMIX of SAS (SAS 9.4, SAS Inst. Inc.) 

with a fixed effect of treatment and a random effect of replication. Least square means were 

separated using the PDIFF option with a Tukey-Kramer adjustment. Differences were considered 

statistically different for discussion purposes at P ≤ 0.05. 

7.4. Results and discussion 

7.4.1 pH 

The replacement of ground beef with any of the extruded flours in uncooked meat 

emulsions did not change (P > 0.05) pH value when compared with control samples, yet the 

replacement of ground beef with native flour increased (P < 0.05) pH value when compared with 

control samples (Table 7.2). This was an interesting finding, as pH values of the extruded flours 

were greater (P < 0.05) than native flour (native flour = 5.74, LS-LT = 7.16, LS-HT = 6.99, HS-

LT = 7.04, HS-HT = 6.73) (Huang et al., 2020b). This implies that there was a unique interaction 

between the extruded flours and the meat and other ingredients in the meat system such as 

sodium tri-polyphosphate. This explanation can be partially explained by some of the initial 

testing conducted in this study (data not included). During initial testing pH was not affected (P 
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> 0.05) when treatments were formulated without sodium tri-polyphosphate.  

7.4.2 Cooking loss and proximate composition 

Cooking loss of meat emulsions was not statistically altered (P = 0.50) by the replacement 

of ground beef with any types of flour. This was an interesting and unexpected finding. Huang et 

al. (2020b) reported that there were significant differences for water holding capacity, oil holding 

capacity, and swelling power among flour types. It was therefore hypothesized in this study that 

meat emulsions prepared with LS-LT and LS-HT extruded flours would have lower cooking loss 

when compared with meat emulsions prepared with native flour as the water holding capacity of 

LS-LT and LS-HT extruded flours was much greater (P < 0.05, approximately double of native 

flour) and their oil holding capacity was only slightly lower (P < 0.05) than native flour,. Yet this 

was not apparent in this study. These findings may have been a result of the relatively low inclusion 

level of the flours used in these formulations. Another possible explanation may be that the 

swelling power of native or extruded flour was similar at the endpoint cooking temperature (72°C) 

of the emulsions. Conversely, Berry & Wergin (1993) reported that addition of modified pre-

gelatinized potato starch in low-fat ground beef patties significantly increased cooking yield.  

The replacement of ground beef with any of the flours did not change moisture content (P 

= 0.09), protein content (P = 0.67), and ash content (P = 0.45) of cooked meat emulsions, while 

the replacement of ground beef with all of the flours increased (P < 0.01) starch content. This 

was as expected based on the composition of the flours that were included. 
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7.4.3 Microstructure 

Figure 7.1 and Figure 7.2 illustrated the microstructure for uncooked and cooked meat 

emulsions prepared with native breadfruit flour and different types of extruded breadfruit flour. In 

the control samples, which had no added flour, the oil granules were stable, well distributed, and 

held well within the meat matrix. Addition of any of the flours resulted in a more compact 

structure. Oil granules and native flour granules were dispersed evenly in the meat matrix for the 

meat emulsions prepared with native breadfruit flour. The native flour granules did not become 

gelatinized in the uncooked meat emulsions. While most of the native flour granules were swollen 

and opened in their structure in the cooked meat emulsions, thus making them capable of imbibing 

water and oil. However, non-gelatinized flour granules in meat emulsions prepared with native 

flour were still found after cooking to 72°C. The pasting temperature of native breadfruit flour was 

previously reported to be around 77°C (Huang et al., 2019b). Therefore, the cooking temperature 

for meat emulsions were likely only capable of gelatinizing a portion of the native flour granules.  

The uncooked and cooked meat emulsions prepared with different types of extruded flour 

were observed to be similar. The extruded flours granules were held together and trapped within 

the fat globules of the meat emulsions. As expected, the size of the extruded flour granules was 

much bigger than native flour granules as they were pre-gelatinized during the extrusion 

treatment. Li & Yeh (2002) reported that gelatinized starch can either form a coating on the 

peripheral surface of protein network to enhance gel strength or become embedded within the 

protein matrix. Kim & Lee (1987) reported that the composite reinforcing effect of starch is 

likely attributed to the swelling of starch granules embedded in the protein gel. This can 

compress the matrix and cause the protein matrix to lose moisture and become firmer (Kim & 
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Lee, 1987). 

7.4.4 Dynamic rheological properties 

Storage modulus (G') and loss modulus (G'') values for beef emulsion modeling systems 

prepared with native or extruded breadfruit flour were presented in Figure 7.3 and Figure 7.4 and 

summarized in Table 7.3. Generally, storage modulus of meat emulsions prepared with any of the 

flours remained constant from 20°C to 30°C and then increased until it reached the peak at around 

68°C. Then the storage modulus decreased as the temperature increased from 68°C to 72°C. 

During the cooling process, storage modulus continuously increased and reached the greatest 

values at the end of the test. It has been reported that storage modulus of meat batters prepared 

with salt increased when cooled (Kerry, Morrissey, & Buckley, 1999). The increase of storage 

modulus during heating at low temperature indicated the form of the preliminary protein network 

structure through hydrogen bonds and the cross-linking involved between proteins molecules 

(Egelandsdal, Fretheim. & Samejima, 1986; Cao, Wu, Hara, Weng, & Su, 2005; Zhang et al., 

2013). During periods of increased temperature, myofibrillar protein denaturation occurs due to 

the consecutive breakdown of myosin, actin, collagen, and sarcoplasmic proteins (Damodaram & 

Paraf, 1997; Tornberg, 2005), which results in a rise in elastic properties and formation of a gel 

matrix. Salt-soluble proteins, and particularly myosin, can serve as binders in meat systems (Siegel 

& Schmidt, 1979). The formation of the myosin gel generally has two stages. The first stage occurs 

from 30°C to 45°C, in which there is a partially reversible transition of the myosin tail. The second 

stage occurs above 50°C, in which irreversible aggregation of the myosin head is attributed to the 

crosslinking of disulfide bonds and hydrophobic interactions and results in the formation of the 

three-dimensional structure of the gel. Subsequently, collagen and actin are denatured at higher 
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temperatures, stabilized the protein matrix and increase the strength of the gel through cross-

linking (Varnam & Sutherland, 1995; Vásquez Mejía et al., 2018). 

For the meat emulsions prepared with flours in this study, the swollen starch granules 

acting as fillers in the gel matrix also affected gel strength. It has been reported that incorporation 

of native or modified starch increased storage modulus values of meat products and enhanced the 

gel structure (Kerry, Morissey, & Buckley, 1999; Li & Yeh, 2002; Zhang & Barbut, 2005). 

However, Zhang et al. (2013) reported that the addition of starches at the level of 3%, 6%, and 9% 

in surimi–beef gels led to lower storage modulus. In this study, the storage modulus for meat 

emulsions prepared with native or any of the extruded flours were lower compared with the control 

samples during both temperature intervals. The addition of flours negatively affected the dynamic 

rheological characteristics and generated weaker gel structures, especially the incorporation of the 

HS-HT extruded flour. HS-HT extruded flour was extruded using a higher last barrel temperature 

(120°C) and had greater SME (145 kJ/kg) and a higher melt temperature (126°C) compared with 

other types of extruded flour, which means HS-HT extruded flour had greater mechanical damage 

and fragmentation of starch molecules. The starch molecules that were fragmented during 

extrusion were likely predominately amylopectin due to its branched structure and larger 

molecular weight (Román, Campanella, & Martínez, 2019). The lower storage modulus values in 

the extruded flour treatments were likely attributed to less starch molecules being able to 

participate in the structure-forming process via hydrogen and other bond formation which results 

in weak cooperation between the protein and starch gelling systems. Moreover, lower viscosity 

and thickening power relative to extruded flours negatively affected storage modulus of meat 

emulsions. Huang et al. (2020b) reported that even though the viscosity values of extruded 
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breadfruit flours were greater than the native breadfruit flour in the beginning of the pasting 

property curve, viscosity decreased during heating and then remained lower than the native flour. 

Additionally, the rheological properties of a starch gel are influenced by the properties of starch, 

such as concentration, granule size, shape, ratio of amylose-amylopectin, and their combined 

interactions (Eliasson, 1986). Swelling power of starch granules was affected by the content and 

ratio of amylose and amylopectin (Tester & Morrison, 1990; Sasaki & Matsuki, 1998). It has been 

reported that the flour swelling ability causes a negative effect in storage modulus (Zhang et al., 

2013). Huang et al. (2020b) reported that the swelling power of extruded breadfruit flours was 

greater than native breadfruit flour from 30°C to 70°C. This was in agreement with the present 

study since the storage modulus of meat emulsions prepared with extruded flours was lower than 

native flour. 

However, even though there were differences (P < 0.05) for storage modulus of the meat 

emulsions at 20°C (before cooking) or at 72°C (after cooking) among treatments, storage 

modulus of meat emulsions after cooling to 20°C was not significantly affected by treatments. 

Similarly, for loss modulus of the meat emulsions, there is no significant difference at 20°C 

(after cooling) among treatments. The loss modulus behaved in a similar fashion as storage 

modulus, yet loss modulus had lower values compared with storage modulus, indicating that the 

meat emulsion modeling system was a structured material and had a more solid-like behavior. 

7.4.5 Texture profile analysis (TPA) 

The replacement of ground beef with LS-HT, HS-LT, or HS-HT extruded flour decreased 

(P < 0.05) hardness of cooked meat emulsions (Table 7.4). Yet the replacement of ground beef 
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with native flour or LS-LT extruded flour did not statistically change (P > 0.05) hardness compared 

with control samples. Huang & Bohrer (2020a) reported that the replacement of ground beef with 

1% or 2% inclusion level of native breadfruit flour in meat emulsions did not change hardness, yet 

hardness of meat emulsions was significantly decreased when inclusion level of breadfruit flour 

was increased to 4%. In this study, the replacement of ground beef with 3% inclusion level of 

native breadfruit flour in meat emulsions did not statistically change hardness, so therefore the 

inclusion levels used in this study are likely approaching the threshold levels for textural changes 

to become apparent. 

Pre-gelatinization of native flour causes disruption of the structure of amylose and 

amylopectin chains which increases swelling power of starch granules (Atwell, Hood, Lineback, 

Varrianomarston & Zobel, 1988). LS-HT, HS-LT, and HS-HT extruded flours were completely 

pre-gelatinized flours, while LS-LT extruded flour was only partially gelatinized (Huang et al., 

2020b). Compared with native flour and LS-LT extruded flour, those flours had lower viscosity 

during cooling (Huang et al., 2020b). Therefore, it was hypothesized that LS-HT, HS-LT, and HS-

HT extruded flours would likely form a weaker gel when incorporated into meat emulsions, thus 

significantly decreasing hardness values. This was confirmed based on the hardness results in this 

study. Conversely, Bawa & Singh (2000) reported that Warner Bratzler shear force values for goat 

sausages prepared with extruded wheat flour were significantly greater compared with counterpart 

sausages prepared with non-extruded flour. Additionally, Gençcelep, Anil, Saricaoğlu, & Ağar 

(2017) reported that hardness of beef emulsions prepared with pre-gelatinized modified potato 

starch did not differ from that of beef emulsions prepared with native potato starch. Contrary to 

those studies and similar to the present study, Berry & Wergin (1993) observed that incorporation 
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of modified pre-gelatinized potato starch in low-fat ground beef patties significantly increased 

tenderness. Therefore, the effect of extruded flour on hardness may be based on flour source and 

type of meat product.  

The replacement of ground beef with native breadfruit flour and any of the extruded flours 

decreased (P < 0.05) chewiness of cooked meat emulsions. Moreover, there was no difference (P 

> 0.05) for chewiness of meat emulsions among native flour treatment and all extruded flour 

treatments. Contradictory to these findings, Gençcelep et al. (2017) reported that there was no 

difference for chewiness and springiness between beef emulsions prepared with pre-gelatinized 

modified potato and native potato starch. Incorporating native or any of the extruded flours did not 

significantly alter (P = 0.18) springiness of meat emulsions. This was an interesting finding and 

was in agreement with the results of storage modulus in this study, which were not different among 

the treatments, when meat emulsions were cooled down to 20°C. Cohesiveness and resilience 

decreased (P < 0.05) for meat emulsions prepared with native flour, LS-LT, LS-HT, or HS-LT 

extruded flour. dos Santos Alves et al. (2016) reported that bologna-type sausages became more 

cohesive when they were harder, and that they became less cohesive when they were softer. This 

was in agreement with the present study. Moreover, the replacement of ground beef with any of 

the flours in this study did not change (P = 0.82) adhesiveness. Bortnowska, Balejko, Tokarczyk, 

Romanowska-Osuch, & Krzemińska (2014) reported that cohesiveness and adhesiveness of low-

fat oil-in-water dried egg yolk emulsions incorporated with pre-gelatinized waxy maize starch 

were not greater than the control samples (no additional of pre-gelatinized starch) until the starch 

inclusion level increased to 4%. 

Overall, it can be summarized that the incorporation of the extruded flours affected 
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textural attributes of beef emulsions when compared to control (no flour added) formulations. 

Specifically, samples prepared with extruded flours were softer, less chewy, less cohesive, and 

less resilient. It is important to note that the aforenoted textural attributes were not different 

between emulsions formulated with extruded flours and native flour. This indicates that meat 

processors should expect similar textural results when using extruded flours as they would when 

using unmodified native flours. 

7.4.6 Instrumental color evaluation 

For instrumental color of uncooked meat emulsions, all attributes were affected (P < 0.05) 

by treatment (Table 7.5). L* was less (P < 0.05) for emulsions prepared with LS-HT, HS-LT, and 

HS-HT extruded flours compared with control samples, while emulsions prepared with native flour 

and LS-LT extruded flour were intermediate and not different (P > 0.05) from any other treatments. 

Incorporating HS-HT extruded flour increased (P < 0.05) a* value, while a* value was not 

different (P > 0.05) from control samples when native or other extruded flours were added. b* 

values of meat emulsions were greater (P < 0.01) with addition of any of the flours. Moreover, 

there was no difference (P > 0.05) in b* values among meat emulsions prepared with native flour 

and all the extruded flours. Chroma and hue angle were affected (P < 0.01) by treatment, as both 

were greater (P < 0.05) in flour-added treatments compared with control samples. Huang et al. 

(2019a) reported that incorporating native breadfruit flour did not change the redness of raw beef 

patties when compared with control samples, yet breadfruit flour prevented discoloration of raw 

beef patties for a longer period of time during simulated retail display. This was likely the result 

of the effects of antioxidant compounds found in breadfruit flour, such as polysaccharide and 

polyphenols. Jalal et al. (2015) reported that breadfruit extracts had high antioxidant and 
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antimicrobial bioactivities attributed to the high content of phenolic compounds. 

For instrumental color of cooked samples, L*, b*, and chroma were affected (P < 0.05) by 

treatment, while no differences (P > 0.05) were detected among treatments for a* and hue angle. 

There was no difference (P > 0.05) in L* between meat emulsions prepared with native flour and 

control treatments, yet the replacement of ground beef with any of the extruded flours significantly 

decreased L*. These findings agreed with previous research, in which Huang & Bohrer (2020a) 

reported that a* value of cooked meat emulsions was not altered when replacing ground beef with 

1%, 2%, or 4% inclusion level of native breadfruit flour, yet sheds new light on the effect of 

extruded flour on cooked product color in respect to the observed differences in L* and b*. 

Interestingly, these findings disagreed with Huang et al. (2020b), which evaluated soy protein gels 

formulated at 4% inclusion level with the same extruded flours used in this study. That study 

reported that extruded flours increased a*, while L* and b* were generally unaffected with 

inclusion of extruded flours. 

Extrusion involves high temperature and high pressure which may cause changes in the 

color attributes of ingredients. Extrusion treatment can cause several heat-sensitive chemical 

reactions to occur, including the formation of Maillard reaction compounds (Camire, Camire, & 

Krumhar, 1990). Maillard reaction compounds, specifically melanoidins, can significantly alter 

visual color. The degree of change in the ingredient depends on the type of raw material and 

extrusion conditions, such as feeding rate, feed moisture, screw speed, temperature, and time 

(Singh, Gamlath, & Wakeling, 2007b; Brennan, Brennan, Derbyshire, & Tiwari, 2011). The 

degree of change in final products apparently depends on the type of product being produced as 

differing results were observed for beef emulsions in this study when compared with the Huang et 
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al. (2020b) study which evaluated soy protein gels.  

Another likely result of extrusion is the impact on compounds with antioxidant 

properties. Delgado-Licon et al. (2009) reported that total polyphenols and antioxidant activity of 

bean/corn mixture were deceased after extrusion. Conversely, Shih, Kuo, & Chiang (2009) 

reported that total phenolic compounds of sweet potato were increased after extrusion cooking. 

Extrusion may cause changes in the content of polyphenolic compounds in breadfruit flour, as 

well as their antioxidant activity. However, research on phenolic compounds and their 

involvement in antioxidant activity and promotion of red color associated with native and 

extruded breadfruit flours applied in meat products is currently lacking and further investigation 

is warranted.  

7.5 Conclusions 

Moisture content, cooking loss, instrumental redness values, and viscoelasticity of cooked 

meat emulsions prepared with native or extruded flours were not different from the control 

samples. Yet, the incorporation of the extruded flours affected textural attributes of beef emulsions 

when compared to control (no flour added) formulations. Specifically, samples prepared with 

extruded flours were softer, less chewy, less cohesive, and less resilient. Yet, differences between 

emulsions formulated with extruded flours and native flour were minimal from a textural 

standpoint. However, microstructure and dynamic rheology showed extruded flours behaved 

differently in the meat system compared with the native flour. 

This research provides a characterization of the structural and technological properties of 
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beef emulsion modeling systems when formulated with extruded flours, which were produced 

using different extrusion conditions. While this research adds to the growing body of work on 

flour/starch modification and their incorporation into processed meats, further investigation on 

breadfruit flours modification using other methods to improve the technological function in meat 

products is worthwhile. 
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Tables and Figures 

 

 

Table 7.1. Formulation of beef emulsion modeling systems prepared with native or extruded breadfruit flour. 

 Control1 Native flour2 LS-LT3 LS-HT4 HS-LT5 HS-HT6 

Samples, n 3 3 3 3 3 3 
Ground beef, % 62.46 59.46 59.46 59.46 59.46 59.46 
Water, % 25 25 25 25 25 25 

Corn oil7, % 10 10 10 10 10 10 

Flour, % -  3 3 3 3 3 

Sodium chloride8, % 2 2 2 2 2 2 

Phosphate9, % 0.3 0.3 0.3 0.3 0.3 0.3 

Prague #1 Powder10, % 0.24 0.24 0.24 0.24 0.24 0.24 
1 Control group was without added flour. 
2 Native breadfruit flour was provided by Natural Foods International (Apia, Western Samoa). 
3 Extruded breadfruit flour LS-LT: Low SME (74 kJ/kg) – Low Melt Temperature (83°C).   
4 Extruded breadfruit flour LS-HT: Low SME (74 kJ/kg) – High Melt Temperature (105°C). 
5 Extruded breadfruit flour HS-LT:  High SME (145 kJ/kg) – Low Melt Temperature (100°C). 
6 Extruded breadfruit flour HS-HT:  High SME (145 kJ/kg) – High Melt Temperature (126°C). 
7 Corn oil (Mazola, ACH Food Companies, Inc.; Memphis, USA). 
8 Sodium chloride (Hela Spice Canada Inc.; Uxbridge, Canada). 
9 Sodium tri-polyphosphate (Malabar Super Spice Co. Ltd.; Burlington, Canada). 
10 Prague # 1 powder contained 6.25% of sodium nitrite and 93.75% of NaCl. Therefore, the final product was 
formulated to contain 0.015% (150ppm) of sodium nitrite. 
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Table 7.2. Effects of breadfruit flour extrusion technology on pH of uncooked beef emulsions, cooking loss, and proximate 
composition of cooked beef emulsions.1 

 Control2 Native flour3 LS-LT4 LS-HT5 HS-LT6 HS-HT7 SEM P-Value 

Samples, n 3 3 3 3 3 3   
pH 5.71b 5.84a 5.74ab 5.70b 5.75ab 5.73b 0.06 0.01 

Cooking loss, % 2.57 1.56 1.14 1.83 3.33 3.75 1.12 0.50 

Proximate composition         

         Moisture, % 68.21 66.84 66.91 66.73 66.34 66.04 0.47 0.09 
         Lipid8, % 14.05 14.76 14.34 13.63 13.82 13.34 - - 
         Protein, % 12.93 12.33 12.66 12.56 12.55 13.33 0.44 0.67 
         Starch, % 0.07c 1.69b 1.85a 1.83a 1.79ab 1.76ab 0.03 <0.01 
         Ash, % 3.24 3.21 3.13 3.12 4.16 3.16 0.41 0.45 
a-cLeast square means within a row with the same superscripts are not statistically different (P < 0.05). 
1 Data presented are LS means for interaction effects and reported standard error of the mean (SEM) is the maximum SEM among 
the interaction effects. 
2 Control group was without added flour. 
3 Native breadfruit flour was provided by Natural Foods International (Apia, Western Samoa). 
4 Extruded breadfruit flour LS-LT: Low SME (74 kJ/kg) – Low Melt Temperature (83°C).   
5 Extruded breadfruit flour LS-HT: Low SME (74 kJ/kg) – High Melt Temperature (105°C). 
6 Extruded breadfruit flour HS-LT:  High SME (145 kJ/kg) – Low Melt Temperature (100°C). 
7 Extruded breadfruit flour HS-HT:  High SME (145 kJ/kg) – High Melt Temperature (126°C). 
8 Lipid was reported as a mean of the three replications. There was insufficient sample to conduct this assay on each replication and 
therefore the samples were pooled for this parameter. 
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Table 7.3. Effects of breadfruit flour extrusion technology on storage modulus (G') and loss modulus (G'') values of beef 
emulsions.1 

 Control2 Native flour3 LS-LT4 LS-HT5 HS-LT6 HS-HT7 SEM P-Value 

Samples, n 3 3 3 3 3 3   
Storage modulus (G', kPa)     

  
20°C (start) 4.30b 7.16a 6.72a 6.78a 7.21a 5.81ab 0.46 <0.01 

72°C (heating) 141.69a 73.88ab 66.67ab 78.29ab 60.08b 53.08b 17.47 0.03 

20°C (cooling) 248.1 183.84 151.06 163.69 138.25 117.76 28.23 0.06 
Loss modulus (G'', kPa)     

  
20°C (start) 1.46b 2.03ab 2.28a 2.29a 2.05a 1.73ab 0.12 <0.01 

72°C (heating) 24.60 13.51 12.75 15.25 11.79 10.27 3.24 0.06 
20°C (cooling) 50.50 40.21 39.30 38.61 33.03 28.03 5.55 0.08 

a,bLeast square means within a row with the same superscripts are not statistically different (P < 0.05). 
1 Data presented are LS means for interaction effects and reported standard error of the mean (SEM) is the maximum SEM among 
the interaction effects. 
2 Control group was without added flour. 
3 Native breadfruit flour was provided by Natural Foods International (Apia, Western Samoa). 
4 Extruded breadfruit flour LS-LT: Low SME (74 kJ/kg) – Low Melt Temperature (83°C).   
5 Extruded breadfruit flour LS-HT: Low SME (74 kJ/kg) – High Melt Temperature (105°C). 
6 Extruded breadfruit flour HS-LT:  High SME (145 kJ/kg) – Low Melt Temperature (100°C). 
7 Extruded breadfruit flour HS-HT:  High SME (145 kJ/kg) – High Melt Temperature (126°C). 
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Table 7.4. Effects of breadfruit flour extrusion technology on texture profile analysis of cooked beef emulsions.1 

 Control2 Native flour3 LS-LT4 LS-HT5 HS-LT6 HS-HT7 SEM P-Value 

Samples, n 3 3 3 3 3 3   
Textural attributes      

  
Hardness, N 46.60a 33.19ab 33.16ab 29.07b 31.92b 31.84b 2.88 0.01 
Chewiness 17.17a 9.60b 9.40b 7.69b 9.30b 10.01b 1.41 <0.01 
Springiness, % 85.87 84.55 86.14 83.61 86.3 84.89 0.77 0.18 
Cohesiveness, % 42.15a 34.10b 32.85b 31.49b 33.70b 37.00ab 1.63 <0.01 
Adhesiveness, g·sec -0.07 -0.07 -0.08 -0.07 -0.06 -0.08 0.01 0.82 
Resilience, % 18.92a 12.08b 11.77b 10.82b 11.43b 12.26ab 1.42 0.02 

a-cLeast square means within a row with the same superscripts are not statistically different (P < 0.05). 
1 Data presented are LS means for interaction effects and reported standard error of the mean (SEM) is the maximum SEM among 
the interaction effects. 
2 Control group was without added flour. 
3 Native breadfruit flour was provided by Natural Foods International (Apia, Western Samoa). 
4 Extruded breadfruit flour LS-LT: Low SME (74 kJ/kg) – Low Melt Temperature (83°C).   
5 Extruded breadfruit flour LS-HT: Low SME (74 kJ/kg) – High Melt Temperature (105°C). 
6 Extruded breadfruit flour HS-LT:  High SME (145 kJ/kg) – Low Melt Temperature (100°C). 
7 Extruded breadfruit flour HS-HT:  High SME (145 kJ/kg) – High Melt Temperature (126°C). 
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Table 7.5. Effects of breadfruit flour extrusion technology on instrumental color of uncooked and cooked beef emulsions.1 

 Control2 Native flour3 LS-LT4 LS-HT5 HS-LT6 HS-HT7 SEM P-Value 

Samples, n 3 3 3 3 3 3   
Color of uncooked samples     

  
L* 65.36a 63.16ab 63.36ab 62.83b 62.60b 62.64b 0.51 0.02 

a* 7.90b 8.04ab 7.93b 8.12ab 8.03ab 8.54a 0.11 0.02 

b* 13.14b 14.94a 14.46a 14.61a 15.11a 15.26a 0.27 <0.01 

Chroma 15.33c 16.96ab 16.49b 16.71ab 17.11ab 17.48a 0.27 <0.01 

Hue angle 58.97c 61.70ab 61.24ab 60.93ab 62.02a 60.75b 0.39 <0.01 

Color of cooked samples     
  

L* 65.26a 63.92ab 62.19cd 61.95cd 63.37bc 61.42d 0.46 <0.01 

a* 10.88 11.51 11.59 11.28 11.63 11.47 0.46 0.44 

b* 9.78c 11.31ab 11.19ab 10.90b 11.62ab 12.07a 0.29 <0.01 

Chroma 14.65c 16.14ab 16.12ab 15.73b 16.44ab 16.68a 0.29 <0.01 

Hue angle 42.02 44.52 44.01 44.06 44.98 46.50 1.7 0.16 
a-dLeast square means within a row with the same superscripts are not statistically different (P < 0.05). 
1 1 Data presented are LS means for interaction effects and reported standard error of the mean (SEM) is the maximum SEM among 
the interaction effects. 
2 Control group was without added flour. 
3 Native breadfruit flour was provided by Natural Foods International (Apia, Western Samoa). 
4 Extruded breadfruit flour LS-LT: Low SME (74 kJ/kg) – Low Melt Temperature (83°C).   
5 Extruded breadfruit flour LS-HT: Low SME (74 kJ/kg) – High Melt Temperature (105°C). 
6 Extruded breadfruit flour HS-LT:  High SME (145 kJ/kg) – Low Melt Temperature (100°C). 
7 Extruded breadfruit flour HS-HT:  High SME (145 kJ/kg) – High Melt Temperature (126°C). 
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Figure 7.1. Light micrograph of uncooked meat emulsions prepared with native and extruded 
breadfruit flours. NF = native breadfruit flour; LS-LT = LS-LT extruded flour; LS-HT = LS-HT 
extruded flour; HS-LT = HS-LT extruded flour; HS-HT = HS-HT extruded flour; FG = fat 
globules. 

(A) – native breadfruit flour; (B) – Extruded breadfruit flour LS-LT: Low SME (74 kJ/kg) – Low 
Melt Temperature (83°C); (C) – Extruded breadfruit flour LS-HT: Low SME (74 kJ/kg) – High 
Melt Temperature (105°C); (D) – Extruded breadfruit flour HS-LT:  High SME (145 kJ/kg) – 
Low Melt Temperature (100°C); (E) – Extruded breadfruit flour HS-HT:  High SME (145 kJ/kg) 
– High Melt Temperature (126°C); (F) – control group (no added flour). Scale bar = 100 μm 
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Figure 7.2. Light micrograph of cooked meat emulsions prepared with native and extruded 
breadfruit flours. NF = native breadfruit flour; LS-LT = LS-LT extruded flour; LS-HT = LS-HT 
extruded flour; HS-LT = HS-LT extruded flour; HS-HT = HS-HT extruded flour; FG = fat 
globules. 

(A) – native breadfruit flour; (B) – Extruded breadfruit flour LS-LT: Low SME (74 kJ/kg) – Low 
Melt Temperature (83°C); (C) – Extruded breadfruit flour LS-HT: Low SME (74 kJ/kg) – High 
Melt Temperature (105°C); (D) – Extruded breadfruit flour HS-LT:  High SME (145 kJ/kg) – 
Low Melt Temperature (100°C); (E) – Extruded breadfruit flour HS-HT:  High SME (145 kJ/kg) 
– High Melt Temperature (126°C); (F) – control group (no added flour). Scale bar = 100 μm. 
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Figure 7.3. Effect of breadfruit flour extrusion technology on the development of storage modulus 
(G’) in meat emulsions during heating (20°C to 72°C) and cooling (72°C to 20°C). 

Control – control group (no added flour). Scale bar = 100 μm; Native – native breadfruit flour; 
LS-LT – Extruded breadfruit flour LS-LT: Low SME (74 kJ/kg) – Low Melt Temperature 
(83°C); LS-HT – Extruded breadfruit flour LS-HT: Low SME (74 kJ/kg) – High Melt 
Temperature (105°C); HS-LT – Extruded breadfruit flour HS-LT:  High SME (145 kJ/kg) – Low 
Melt Temperature (100°C); HS-HT – Extruded breadfruit flour HS-HT:  High SME (145 kJ/kg) 
– High Melt Temperature (126°C).  

0

50

100

150

200

250

300

20 25 30 35 40 45 50 55 60 65 70 70 65 60 55 50 45 40 35 30 25 20

S
to

ra
ge

 m
o

du
lu

s 
(k

P
a)

Temperature (ºC)

Control

Native

LS-LT

LS-HT

HS-LT

HS-HT



 

 

243 

  

 

Figure 7.4. Effect of breadfruit flour extrusion technology on the development of loss modulus 
(G”) in meat emulsions during heating (20°C to 72°C) and cooling (72°C to 20°C). 

Control – control group (no added flour). Scale bar = 100 μm; Native – native breadfruit flour; 
LS-LT – Extruded breadfruit flour LS-LT: Low SME (74 kJ/kg) – Low Melt Temperature 
(83°C); LS-HT – Extruded breadfruit flour LS-HT: Low SME (74 kJ/kg) – High Melt 
Temperature (105°C); HS-LT – Extruded breadfruit flour HS-LT:  High SME (145 kJ/kg) – Low 
Melt Temperature (100°C); HS-HT – Extruded breadfruit flour HS-HT:  High SME (145 kJ/kg) 
– High Melt Temperature (126°C). 
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Chapter 8 Conclusions and Future Works 

8.1 Conclusion 

In the first part of this dissertation research, the compositional and functional properties 

of native breadfruit flour, and the effect of native breadfruit flour on comminuted beef/beef 

emulsions compared with traditional flour sources (wheat, soy, corn, tapioca) and a tropical flour 

source (banana) were investigated. Native breadfruit flour has a high starch content. Native 

breadfruit flours have a greater (P < 0.05) water holding capacity and oil holding capacity 

compared with the traditional flour sources. Banana flour, however, has very similar properties 

compared with breadfruit flours. A high propensity of breadfruit flour amylopectin re-associated 

during storage since breadfruit flour exhibited a dramatically greater retrogradation enthalpy. 

Moreover, the breadfruit flour did not resist heating but had extraordinary swelling power. 

Cooking loss of comminuted beef prepared with breadfruit flour was reduced (P < 0.05) 

compared with those not prepared with flour and cooking loss decreased (Linear P < 0.01) as 

flour inclusion level increased (0 to 5%). Hardness of comminuted beef prepared with breadfruit 

flour was not significantly different compared with soy flour treatment yet was much less (P < 

0.05) compared with wheat, corn, and tapioca flour sources at each inclusion level (1, 2, 3, 4, and 

5%). Breadfruit flour improved the instrumental redness values of comminuted beef products 

immediately and prevented discoloration of beef for a longer period of time compared with 

traditional flour sources. Moreover, high inclusion levels (4%) of breadfruit flour decreased (P < 

0.05) hardness and chewiness of beef emulsions, while banana flour inclusion level did not 

significantly affect hardness or chewiness of meat emulsions. Therefore, it is reasonable to 

conclude that breadfruit flour can be effectively used as a binder ingredient in processed beef 
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products that may elicit positive effects on color stability. 

In the second part of the dissertation research, native breadfruit flour was extruded with 

twin-screw extrusion technology under different conditions, which included feed moisture 

content (17% or 30%) and last barrel temperature (80°C or 120°C). Based on these different 

conditions, four extruded flours with different mechanical (specific mechanical energy, SME) 

and thermal (melt temperature) energies were obtained. All extrusion treatments did not change 

(P > 0.05) the main proximate composition of the flour, namely starch and protein. However, all 

extruded flours were different in cold swelling and retrogradation properties. Moreover, 

extrusion conditions that resulted in a lower SME (74 kJ/kg) led to an increased capacity for 

water absorption and reduced solubility (compared to high SME, 145 kJ/kg) due to the lower 

shear-fragmentation of starch molecules. Setback was decreased (P < 0.05) in all extruded flours. 

Moisture content, cooking loss, instrumental redness values, and viscoelasticity of cooked meat 

emulsions prepared with extruded flours were not significantly different from native flour 

treatment and control. Incorporation of Low SME – High Temperature, High SME – Low 

Temperature, or High SME – High Temperature extruded flours decreased (P < 0.05) hardness, 

while hardness of meat emulsions prepared with native flour or Low SME – High Temperature 

extruded flour was not significantly different from control samples. Replacement of ground beef 

in the meat emulsions with native or any of the extruded flours did not change (P > 0.05) 

springiness and adhesiveness compared with control samples. Moreover, microstructure and 

dynamic rheology showed extruded flours behaved differently in the meat matrix compared with 

the native flour. Therefore, it can be concluded that incorporation of extruded breadfruit flours 

can modify the structural and technological attributes of beef emulsions compared with the 
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incorporation of native flour, but technological function of beef emulsions formulated with 

different extruded flours were not different.  

This research is beneficial to the food industry, especially to the global meat industry. It 

provides a characterization of a novel, previously unexplored flour and its physically modified 

counterparts produced by extrusion technology. Moreover, it provides a characterization of the 

structural network and functional changes in meat emulsions when formulated with those flour 

ingredients. This research also benefits the breadfruit crop industry, which has great potential to 

positively impact food security in the developing world and has significant economic potential 

worldwide.  

8.2 Future work related to breadfruit flour 

Moving forward, it would be interesting to investigate sensory properties of beef patties 

prepared with breadfruit flour compared with traditional flours. Trained panels could be 

conducted to determine treatment differences in the beef patties. Parameters like juiciness, 

tenderness, texture, beef flavor, off flavor, overall acceptability could be determined. Consumer 

panels could be conducted for the beef patties prepared with breadfruit flour to determine 

acceptability and liking (e.g. juiciness, tenderness, texture, beef flavor, off flavor, overall), and 

this could provide insights on consumer opinions such as willingness to pay and preferred 

cooking methods. It would be also interesting to see the lipid oxidation and to characterize the 

microbiological profile as other methods to evaluate shelf life stability since the breadfruit flour 

has been reported to have promising antioxidant activity and antimicrobial activity.  

Nowadays, consumers demand healthier meat products that are low in fat. Therefore, 

future study could replace fat in processed meat with breadfruit flour and see if breadfruit flour 
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can work as an effective fat replacer. It would be interesting to determine water holding capacity, 

appearance, flavor, and texture. Moreover, a future study could investigate the combination of 

breadfruit flour with other functional ingredients such as carrageenan, milk proteins, soy protein, 

and egg proteins. The synergy between starch and other ingredients could improve the meat 

quality in terms of nutritional and functional properties. It would also be interesting to 

investigate the effects of breadfruit flour on other species meat (e.g. pork and chicken) products 

as well as incorporate breadfruit flour in other types of processed meat products (e.g. injected or 

tumbled whole muscle or reconstituted meat products (flour in brine systems)). 

From the flour standpoint, a future study could modify breadfruit flour with other 

extrusion conditions (especially mild conditions) and investigate its effects on beef emulsions. 

Mild extrusion conditions could produce extruded flour with partial non completely gelatinized 

starch, which could decrease the flour pasting temperature while maintain high final viscosity 

after heating and cooling process. This kind of extruded flour could be completely gelatinized 

and fully functionalized in processed meats when cooked to 72°C. The high viscosity of the 

emulsion may be very important for the hardness of meat emulsions by physical coalescence of 

the meat particles. Flour with a great thickening capability during the cooking process and a 

great gelling ability during cooling may increase hardness of meat products. 

8.3 Future work for the meat processing industry 

Although meat and meat products are very good sources of complete proteins, minerals, 

and vitamins, the consumption of meat and meat products has been regarded by some consumers 

as unhealthy due to the perceived increased risk of chronic diseases such as obesity, cancer, 
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cardiovascular disease, and hypertension. The demands of consumers are changing. Healthier 

processed meat products with low salt, low fat, low cholesterol, low nitrites, low calories, and 

less meat (replaced with non-meat-based proteins or carbohydrates) are expected by consumers. 

Yet the removal of these compounds might cause undesirable changes (e.g. lower cooking yield, 

lower microbial safety, lower sensory acceptance), which often present challenges to meat 

processors from a formulation standpoint. Moreover, processed meat products which contain 

additional health-promoting bioactive components (e.g. carotenoids, fibers, unsaturated fatty 

acids, polyphenols) are more competitive in the marketplace today. Therefore, with this 

emerging perspective from consumers, future work for the meat processing industry include 

paying more attention to human health and wellness and producing novel healthy meat products 

with similar sensory characteristics as their traditionally formulated counterparts, while 

producing products at lower costs and using raw materials (e.g. meat and ingredients) more 

efficiently. 

The utilization of functional ingredients in processed meat products, with the intention to 

maintain or improve nutritional, technological, visual, and sensory characteristics as well as 

safety, has always been an important area of research for the meat processing industry. This is 

because the utilization of functional ingredients can reduce the variability in the quality of raw 

meat and optimize the cost of formulation. Moreover, the utilization of functional ingredients 

provides processed meat manufacturers with more opportunities to introduce a broad spectrum of 

processed meat products in order to meet the changing demands of consumers.  

 Functional ingredients can be classified into two main groups according to their 

mechanistic action in the processed meat system: salts and extenders/fillers/binders. The purpose 
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of the addition of salts is to enhance the functionality of muscle proteins (salt soluble proteins are 

myofibrillar proteins such as myosin). Salts help with protein extraction and solubilization as 

well as with modulating water/fat retention and texture. Salts like sodium chloride, sodium 

nitrite, and phosphates are widely used in processed meat products. Sodium chloride is very 

important, especially from a sensory standpoint. However, high sodium intake increases the risk 

of cardiovascular disease. The meat processing industry should gradually reduce sodium levels 

in processed meat products in order to help consumers adapt their palate to the flavor of reduced 

sodium products, thus to minimize consumer rejection of the new products. At the same time, it 

is important to explore substitutes of sodium chloride to compensate for water-holding capacity 

and food safety. Future work for the meat processing industry would also be to explore more 

natural antioxidants which can improve the color stability of processed meat products in order to 

reduce the use of nitrites. 

The second main group of functional ingredients used for meat processing includes 

flours, starches, fibers, hydrocolloids (e.g. carrageenan, xanthan, alginate), collagen, milk 

proteins (e.g. whey proteins), and plant proteins (e.g. soy protein, pea protein). These ingredients 

help to bind water, decrease shrinkage, enhance texture, and reduce formulation cost. They can 

act as fat and lean meat replacers. The exploration of novel functional ingredients, which have 

excellent functionalities and at the same time contain health-promoting bioactive components, 

would be an important future research theme for the meat processing industry. It would be 

interesting to explore more multi-functional novel native flours that may have great 

technological properties (e.g. water/oil holding capacity), significant amounts of carbohydrate 

and starch and at the same time contain other nutrients like fiber, complete protein, vitamins, 
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minerals, and phenolic components. It would also be worthwhile to explore binders containing 

resistant starch, soluble fiber, and insoluble fiber that can reduce the risk of coronary heart 

diseases and are beneficial to human health.  

Moreover, the demands of consumers for clean label products are emerging. Exploring 

ingredients that meet the clean label criteria, while maintaining the same functional properties, 

can be a difficult task for meat processors. Therefore, the future work for the meat processing 

industry would be to carefully consider the ingredients that are available when formulating 

processed meat products. It would also be interesting to explore by-products (e.g. tomato 

pomace, apple pomace, grape pomace) that can be used as nutritious ingredients (may contain 

high amounts of bioactive compounds, such as dietary fiber and polyphenols) in processed meat 

products. The by-products that are available in abundant supply as industrial waste could be used 

as low-cost and effective ingredient sources for the meat processing industry. 
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Chapter 9 Appendices 

Table 9.1. The functional properties, gelatinization and retrogradation properties, and 
pasting properties of corn and tapioca starch. 

 Corn Tapioca 
pH 5.44 6.07 
Water holding capacity, g/g 0.73 0.83 
Oil holding capacity, g/g 0.85 0.79 

Bulk density, g/cm3 0.8 0.77 

D4,3, um 14.88 14.67 
Solubility, %  

 

30°C 0.71 NA 
50°C 0.78 NA 
70°C 4.41 NA 
90°C 7.61 NA 

Swelling power, g/g   

30°C 1.86 NA 
50°C 2.10 NA 
70°C 9.62 NA 
90°C 12.37 NA 

Differential Scanning Calorimetry (DSC)   

Gelatinization   

To, °C 64.74 63.21 
Tp, °C 70.37 69.20 
Tc, °C 86.96 86.53 
ΔH, W/g 12.25 13.31 

Retrogradation   

To, °C 40.02 40.97 
Tp, °C 50.85 53.35 
Tc, °C 65.03 66.15 
ΔH, W/g 4.92 2.74 

Pasting properties (maximum temperature of 95°C)   

Peak viscosity, cP 3029 4626.67 
Trough Viscosity, cP 2162.67 1848 
Breakdown, cP 866.33 2778.67 
Final Viscosity, cP 3237.33 2925.67 
Setback, cP 1074.67 1077.67 
Peak time, min 5.25 3.91 

Pasting temperature, oC 75.27 70.08 

Pasting properties (maximum temperature of 130°C)   

Peak viscosity, cP 4436.67 6020.33 
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Trough Viscosity, cP 770.67 1048.33 
Breakdown, cP 3666 4972 
Final Viscosity, cP 2198 2998.33 
Setback, cP 1427.33 1950 
Peak time, min 4.98 3.75 
Pasting temperature, oC 76.05 72.15 

Note: D4,3, Volume weighted mean indicates the central point of the volume distribution of the 
particles. 
NA: The method for testing the solubility and swelling power of corn starch did not applicable 
in tapioca starch. 
To-onset temperature, Tp-peak temperature, Tc-conclusion temperature, ΔH- enthalpy.  
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Figure 9.1. Particle size distribution profiles of corn starch and tapioca starch. 
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Figure 9.2. DSC thermograms (gelatinization) of corn starch and tapioca starch. 
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Figure 9.3. DSC thermograms (retrogradation) of corn starch and tapioca starch. 
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Figure 9.4. The pasting properties of corn starch and tapioca starch (maximum temperature 
of 95 °C). 
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Figure 9.5. The pasting properties of corn starch and tapioca starch (maximum temperature 
of 130°C). 
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Figure 9.6. Comminuted beef patties prepared with 2.5% flours at storage day 1 (Chapter 4). 
(A) – Control; (B) – Breadfruit flour; (C) – Wheat flour; (D) – Soy flour; (E) – Corn flour; (F) 
– Tapioca flour. 
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