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ABSTRACT 
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STRUCTURING 

 
 

 

Kristin Danielle Mattice     Advisor: 

University of Guelph, 2020     Professor Alejandro G. Marangoni 

 

 

 

This thesis encompasses a thorough investigation in the potential use of zein networks as a 

structuring ingredient in plant-based meat and dairy alternatives. The popularity of plant-based 

products is continually increasing, however the majority of meat analogues and plant-based 

cheeses lack properties that are characteristic to the conventional products. Attempts to improve 

upon these products focused on the use of zein, a protein that had not been studied in this 

application previously. For the creation of whole muscle meat analogues, three techniques were 

developed to produce fibrous material from zein, either as fibrous networks or individual protein 

fibres. These techniques are: electrospinning, antisolvent precipitation of zein from ethanol using 

water and mechanical elongation of self-assembled zein networks. It was determined that the 

zein fibres produced were able to contribute a chicken-like texture to soy protein isolate gels 

when fibres were of uniform size and orientation. Despite this promising result, in depth 

investigation into the rheology of zein networks revealed inherently brittle behaviour, 

particularly when compared to the ductility of chicken muscle tissue. Efforts to reduce the 

brittleness of zein networks through enzymatic crosslinking with microbial transglutaminase 

proved unsuccessful and instead caused the brittleness of the network to increase even further. 

As an alternate technique, an increase in ductility was observed when zein networks were formed 
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through antisolvent precipitation from acetic acid. Even further increases in ductility were 

achieved through antisolvent precipitation from ethanol. Throughout analysis, observations of 

softening and melting with increasing temperature were made. This led to the additional 

application of plant-based cheeses made with zein. Plant-based cheese samples containing a 

sufficient content of zein were shown to soften and stretch with increasing temperature in a 

statistically similar manner as conventional cheddar cheese. This result was emphasized further 

when currently available plant-based cheddar-style products were unable to stretch or perform 

with any similarities to conventional cheese. This research has therefore provided an increased 

understanding of the potential structural and rheological contribution of zein in food products. In 

addition, it provides the basis for the development and production of highly functional zein based 

meat analogues and plant-based cheeses.  
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Chapter 1: Introduction 

 

In general, there is an increasing awareness that animal products are far from sustainable 

and impractical for feeding the growing population. In particular, the meat and dairy industries 

use an excessive amount of resources, namely land and water, and the associated emissions of 

greenhouse gases are substantial (Garnett, 2011; Hallström, Carlsson-Kanyama, & Börjesson, 

2015; Herrero et al., 2011). This, combined with the rapidly increasing global population, makes 

the current reliance on the meat industry troublesome. Shifting to an increasingly plant-based 

diet could provide considerable environmental relief, as production of plant protein requires a 

fraction of the land space and water, and greenhouse gas emissions are significantly reduced 

(Hunter, Smith, Schipanski, Atwood, & Mortensen, 2017; Scarborough et al., 2014). In addition, 

plant proteins can provide the necessary protein quantity and quality in the diet (Kumar et al., 

2017; Young & Pellett, 1994). As a result, the prevalence of veganism and vegetarianism and 

demand for plant-based products is continually increasing. One of the barriers to widespread 

adoption of increasingly plant-based diets is that many people still desire the sensory attributes of 

animal products (Hoek et al., 2011). For some time, the plant-based food products available as 

alternatives to meat, including tofu, tempeh and seitan, differed significantly in terms of taste and 

functionality. Consequently, there has been significant interest in the development of plant-based 

products that can mimic the characteristics of traditional animal products or ingredients, 

including both meat and dairy products. 

While animal products contain more than protein, the protein component can contribute 

the most critical physical properties. This fact has resulted in limited success for the products 

currently available, as matching the functionality of animal proteins using plant-based proteins is 

extremely challenging. For meat, there has been limited success in accurately mimicking the 

characteristic oriented, fibrillar structure, restricting meat analogue products primarily to ground 

meat applications. Even the products that do possess a more fibrous structure are produced using 

highly energy intensive extrusion processing that raises concerns regarding the actual 

sustainability of the final product (Liang, Huff, & Hsieh, 2002). To create meat analogues that 

more closely mimic muscle tissue, new methodologies and the ability to produce fibrous material 

from plant-based proteins is critical. Beyond the creation of meat analogues, plant-based cheese-
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type products are also highly desired. In this case, there has been limited success in accurately 

mimicking the characteristic texture and melting behaviour of cheese. The melting behaviour 

observed at high temperatures results partially from the melting of milk fat, however the role of 

protein, specifically casein, in the characteristic melting behaviour of cheese is often overlooked 

in the development of plant-based cheeses. Casein networks in cheese provide structure to the 

cheese primarily via non-covalent interactions, and as such contribute important physical and 

textural properties at low and high temperatures. The ability of a cheese to stretch at high 

temperatures results entirely from the weakening of casein-casein non-covalent interactions with 

increasing temperature (Lamichhane, Kelly, & Sheehan, 2018; Lucey, Johnson, & Horne, 2003). 

The observed behaviour is highly desirable, however this has proven difficult to recreate with 

plant proteins. Therefore, a critical factor in producing acceptable cheese analogues becomes 

replicating the behaviour of casein with plant proteins.  

Despite the identified importance of protein in these applications, there is a lack of 

knowledge surrounding general plant-protein functionality, and a lack of research into methods 

to modify functionality. This has caused many of the products currently available to turn to the 

use of non-protein ingredients to fill structural requirements. Many plant-based cheese products 

make use of starches and gums to provide texture and melt-stretch properties. Additionally, meat 

analogue products are often limited to ground meat applications due to the challenges in 

mimicking the complex structure of muscle tissue, and starches are frequently added to bind the 

product together.  

Until now, the majority of plant-based protein knowledge was limited primarily to soy, 

pea and wheat proteins. However, the natural functionality of these proteins is limited, and 

typically, extensive processing is required adding significant cost to the final products (Jones, 

2016; Manski, van der Goot, & Boom, 2007). Therefore, this work went beyond these traditional 

sources to zein, a hydrophobic prolamin from corn. With a high proportion of non-polar amino 

acids, zein is characteristically water insoluble. The high hydrophobicity of this protein causes 

zein to self-associate into viscoelastic networks within aqueous environments (Argos, Pedersen, 

Marks, & Larkins, 1982). When zein is hydrated and heated above its glass transition 

temperature (Tg), it forms a flexible, bendable mass which may be pulled, stretched and sculpted, 

increasing the opportunity to create structures that can be tailored to the application. While zein 

is considered food grade, this protein has not been studied for the specific application of 



3 

 

structuring plant-based products, therefore little is known about what functionality zein could 

contribute to these products. Analysis of the physical properties, including rheological, textural 

and structural properties, of self-assembled zein networks can provide insight into the feasibility 

of animal protein replacement with respect to different applications. This type of research can 

uncover any unique functionality, opening up wide range of development opportunities. In 

addition, this type of physical characterization can lead to the development of methods to 

manipulate the physical properties. This project is therefore highly relevant to progressing 

development in this area.    

Overall, this work is intended to explore and characterize the potential application of zein 

in structuring plant-based food products. The findings from this project are to be taken and 

directly applied to the development of novel plant-based products, including fibrous, whole 

tissue meat analogues and meltable, stretchable plant-based cheeses. This research will also 

focus on uncovering methods to functionalize zein to expand the potential applications further. 

Through this work, it is anticipated that this commercial application of zein in food structuring 

will be recognized, such that it can become an inexpensive, sustainable protein source capable of 

contributing desirable physical, structural and sensory properties to plant-based products. 

1.1 Objectives 

The main purpose of this thesis was to evaluate the potential use of zein in structuring plant-

based food products through a comprehensive analysis of its natural properties and functionality. 

The specific research objectives included: 

 Determine if zein fibres can be created and used to structure whole-tissue, plant-based meat 

analogues. 

 Characterize the physical and rheological properties that self-assembled zein networks can 

lend to plant-based products. 

 Determine if enzymatic crosslinking with microbial transglutaminase could decrease the 

brittleness of zein networks. 

 Characterize the properties of zein networks formed through anti-solvent precipitation from 

ethanol or acetic acid. 

 Evaluate the potential use of zein in meltable, stretchable, plant-based cheese products 
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1.2 Hypotheses 

The following hypotheses will be addressed throughout the thesis: 

 Zein can form fibrous material using different methods and can be used to structure whole-

tissue, plant-based meat analogues. 

 Zein networks formed in aqueous environments are viscoelastic in nature, but the behaviour 

will differ from that of gluten or muscle tissue due to the lack of covalent bonds that form. 

 Microbial transglutaminase can facilitate protein crosslinking within zein networks but the 

extent of crosslinking will be limited due to the low lysine content of zein. 

 Zein networks formed via antisolvent precipitation from ethanol or acetic acid will possess 

improved functionality due to changes in conformation when solvated.  

 The melting behaviour demonstrated by zein can be utilized to form plant-based cheese 

products that melt and stretch similar to conventional cheeses.  

1.3 Organization of this Dissertation 

 The physical properties of self-assembled zein networks have not been fully 

characterized, particularly in the context contributing functionality to plant-based food products. 

Therefore, the physical properties, including the rheology, texture and structure, were analyzed 

using the traditional methods of analysis. Chapter 2 summarizes the different techniques that can 

be used to produce fibrous material from zein and the contribution of the different fibre types to 

the texture of tofu-like soy protein isolate gels. Chapter 3 thoroughly investigates the rheological 

properties of self-assembled zein networks and compares them to the properties of gluten 

networks, chicken muscle tissue and cheddar cheese. Chapter 4 describes attempts at 

strengthening zein networks using the technique of enzymatic crosslinking with microbial 

transglutaminase. Chapter 5 characterizes and compares the rheological and structural properties 

of zein networks formed through the non-traditional method of antisolvent precipitation from 

ethanol or acetic acid. Finally, chapter 6 discusses the creation of plant-based cheese prototypes 

containing zein, and describes the similarities in rheology and melting behaviour between 

conventional cheese products and the samples produced in the study.  
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2.1 Abstract 

Three methods to produce fibrous material from zein were identified (either as fibrous 

networks or individual protein fibres) and developed for the purpose of providing a fibrous 

structure to whole-tissue meat analogues. These methods are: electrospinning, antisolvent 

precipitation of zein from ethanol using water and mechanical elongation of self-assembled zein 

networks. Analysis of the fibres was carried out using scanning electron microscopy, as well as 

texture profile analysis, moisture content and water holding capacity of the fibres within model 

meat analogue, tofu-style soy gels. Different advantages were identified for each of the three 

methods. Electrospinning produces individual fibres of the smallest scale, however the process 

used here was found to have a low throughput and be extremely inefficient. Antisolvent 

precipitation was the most rapid method, producing a web-like network, however the fibre 

formation was uncontrolled in terms of size and orientation. Finally, mechanical elongation 

allowed for great control over the formation of an oriented fibrous network, however advanced 

techniques to incorporate individual fibres into a matrix must be established. When incorporated 

into model meat analogue soy protein isolate gels, fibre quantity and orientation appeared to be 

the most determinant factors in creating statistically similar textures to chicken. The choice 

between fibre forming methods will ultimately depend on processing requirements and 

formulation of the eventual meat analogue product. 
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2.2 Introduction 

The prevalence of veganism and vegetarianism is continuously increasing, and one major 

reason for this is because the meat industry is far from sustainable. The excessive amount of 

resources required for raising cattle, including land and water, and the associated emissions of 

greenhouse gases, make this practise unsustainable. In comparison, production of plant protein 

requires a fraction of the land space and water, and the issue of excess greenhouse gas emissions 

is diminished (Scarborough et al., 2014). Shifting to the increased consumption of plant sourced 

proteins is therefore intriguing due to the beneficial environmental impact while still providing 

the needed source of protein in the diet. While consuming a plant-based diet, many now turn to 

meat analogues: innovative products that strive to mimic the sensory qualities of meat. In a life 

cycle assessment of a recently popular meat analogue (Beyond Meat’s Beyond Burger) it was 

determined that there are no situations or conditions where the environmental impact of the meat 

analogue would be worse than beef farmed in the U.S., in terms of greenhouse gas emissions, use 

of non-renewable energy, impact on water scarcity, and impact on land use (Heller & Keoleian, 

2018).  

Meat analogues currently available are primarily composed of coagulated, texturized or 

extruded proteins, limiting the possible size of pieces produced. In addition accurately 

mimicking meat’s characteristic oriented, fibrillar structure has proven difficult, further 

restricting meat analogue products primarily to ground meat applications, such as burgers and 

sausages. Some of these products have managed to garner significant popularity, however there 

is still a large gap in the market for meat analogues that more closely mimic whole muscle 

tissues, such as a chicken breast or a steak. Of the currently available meat analogue products, 

those that have the most meat-like structures are produced through high moisture extrusion of 

protein mixtures (Liu & Hsieh, 2008; Pietsch, Schöffel, Rädle, Karbstein, & Emin, 2018; Yao, 

Liu, & Hsieh, 2004). Anisotropic, meat-like structures have also been achieved through high 

temperature shearing of protein mixtures in a wide gap couette shear cell (Dekkers, Nikiforidis, 

& Van Der Goot, 2016; Krintiras, Gobel, Van Der Goot, & Stefanidis, 2015). Fibrous structures 

are formed through the orientation process that occurs as screws convey the material within the 

barrel of the extruder. In the case of shear cells, the structures are formed through the process of 

shear banding, where shear-induced concentration fluctuations cause layered structures to form 
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and orient in the direction of the shear flow (Manski, van der Goot, & Boom, 2007). However, 

there are some key disadvantages to extrusion and other high shear methods. This includes 

limitations to the size of the end product based on the size of the equipment obtained, the 

expensive investment required for the equipment, and the high energy input required (Liang, 

Huff, & Hsieh, 2002). Having such a high energy input can negate some of the environmental 

benefits associated with plant-based proteins. Therefore, the production of whole tissue meat 

analogues relies on the development of methods to create fibrous material from plant-based 

proteins using inexpensive, less energy intensive methods.  

Zein, the primary storage protein from corn, is an uncommon food ingredient primarily 

due to deficiency of certain essential amino acids and the lack of widespread availability (Boye, 

Wijesinha-bettoni, & Burlingame, 2012; Shukla & Cheryan, 2001).  However, this protein 

presents a unique advantage in this area as fibrous structures from zein have been visualized at 

different scales for some time. Lawton (1992) presented SEM images of zein fibre structures that 

naturally formed within zein-starch doughs after mixing and kneading (Lawton, 1992). Zein 

fibres can also be formed by simply extruding thin strips or ribbons of zein-ethanol solutions, 

followed by air drying to remove the ethanol. This concept is applied when extruding the 

solutions through syringes by hand (Reddy, Li, & Yang, 2009), or using the more sophisticated 

process of electrospinning (Moomand & Lim, 2015; Selling et al., 2007; Torres-Giner, Gimenez, 

& Lagaron, 2008). Anisotropic material has been produced from zein and starch blends using 

high shear flow (Habeych, Dekkers, van der Goot, & Boom, 2008), and it has been shown that 

zein can withstand a number of passes through an extruder, opening up additional possibilities if 

extrusion becomes a more economical option in the future (Selling, 2010; Selling & Utt, 2013). 

While fibrous structures have been observed or produced for various reasons, no studies up to 

this point have investigated the production of zein fibres for the specific application of 

structuring of whole tissue meat analogues. Further, the natural propensity of zein to form 

fibrous structures is also promising in terms of producing fibres using food grade methods that 

require minimal equipment and energy.  

The objective of this research was to identify and develop different methods of producing 

fibrous material from zein for the intended use of structuring whole tissue meat analogues. The 

methods included electrospinning (ES), antisolvent precipitation (AS) of zein from ethanol using 

water, and mechanical elongation (ME). The resultant fibres from each method were compared 
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in terms of feasibility (energy, cost, scalability and time requirements), the ability and ease to 

orient the fibres, and the contribution to texture in model meat analogue systems of tofu-like soy 

protein isolate (SPI) gels containing the different types of fibres. The model composite gels were 

analyzed to define the physical properties and compare them with the properties of commercially 

available tofu and pre-cooked chicken and beef strips. 

2.3 Materials and Methods 

2.3.1 Materials 

Zein from maize was obtained from Flo Chemical Corp. (Ashburnham, MA) and soy 

protein isolate (SPI) (>90% protein) was obtained from Myprotein.com. Calcium sulphate was 

obtained from Fisher Scientific. Pre-cooked chicken strips, pre-cooked beef strips and tofu were 

purchased from a local supermarket. 

2.3.2 Zein Fibre Preparation 

2.3.2.1 Electrospinning 

The electrospinning procedure used was modified from the methods described by 

Moomand and Lim (2015), with the conditions optimized to produce zein fibres of uniform 

width while attempting to minimize the amount of ethanol required. A zein solution of 25% 

(w/w) polymer in 70:30 ethanol in water was loaded into a 3 mL disposable plastic syringe 

affixed with a 16-gauge blunt end stainless steel needle spinneret (Fisher Scientific, Ottawa, ON, 

Canada) at 0.5 mL/h flow rate by infusion pump (Model 780100; Kd Scientific Inc., Holliston, 

MA, USA). The spinneret was connected to the positive electrode of a direct current power 

supply (Model ES30R- 5W/DM; Gamma High Voltage Research, Ormond Beach, FL, USA). 

The syringe was covered with rubber insulation to prevent electrical leakage and to isolate it 

from the grounded equipment. The applied voltage was 20 kV and the spinneret was 20 cm from 

the collector plate. All experiments were carried out at 21°C inside a versatile environmental test 

chamber (Model MLR-350; SANYO Electric Co., Ltd., Ora-Gun, GU, Japan). Despite attempts 

to reduce the amount of ethanol used, the rapid ethanol evaporation and the slow flow rate 

caused the zein solutions to dry and at least partially clog the spinneret tip during spinning. To 

overcome this, the zein solutions were spun using a modified setup with a solvent reservoir 
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slightly below the spinneret tip to enable continuous fibre spinning. This method has been used 

previously, as the solvent reservoir creates a saturated environment at the tip of the spinneret, 

reducing the evaporation rate of the solvent, and preventing the rapid solidification (Moomand & 

Lim, 2015). Fibres were collected on a plate covered with aluminum foil, which was removed 

after the spinning process to harvest the fibres.   

2.3.2.2 Antisolvent Precipitation 

A 10 mL solution of 30% zein in 90% ethanol was prepared, and zein was allowed to 

completely dissolve over ~5 minutes. Zein was precipitated by adding water in excess directly to 

the ethanol-zein solution, resulting in the instantaneous formation of a fibrous network. The 

concentration of zein used here was carefully chosen in order to minimize the ethanol content 

required as much as possible while ensuring that the zein could be dissolved and precipitation as 

desired. The zein mass was washed thoroughly to ensure complete precipitation. 

2.3.2.3 Mechanical Elongation 

Zein was weighed into beakers and water was added in excess – at a ratio of at least 10:1 

water to zein by weight. As the zein network assembled within the aqueous environment, the 

excess amount of water ensured that network formation could be consistent without concern for 

the samples drying out. The zein was mixed to thoroughly disperse within the water and was 

then put in an incubator at 40°C for at least 1 hour to allow network formation. After network 

formation, the network was removed from the excess water and was then heated to 

approximately 60°C. The viscoelastic mass was then stretched to approximately 4 times its initial 

length and then folded in half two times. This was repeated 4 times. 

2.3.3 Polarized Light Microscopy 

Polarized light microscopy (PLM) images of untreated particulate zein were obtained 

using a Leica DM RXA2 microscope (Leica, Wetzlar, Germany) equipped with a 10x objective 

lens. Polarized light micrographs were taken using an ORCA-Flash2.8 Digital CMOS camera 

C11440 (Hamamatsu, Hamamatsu, Shizuoka Pref., Japan).  
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2.3.4 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was performed to obtain images of the fibrous zein 

structures using the Quanta FEG 250 SEM in the University of Guelph Imaging Facility. 

Samples, prepared as described above, were mounted on aluminum specimen stubs with double-

sided carbon tape and sputter-coated with gold under high vacuum, approximately 9x10
-5

 torr 

(Denton Desk V TSC Sputter Coater, Denton Vacuum, Moorestown, NJ, USA). The accelerating 

voltage of the electron beam was 10 kV. The SEM operation and image analysis were assisted by 

the Imaging Lab technician, Mr. Bob Harris. 

2.3.5 Soy-Zein Composite Gel Preparation 

Gels were prepared totalling 250 g with 12% (w/w) protein, where soy (SPI) varied 

between 12, 10.5 or 9% (w/w), and zein made up the remainder at 0, 1.5 or 3% (w/w), 

respectively. The gel compositions were formulated such that the 12% SPI control would mimic 

the physical properties of commercially available firm tofu. Soy protein was combined with 

water and heated to ~85°C on a hot plate, with constant stirring. After reaching the desired 

temperature, the solutions were allowed to cool for 5 minutes, and 1.75% (w/w) calcium sulphate 

was added to coagulate. Zein was then added (in either particulate or fibrous form) and the 

solutions were allowed to coagulate statically for 15 minutes. The solutions were then transferred 

to tofu presses (15 cm by 12 cm) lined with cheesecloth and pressed with pressing weights 

(approx. 2 kg) for 30 minutes. Gels were prepared with zein in four different forms: native 

particles (referred to as ZP gels), mechanically elongated fibres (ME), antisolvent-precipitated 

networks (AS), and electrospun fibres (ES). Native particles were added directly and mixed to 

ensure even distribution. ME fibres were formed from stretched networks produced using the 

precise amount of zein required to achieve gels containing the desired 1.5% or 3% zein by 

weight. Individual fibres were produced by passing the networks through a pasta roller at 60°C, 

forming a sheet < 1 mm thick. This sheet was then passed through a pasta cutter, creating 

individual fibres < 1 mm in diameter. The formed fibres were stretched further (at 60°C) to 

become approximately 0.5 mm in diameter. Fibres were cut to be no longer than the length of the 

gel molds. Fibres were placed by hand into the tofu press containing the heated soy solution and 

care was taken in order to ensure even distribution and orientation of the fibres. Precipitated zein 
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networks were incorporated by loading the solution (containing the desired amount of zein by 

weight) into syringes with a 2 mm opening and extruding the solution into the aqueous soy 

mixture, while stirring, ensuring even distribution of the precipitated fibrous strands. The gels 

containing ES fibres differed in composition, where the total weight of material was reduced to 

100 g, and fibres were added at a level of only 0.05% (w/w) due to limitations in achievable 

quantity. The fibres were carefully harvested and the correct weight was placed manually into 

the soy gel. All samples were stored for 24 hours at 4°C before analysis. 

2.3.6 Texture Profile Analysis 

A Model TA.XT2 texture analyzer (Stable Micro Systems, Texture Technologies Corp., 

Scarsdale, NY) affixed with a 30 kg load cell was used to perform texture profile analysis (TPA) 

on the different prepared samples. Samples of commercially available tofu, pre-cooked chicken 

strips and pre-cooked beef strips were also analyzed for comparison. Samples were prepared by 

cutting 15 mm diameter cylindrical sections using a corer. Samples were subjected to a double 

compression between parallel plates at a fixed speed of 1.5mm/s to 75% of the height of the 

sample. The parameters reported – hardness, resilience, springiness and chewiness – were 

defined as follows (Texture Technologies, 2018): 

 

1) Hardness = Maximum force during 1st compression peak 

2) Resilience = 
                                          

                                        
 

3) Springiness = 
                                          

                                          
  

4) Chewiness =                        
                               

                               
 

2.3.7 Moisture Content 

Approximately 4-5 g of each prepared sample was crumbled into small pieces and 

weighed into aluminum weigh boats. Samples of pre-cooked chicken and beef strips were also 

analyzed for comparison. The samples were then placed into a Thermo Scientific Heratherm 

oven set to 100°C and left for 24hours. After the time had elapsed, the dried samples were 

weighed again. Moisture content was expressed as percentage of the weight of water lost 

compared to the total initial weight. 
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2.3.8 Water Holding Capacity  

Measurements of water holding capacity (WHC) were performed using methods adapted 

and modified from previously published procedures (Tang, Chen, & Foegeding, 2011; Wu, 

Xiong, Chen, Tang, & Zhou, 2009). Gels were weighed to approximately 1g and put in 1.5 mL 

microtubes, then centrifuged for 15 min at 10 000 x g. Samples of pre-cooked chicken and beef 

strips were also analyzed for comparison. After centrifugation, the separated water was drained 

and any residual surface moisture was removed using task wipers. The weight of the dry pellet 

was recorded and the WHC was defined as follows: 

     
                    

              
     

2.3.9 Statistical Analysis  

GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA) was used for statistical 

analysis. One-way ANOVA, with Tukey’s multiple comparison test, was performed on moisture 

content, water holding capacity and texture profile analysis data for each sample type. The level 

of significance was chosen as p < 0.05. 

 

2.4 Results and Discussion 

2.4.1 Structure 

Though it is obtained in the form of small particles (Figure 2.1a), when zein was 

hydrated and stored at 40°C, it self-assembles into a characteristic network. At larger length 

scales, the network structure formed appears as an agglomerate of zein nuggets (Figure 2.1b). 

The surface of the network is quite smooth and continuous, consistent with previous observations 

of the surface of cast zein films (Khalil, Deraz, Elrahman, & El-fawal, 2015; Lai & Padua, 1997; 

Pan & Zhong, 2016). At smaller length scales, it can be seen that inner structure of the three 

dimensional network appears porous, with pores that vary in size (1-10 μm), and are spaced 

closely together (<1 μm) (Figure 2.1c). This observed microstructure can be closely related to 

ropes woven into a three-dimensional net. This is consistent with the observations made by 
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Bugusu et al. (2002), who noted that zein added to wheat dough tends to form fine networks of 

thin fibrils, in comparison to the continuous networks formed by gluten (Bugusu, Hamaker, & 

Rajwa, 2002).  

 

Figure 2.1: a) PLM image of unmodified zein particles; b) SEM image of self-assembled zein 

network; and c) Magnified SEM image of pores within self-assembled zein network. 

 

 

Figure 2.2: SEM images of electrospun zein nanofibres at different length scales 

 

Visualizing this native structure contrasts greatly to the fibrous structures formed with the 

different methods. Zein nanofibres were successfully formed by ES, similar to what has been 

reported by many other groups previously (Y. Li, Lim, & Kakuda, 2009; Miyoshi, Toyohara, & 

Minematsu, 2005; Moomand & Lim, 2014; Torres-Giner et al., 2008). The obtained fibres were 

harvested and imaged by SEM (Figure 2.2). ES fibres were of the smallest diameter (0.5 to 1.0 

μm), and this was the only method to produce individual fibres. The incorporation of these 

individual fibres is extremely promising when it comes to control over fibre distribution and 

orientation. However, the ES process used in this investigation was found to be incredibly 

inefficient in terms of time, throughput and equipment required. In addition, the fibres formed 
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were not easily collected without risking breakage or clumping, thus compromising their 

structural integrity and ability to be oriented. 

SEM images revealed that a web-like network of fibrous material can be formed by 

precipitating zein from ethanol with the AS method (Fig. 2.3a). At a greater magnification, it can 

be seen that the structure is comprised of zein nanoparticle aggregates (Fig. 2.3b). It has been 

documented that the addition of water to a zein in ethanol solution first results in coacervation, 

followed by precipitation (Wang & Padua, 2010). This concept is used to describe the formation 

zein nanoparticles by AS, or liquid-liquid dispersion methods (Chen & Zhong, 2015; K. K. Li et 

al., 2013; Zhong & Jin, 2009). The precipitation of zein into individual nanoparticles has been 

explained using the Marangoni effect, which is caused by the gradient of surface tension between 

the zein-ethanol solution and water (Patel & Velikov, 2014; Sternling & Scriven, 1959). It 

should be noted that the formation of zein nanoparticles is observed when the concentration of 

zein in ethanol is sufficiently lower than what was used in this investigation. Therefore, we are 

proposing that the fibrillation of zein observed in this work results from the occurrence of the 

Marangoni effect during the precipitation of a higher concentration zein-ethanol solution. 

However, the concentration of zein cannot be too high, as sufficient ethanol is required to 

produce the surface tension gradient. The formation of a large proportion of nanoparticles in 

such a small volume likely causes destabilization and coalescence or aggregation. Given that 

ethanol has a lower surface tension and higher volatility than water, when water is introduced 

there is a net force on the ethanol-zein solution to flow from an area of low surface tension to 

high surface tension. As the ethanol-zein solution is exposed to the water phase, streams of 

ethanol-zein flow outwards and simultaneously precipitate, resulting in the formation of the web 

like network of zein fibres. Zein fibrillation has been previously related to the formation and self-

assembly of amyloid fibrils (An et al., 2016; Erickson, Campanella, & Hamaker, 2012; Lai & 

Padua, 1997). However, the fibrils discussed in these instances were significantly smaller (<50 

nm) than the fibrous masses observed in this study (2.5 to 8 μm). Therefore, the mechanism 

proposed here applies to the fibres formed at a larger length scale.  
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Figure 2.3: SEM images of antisolvent precipitated zein at different length scales 

 

The AS method was the most rapid, with fibrous material appearing essentially 

instantaneously. In addition, the precipitation from ethanol eliminates the need for elevated 

temperatures and mechanical processing. However, the process was random and variable in 

terms of fibre size (2.5 to 8 μm) and orientation. It is assumed that the precipitation of zein from 

the ethanol solution frees the ethanol for simple removal via evaporation, however trace amounts 

of ethanol may remain, solubilizing zein within the fibres where sufficient contact with water 

was not achieved.  

SEM images of ME zein reveal fibrous structures formed at large and small length scales 

(Figure 2.4). This structure likely results from the stretching and orienting of the fine fibrils of 

the porous network observed in the self-assembled network (Fig. 2.1c). Similarly, oriented zein 

fibrils have also been observed in zein films after mechanically working and stretching (Lai & 

Padua, 1997). The fibres seen within the structure were of uniform diameter (1.5 to 2 μm) and 

orientation (Fig. 2.4b). This method allows for great control over the fibre structure, where the 

fibre width and number of fibres can easily be manipulated by increasing or decreasing the 

amount of stretching during formation. However, the fibrous mass is just that, a mass of 

aggregated fibres that are not easily separated. In addition, the stretching in this method is 

dependent on the use of slightly elevated temperatures (40-60°C) as at lower temperatures, zein 

masses were extremely brittle and could not be stretched or worked. Visually, the ME zein is 

extremely reminiscent of the fibrous structure of muscle tissue, which is encouraging for use in 

meat analogue applications. 
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Figure 2.4: SEM images of mechanically elongated zein at different length scales 

 

2.4.2 Texture Profile Analysis  

In general, texture profile analysis is regarded as highly reliable when it comes to 

mechanically determining the sensory properties of solid or semi-solid foods. Compressing the 

sample twice makes the process reminiscent of chewing, where greater compression distances 

better mimic the action of the teeth (Bourne, 2002). Measurements obtained through TPA have 

also been strongly correlated to sensory properties, giving strength to the results (Szczesniak, 

1987). Since texture is one of the most desirable attributes of meat, achieving statistically similar 

textures, as determined through TPA, will be critical in the creation of a meat analogue. In this 

work, the values for hardness, resilience, springiness and chewiness for all samples were 

compared. It should be noted that all TPA analysis was carried out with samples at ambient 

temperature. Meat and meat analogue products are often eaten at temperatures above this, 

therefore making the textural properties relevant at higher temperatures. However, the lack of 

temperature control available with the available texture analyzer prevented the ability to perform 

this type of analysis in a controlled manner. Therefore all conclusions made here are only 

relevant to the consumption meat or meat analogues at or around room temperature.   
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Figure 2.5: Texture profile analysis parameters of 12% SPI control, and gels containing 0.05% 

zein particles (ZP) or electronspun zein (ES). Bars with the same letter within a section are not 

statistically different (p < 0.05). 

 

 

A direct comparison of AS and ME fibres with ES fibres could not be made due to the 

considerably different proportions of zein added. The time consuming nature and low throughput 

of the ES process used here meant that gels containing ES fibres would only be economically 

feasible if the percentage of fibres in these gels was significantly low. Therefore, a separate 

comparison was made with gels containing 0.05% particulate and ES zein by weight. It was 

determined that the addition of ES fibres produced gels with significant increases in hardness and 

chewiness, while zein added in particulate form did not significantly impact these parameters at 

this level (Figure 2.5). The results of springiness and resilience are not presented as the addition 

of ES fibres at this level did not have a significant impact on these parameters. Zein nanofibres 

likely increase the hardness and chewiness due to the increased surface area of the thin ES fibres 

as compared to zein in particulate form. These results suggest that ES fibres have a greater 

potential to modify texture compared to particulate zein, even at this low level. However the use 

of such a small amount of fibres would not contribute enough of a fibrous structure and 

appearance, limiting resemblance to muscle tissues. Therefore, the use of ES zein fibres in the 

creation of fibrous meat analogues was not practical in this study, however it is recommended 

that future work in the area could find and implement improvements to the process to increase 

the viability. This includes increasing the throughput, for which improvements have already been 

reported (Lu et al., 2010; Molnar & Nagy, 2016; Shao, Yu, Xu, & Wang, 2017), and encouraging 
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fibre alignment with the use of a moving spinneret or collector. With process improvements, the 

advantages inherent to ES nanofibres (individual fibres, small diameter, control over fibre size 

and distribution) could be better utilized. 

The SPI control gels displayed statistically similar behaviour to that of commercially 

available tofu for each of the parameters analyzed (Figure 2.6). This was also the case for gels 

containing zein particles at both 3% and 1.5%. Given the profound differences between the 

texture of meat and tofu, it is unlikely that zein in particulate form would improve texture for 

meat analogue applications. However, structuring gels with fibrous zein was able to modify to 

the textural properties to a greater extent. The addition level was found to be significant as 

samples containing 3% fibrous zein demonstrated greater values in hardness, chewiness and 

resilience than their 1.5% counterparts.  

Overall, there was limited success in achieving statistically similar textural properties in 

samples containing fibrous AS zein. In particular, AS zein significantly decreased the springiness 

of gels to a potentially detrimental extent. It was assumed that the inclusion of zein in any fibrous 

form would contribute advantages in terms of texture. However, in AS zein samples, fibre size 

and orientation were uncontrolled. Additionally it is possible that a certain percentage of zein 

remained dissolved in ethanol at the centre of some fibres where exposure to water had not 

occurred. This would contribute more viscous properties to the fibres, undesirable for creating a 

chewy, resilient structure. Therefore, a more controlled method of fibre precipitation from 

ethanol is required to increase the feasibility of the AS method in meat analogue applications.  

In contrast, ME zein was able to produce gels with statistically similar properties to 

chicken meat, specifically when added at the higher 3% level (Figure 2.6). A certain extent of 

the textural attributes of muscle tissue comes from the uniform, anisotropic or oriented structure. 

Compared to the other zein formats, the structure achieved with ME zein was the most similar to 

this, particularly in orientation, and could be a factor in the achieved textural similarities. The 

increased strength and toughness of orientated zein was also shown previously in the 

measurement of zein films that had been stretched and oriented (Lai & Padua, 1997). Overall, 

these results demonstrate that SPI gels containing 3% ME zein have great potential in the 

creation of whole tissue chicken meat analogues, from a textural standpoint. The percentage of 

ME zein added could be optimized to further improve the textural properties. It is also possible 
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that improved results could come from the development of a more sophisticated and efficient 

method to produce separate individual fibres to allow for the incorporation of more fibres, each 

with a smaller diameter. Despite the textural similarities with chicken meat, the TPA values 

obtained for beef (particularly hardness and chewiness) are unique to all other samples. This 

indicates that creating a meat analogue similar to beef will require further research and textural 

considerations.  

 

Figure 2.6: Texture profile analysis parameters of an SPI control, composite gels containing 3% 

or 1.5% of particulate zein (ZP), mechanically elongated zein fibres (ME) and antisolvent 

precipitated zein (AS), compared with tofu, pre-cooked chicken strips (CHK) or pre-cooked beef 

strips. Bars with the same letter within a section are not statistically different (p < 0.05). 

 

2.4.3 Moisture Content and Water Holding Capacity  

The moisture content and WHC of each prepared composite gel sample, tofu, chicken 

and beef were measured and compared. These determined values were used as indicators of the 
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potential juiciness of meat analogues containing zein. Overall, increasing the proportion of zein 

caused a decrease in moisture content, except in the case of AS zein, where no significant change 

was observed (Table 2.1). However, the addition of zein, regardless of form, does not 

significantly impact the moisture content of the composite gels, as values that were statistically 

similar to chicken or beef were obtained for all samples. 

Table 2.1: Moisture content of composite gels 

Sample Moisture Content 

Soy Control 75% ± 0.003 
a 

1.5% Z-P 74% ± 0.008 
a 

3% Z-P 70% ± 0.006 
b 

1.5% Z-ME 75% ± 0.007 
a 

3% Z-ME 69% ± 0.024 
b 

1.5% Z-AS 76% ± 0.007 
a 

3% Z-AS 75% ± 0.010 
a 

Chicken Strips  73% ± 0.012 
a 

Beef Strips  67% ± 0.023 
b 

Values with the same superscript letter are not statistically different (p<0.05) 

 

Table 2.2: WHC of composite gels 

Sample WHC 

Soy Control 77% ± 0.039 
a 

1.5% Z-P 81% ± 0.036 
a 

3% Z-P 89% ± 0.030 
b 

1.5% Z-ME 70% ± 0.034 
c 

3% Z-ME 72% ± 0.022 
c 

1.5% Z-AS 62% ± 0.014 
d 

3% Z-AS 61% ± 0.031
 d 

Chicken Strips  91% ± 0.045 
e
 

Beef Strips  89% ± 0.045 
be

 

Values with the same superscript letter are not statistically different (p<0.05) 
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The WHC of chicken and beef strips were the greatest of all samples, indicating that the 

WHC may be a more significant indicator of potential juiciness (Table 2.2). Interestingly, the 

WHC increased with the addition of particulate zein to levels comparable to chicken and beef. 

However, the WHC of gels containing zein in any fibrous forms significantly decreased. This is 

likely because zein in particulate form has a much greater surface area than the larger AS and 

ME fibres. These results indicate that gels containing fibrous zein would benefit from the 

addition of water holding components, such as gums. Additionally, these results indicate that 

more than just texture and structure need to be addressed for a successful whole tissue meat 

analogue to be created. 

2.5 Conclusions 

This work has demonstrated that there can be economically feasible methods to produce 

fibrous material from zein for use as a food ingredient, and that the use of fibrous zein to 

structure meat analogue type products has proven promising. ME zein displayed the greatest 

potential in structuring whole-tissue meat analogues, as it produced a statistically similar texture 

to chicken meat (determined by TPA) and was the most promising in terms of economic and 

functional feasibility. From this result, fibre uniformity and orientation were found to be the most 

influential in terms of the ability of the fibres to contribute a meat-like texture. Therefore, further 

work is required to determine if similar results can be obtained from any method capable of 

orienting fibres, potentially including modified versions of ES and AS. Future research into the 

use of AS zein should focus on fibre orientation, while the use of ES zein will require significant 

more research into improving the efficiency and throughput, in addition to the orientation of the 

fibres. Further characterization of the physical and rheological properties of zein networks and 

fibres in the absence of soy is also recommended, in addition to the determination of ways to 

improve the water holding capacity of zein fibres. 
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3.1 Abstract 

The recent interest in plant-based foods has brought upon the need to develop novel 

structures using plant-based proteins. However, there is still room for improvement in the 

development of plant-based meat and cheese alternatives. The rheological properties of self-

assembled zein networks were examined to evaluate potential in animal protein replacement. 

These plant-based protein networks were compared to gluten networks (a common ingredient in 

current plant-based products), chicken muscle tissue, and cheddar cheese. All samples were 

analyzed using temperature, amplitude, and frequency sweeps at different time points. Zein 

networks exhibited unique viscous behaviour (in line with that of an entangled polymer 

solution), in each amplitude, frequency and temperature sweeps, however only when freshly 

formed. The results suggest that the bonds and interactions responsible for strengthening zein 

networks need at least 24 hours to fully form. Analysis of the secondary structure by FTIR 

revealed that zein undergoes a structural reorganization from intermolecular to intramolecular β-

sheets during this time, but the substantial content of α-helix structures remains unchanged. 

Overall, different aspects of zein network rheological behaviour can be compared to either 

chicken breast, or cheddar cheese, presenting opportunities for zein in plant-based food 

structuring. 
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3.2 Introduction 

Plant-based proteins can provide the necessary protein quantity and quality in the diet. 

Consuming an increasingly plant-based diet also provides significant environmental benefits, 

especially when compared to a diet rich in animal products. As a result, the prevalence of 

veganism and vegetarianism, and the demand for plant-based products, is continually increasing. 

However, the functionality of different plant-based proteins can differ significantly from each 

other, and are generally unable to match the functionality of animal proteins. The creation of 

innovative plant-based products, including meat analogues, can therefore be reliant on an in 

depth understanding of individual protein functionality.  

While animal products contain more than protein, the protein component is responsible 

for creating characteristic structure and physical properties in many cases. However, developers 

of many plant-based animal alternatives have had to look to non-protein ingredients to provide 

the required functionality. Many plant-based cheese products make use of starches and gums to 

provide texture and melt-stretch properties. Additionally, meat analogue products are often 

limited to ground meat applications due to the challenges in mimicking the complex structure of 

muscle tissue, and starches are frequently added to bind the product together. The proteins that 

are most commonly utilized in plant-based products are sourced from soy, pea and wheat. 

However, the desirable functionality achieved with these proteins typically results from 

texturizing or extrusion processes. This processing adds significant cost to the final products, 

requiring expensive investment for equipment, and a high energy input (Liang, Huff, & Hsieh, 

2002). 

It is therefore desirable to identify specific plant proteins with natural a functionality that 

is more suited to act as animal protein replacements. One protein of particular interest is zein, 

from maize. Zein is composed of α, β, γ and δ fractions, though, the process of producing 

commercial zein results in material that is composed primarily of the α fraction. With a high 

proportion of non-polar amino acids, zein is characteristically water insoluble. The high 

hydrophobicity of this protein causes zein to self-associate into viscoelastic networks within 

aqueous environments (Argos, Pedersen, Marks, & Larkins, 1982). When zein is hydrated and 

heated above its glass transition temperature (Tg), it forms a flexible, bendable mass which may 

be pulled, stretched and sculpted, increasing the opportunity to create structures that can be 
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tailored to the application. Because zein readily solubilizes in aqueous-alcohol solvents, the 

majority of structural and rheological characterization has been performed in these environments. 

Therefore, an in depth characterization of zein’s physical properties in aqueous environments is 

required to uncover zein’s potential in the area of food structuring and animal protein 

replacement.   

Zein is readily available as a by-product of corn starch and corn syrup production for 

both food and bioethanol (Anderson & Lamsal, 2011). It is considered GRAS (FDA, 2018), with 

food applications including water resistant films and encapsulation of bioactives within 

nanoparticles (Chuacharoen & Sabliov, 2016; Corradini et al., 2014; Shukla & Cheryan, 2001; 

Zhong & Jin, 2009). From a nutritional standpoint, protein quality can be quantified using the 

Protein Digestibility-Corrected Amino Acid Score (PDCAAS), which considers both amino acid 

requirements and digestibility (Schaafsma, 2000, 2012). Maize has a score of approximately 

0.47, and while this is significantly lower than the values of animal protein sources (close to or 

equal to 1.0), it is comparable to the scores of wheat (~0.44) (Boye, Wijesinha-bettoni, & 

Burlingame, 2012; Singh, Kumar, Sabapathy, & Bawa, 2008; Taylor & Taylor, 2018). This 

therefore means that zein could be treated similarly to plant-based products containing wheat 

proteins, where complimentary proteins are added to improve the nutritional value of the product 

while the functionality is not lost. The price point of zein is currently higher than other plant-

based proteins, though this mainly has to do with the limited yearly production and lack of 

widespread utilization (Liu, Cao, Ren, Wang, & Zhang, 2019; Shukla & Cheryan, 2001). 

Therefore, the cost of zein could improve given a greater interest in the protein. 

Zein shares many characteristics with wheat gluten, which has become an exceptionally 

common ingredient in plant-based products. In fact, many of the meat analogue products that are 

considered to have the most meat-like characteristics contain gluten. Both zein and gluten are 

prolamins that are water insoluble and will self-assemble into flexible, viscoelastic masses when 

hydrated and heated above their respective glass transition temperatures (Tg). Although, gluten 

undergoes a glass transition well below ambient temperatures when hydrated, making it pliable 

and easy to work with under normal conditions (Almutawah, Barker, & Belton, 2007; 

Attenburrow, Barnes, Davies, & Ingman, 1990; Delcour et al., 2012). On the surface, this 

suggests great potential for the use of zein specifically in meat analogue applications. However, 

wheat gluten network development and strength results from the formation of disulfide bonds 
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between the cysteine residues of glutenins and gliadins, the two major fractions of gluten (Bache 

& Donald, 1998; Tuhumury, Small, & Day, 2014). Hydrogen bonds and hydrophobic 

interactions between the protein fractions simply aid in strengthening the network further 

(Belton, 1999; Ng & McKinley, 2008). In contrast, primarily non-covalent interactions are 

responsible for network formation in zein (Smith, Bean, Selling, Sessa, & Aramouni, 2014). A 

contributing factor to this difference is the fact that commercial zein contains primarily α-zeins, 

and this fraction only contains one to two cysteine residues per subunit (Shewry & Halford, 

2002). The different bonds involved in network formation give rise to differences in the structure 

and rheological properties between zein and gluten networks, however it is unclear whether the 

presence of covalent bonds is critical to gluten’s success in animal protein replacement.  

In studies of plant-protein functionality for the purpose of developing animal alternatives, 

zein is repeatedly overlooked. The focus of this work was to study self-assembled zein networks 

from a fundamental structural and rheological standpoint. This evaluation was performed on zein 

networks separate from complex food matrices in order to attribute the observed properties to the 

proteins with confidence. The complimentary analysis of wheat gluten allowed for direct 

comparison with a similar protein that is currently extensively used in plant-based foods. To 

fully realize the potential of zein in animal protein replacement, the samples of commercially 

available cheddar cheese and pre-cooked chicken strips were also compared. 

 

3.3 Materials and Methods 

3.3.1 Materials 

Maize zein was obtained from Flo Chemical Corp. (Ashburnham, MA). Medium cheddar 

cheese, pre-cooked chicken strips and gluten flour (100% vital wheat gluten) were purchased 

from local supermarkets.  

3.3.2 Differential Scanning Calorimetry 

A Mettler Toledo differential scanning calorimeter (DSC) (Mettler Toledo, Mississauga, 

ON, Canada) was used to determine the glass transition temperature (Tg) of zein. The effect of 

water plasticization, or decrease in Tg, with increasing water activity (aw) was observed by 
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equilibrating powdered zein in sealed containers at 25°C over different saturated salt solutions 

for three weeks: KNO3 (aw = 0.93), KCl (aw = 0.84), NaCl (aw = 0.75), Ca(NO
¬3

)2 (aw = 0.51), 

MgCl2 (aw = 0.33), and LiCl (aw = 0.25). Equilibrated protein samples were weighed into 

aluminum crucibles (6-8 mg) and subjected to the following conditions: 5°C for 10 minutes; 5°C 

to 120°C at 5°C/minute; 120°C for 10 minutes; 120 to 5°C at 10°C/minute; 5°C for 10 minutes; 

5°C to 120°C at 5°C/minute. The Tg was determined using STARe software (Mettler Toledo) 

and the exact temperature was taken at the inflection point of the reversing heat flow signal. 

After equilibration, the exact aw of the zein was analyzed using an AquaLab water activity meter 

(Decagon Devices, Pullman, USA). Equilibration was performed in triplicate and each repetition 

was included as a separate point in the plot of aw against Tg. 

3.3.3 Proximate Analysis 

Proximate analysis was carried out for zein and gluten. Ash, moisture, fat and protein 

content were each determined in triplicate. Carbohydrate content was determined by subtraction, 

with the total of all components adding to 100%. Ash content was determined through dry ashing 

of samples in a furnace at 550°C for 5-8 hours. Moisture content was determined by drying 

samples in a vacuum oven held at 70°C and 30 mmHg for 3-5 hours. The soxhlet method was 

carried out for fat extraction, where 3-4 g of zein was weighed into dry extraction thimbles. The 

thimbles were then placed in the soxhlet extraction apparatus. Approximately 200 mL of 

petroleum ether was poured into the flask and was heated gently to allow a continual reflux of 

petroleum ether for 4-5 hours. The sample was removed and the majority of petroleum ether was 

then poured off from the extraction chamber. The remaining petroleum ether was evaporated in a 

drying oven set to 60°C. Protein content was determined using the Dumas combustion method in 

a LECO FP-528 Protein/Nitrogen Analyzer (Leco Corporation, St. Joseph, MI, USA). The 

conversion factor used to calculate protein content was 6.25 for zein, and 5.70 for gluten flour  

(Esen, 1980; Jones, 1931). The composition of pre-cooked chicken strips and cheddar cheese 

was obtained from the nutritional information on the package. The moisture content of these 

products was calculated by subtraction. 
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3.3.4 Protein Network Sample Preparation 

 Particulate zein or gluten flour was weighed into beakers and water was added in excess 

(at least 10:1 by weight). The proteins were stirred to thoroughly disperse within the water, and 

were put in an incubator at 40°C for at least 30 minutes to allow network formation. Excess 

water present after network formation was discarded. Zein samples were stored at 40°C until 

analysis at different time points: freshly prepared that day (0h), 24 hours (24h), 48 hours (48h) 

and one week (1w). Gluten network samples were stored at 40°C and analyzed after 30 minutes. 

3.3.5 Small Amplitude Oscillatory Dynamic Rheology  

Shear oscillatory experiments were performed with a rotational rheometer (MCR 302, 

Anton Paar, Graz, Austria) fixed with parallel plate geometries (20mm diameter). The 

geometries were fixed with adhesive 600 grit sandpaper to minimize slip during measurements. 

Samples were placed onto the lower plate and compressed between the plates with an axial force 

not exceeding 2N to avoid error, as overloading has been shown to modify the rheology (Macias-

Rodriguez & Marangoni, 2016a). The parallel plates had temperature control by Peltier units 

located in the lower plate and the hood of the rheometer. The exposed edges of the samples were 

coated with mineral oil to prevent drying or hardening during testing. RheoCompass software 

and firmware (Anton Paar, Graz, Austria) provided the storage modulus (G′), loss modulus (G″), 

and shear stress (τ) values used for analysis. 

Amplitude sweep tests were performed with shear strain increasing from γ = 0.001% to γ 

= 300%. The angular frequency (ω) was constant at 3 rad/s. For all samples, the temperature (T) 

was constant at 50°C. Frequency sweeps were performed with ω increasing from 0.1 to 60 rad/s. 

For all samples, γ was constant at 0.01% rad/s and T was constant at 50°C. Finally, temperature 

sweeps were performed with T increasing from 5 to 100°C at a rate of approximately 5°C per 

minute. The shear strain and angular frequency were constant at γ = 0.01% and ω = 3 rad/s, 

respectively. 

3.3.6 Attenuated Total Reflectance – Fourier Transform Infrared Spectroscopy (FTIR) 

 Samples were compressed to thoroughly remove any unbound water prior to analysis. 

Infrared spectra of the different zein masses were obtained using an Fourier transform infrared 
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spectrometer (FTIR) (model IRPrestige-21, Shimadzu Corp., Kyoto Japan). The FTIR was 

equipped with an attenuated total reflectance (ATR) accessory (Pike Technologies, Madison, WI, 

USA). Samples were scanned from 600 to 4000 cm
-1

 with a 4 resolution and 32 scans per 

spectrum. Analysis was carried out in triplicate at ambient temperatures. Secondary structure 

analysis of zein fibres was conducted by deconvoluting the amide I region (1600-1700 cm
-1

) 

using OriginPro software (Origin Lab Corp., Northampton, MA, USA). The second derivative of 

the original spectra was used to locate each of the underlying bands, and the wavenumber 

position was fixed during fitting. Each band was fitted using the Lorentzian function. The 

secondary structural content was determined from the relative areas of the individual bands in the 

amide I region of zein (Y. Li, Lim, & Kakuda, 2009; Mejia, Mauer, & Hamaker, 2007; 

Moomand & Lim, 2015; Zhang, Luo, & Wang, 2011). 

3.3.7 Statistical Analysis  

GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA) was used for statistical 

analysis and logarithmic transformation of data. A linear regression was performed on the Tg vs 

aw data. A two-tailed unpaired t-test was performed on the secondary structure data by FTIR for 

each secondary structure type. The confidence level was chosen as 95%. 

 

3.4 Results and Discussion 

3.4.1 Proximate Analysis 

Zein and gluten were analyzed to determine the crude content of protein, fat, moisture 

and ash (Table 3.1). The content of carbohydrates was determined by subtraction. The 

composition of pre-cooked chicken strips and cheddar cheese (calculated based on package 

nutritional labelling) was included for comparison. The obtained results confirm that protein is 

the major component in both the powdered zein and gluten. As such, it can be assumed that the 

properties observed in further experiments can be primarily attributed to protein functionality. 

However, some differences existed between the proteins, where zein had greater proportions of 

protein, ash and lipids, while wheat gluten had greater proportions of moisture and 

carbohydrates. The obtained pre-cooked chicken strips and cheddar cheese also contained a 
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significant amount of protein, however there were also large quantities of fat and moisture 

present due to the fact that these samples were whole food matrices. In particular, cheddar cheese 

had a greater content of fat than protein, which must be accounted for during further analysis. 

 

Table 3.1: Proximate analysis of commercially available gluten flour and powdered zein, compared 

with the composition of commercial products calculated from the package nutrition label 

 Gluten Flour Zein 
Pre-Cooked 

Chicken 

Cheddar 

Cheese 

Moisture 6.7% ± 0.09 3.83%
 
± 0.15 75.2% 42.1% 

Ash 0.71% ± 0.02 1.70% ± 0.005 0.4% 0.7% 

Fat 0.56% ± 1.0x10
-4

 2.87%
 
± 0.003 2.1% 33.3% 

Protein 71.0% ± 0.11 87.20% ± 0.49 22.3% 23.8% 

Carbohydrates ~ 21.2% ~ 4.4% 0% 0% 

 

3.4.2 Glass Transition Temperature 

The Tg of zein at different water activities was observed by subjecting proteins to two 

heating cycles, where the proteins were heated to 120°C in each. A peak associated with native 

zein protein was observed during the first heating cycle in all samples, occurring at 

approximately 60-65°C. This peak ultimately overlapped with the Tg in certain samples, 

rendering it impossible to distinguish the location of the glass transition. Therefore, the Tg was 

recorded during the second heating cycle for all samples. 

As has been shown previously in various studies (Erickson, Renzetti, Jurgens, 

Campanella, & Hamaker, 2014; Lawton, 2004), the presence of water causes a significant 

decrease in zein’s Tg (Figure 3.1). The observed decrease had a linear relationship with 

increasing aw of the sample. The lowest obtained Tg was approximately 45°C, identified when 

the aw was greater than 0.8. Due to this result, further experimentation was carried out at 

temperatures equal to or greater than 50°C, in an excess of water, to ensure zein would exist in 

its rubbery state.  



36 

 

 

Figure 3.1: Plot of water activity against the measured glass transition temperature (Tg) of zein 

 

3.4.3 Amplitude Sweep  

The storage and loss moduli (G′ and G″) of zein networks were obtained at different time 

points (0h, 24h, 48h and 1w of storage) over increasing shear strain (γ = 0.001% to 300%). This 

type of small amplitude rheological analysis probes the linear viscoelastic region (LVR) and can 

elucidate differences in material functionality. The LVR is characterized as the region of 

viscoelasticity, where the material produces constant values of storage and loss modulus within a 

specific range of applied strain (Kasapis & Bannikova, 2017; Ortolan, Corrêa, da Cunha, & 

Steel, 2017).   

Zein samples exhibited linear viscoelasticity at low to mid strain rates throughout one 

week of storage (Figure 3.2). At most time points, G′ values were greater than G″ in the LVR, 

indicating the existence of solid, gel-like characteristics. The exception to this trend were the 0h 

samples (Fig. 3.2a) where G″ values remained slightly above G′ values throughout the applied 

strain rates until the material yielded. This indicated that freshly formed zein networks 

demonstrated greater viscous properties, contrasting samples stored for 24h or more. These 
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viscous properties were also observed by Madeka and Kokini (1996), who described the 

behaviour as entangled polymer flow (Madeka & Kokini, 1996). Storage for at least 24h 

increased the G′ values above the relatively unchanging G″ values in the LVR, such that the 

networks did not exhibit reduced viscous properties, but rather significantly increased elastic 

properties. A similar observation was made in a recent study, where zein in aqueous ethanol 

appeared to form more dense and organized structures with age, determined using ultra-small 

angle x-ray scattering (Uzun, Ilavsky, & Padua, 2017).  

Another difference in behaviour was observed at the point where non-linear behaviour 

begins. This is characterized by the yield stress, which is defined here as the point where G′ and 

G″ crossover (tan δ = 1). Due to the unique viscous behaviour that zein initially demonstrates (at 

0h), no crossover point was identified until reaching the 24h time point. Still, a sharp decrease of 

G′ and G″ values at a higher strain rate (approximately 10%) is visually apparent in 0h samples 

(Fig. 3.2a). The yield stress increased after reaching at least the 24h storage time point, occurring 

at approximately 25% but not increasing further with additional storage time. This suggests that 

while it takes 24 hours for zein networks to fully form, there is no time dependence on network 

and bond formation beyond this. 

  

 

Figure 3.2: Amplitude sweeps of a) zein at different storage time points; and b) gluten network, 

pre-cooked chicken strips and cheddar cheese (T = 50°C; ω = 3 rad/s) 
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The behavioural similarities between gluten networks and chicken, particularly in high 

yield stress values, explain its extensive use in structuring meat analogues at present. However, 

the values of G′ and G″ were significantly lower than that of chicken muscle tissues in each case, 

indicative of a notable textural difference between chicken muscle tissue and gluten based meat 

analogues. There is therefore potential for improvement through the use of zein, as the elastic 

characteristics of aged zein samples were similar to that of chicken (Fig. 3.2b). However, efforts 

to increase the yield stress are required as zein networks yielded at lower strain rates than both 

chicken (~ γ = 80%) and gluten (~ γ = 70%) samples. From a different side, the yield stress of 

zein was more similar to that of cheese, which occurred at strain rate of approximately 7%. 

These results point to some potential for the use of zein in plant-based cheese applications. 

However, the G′ and G″ values of zein samples were significantly greater than those obtained for 

cheddar cheese, pointing to the need for plasticization to increase feasibility. 

 

Figure 3.3: Stress versus strain plots of a) zein at different storage time points; and b) gluten 

network, pre-cooked chicken strips and cheddar cheese (T = 50°C; ω = 3 rad/s) 

  

The shear stress values (τ) were also obtained simultaneously during amplitude sweeps at 

T = 50°C and have been plotted against shear strain (Figure 3.3). These stress-strain curves 

highlight the brittle behaviour of zein networks, where very little applied strain compromises the 
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material (Fig 3.3b) (Macias-Rodriguez & Marangoni, 2018). Notably, the peak maximum 

occurred at approximately the same shear strain value, regardless of storage time, though the 

maximum shear stress reached for each sample increases with increasing storage. The behaviour 

of gluten networks and chicken contrasted this greatly, as stronger, more ductile materials (Fig. 

3.3a). This result suggests that ductile deformation could be a critical physical attribute for 

muscle tissue and meat analogues, and that the brittle nature of zein compromises its ability to 

fulfill the functional requirements as an ingredient in meat analogue applications. However it 

was promising that higher shear stress values were observed, closer to that of chicken. Gluten 

and cheese samples demonstrated significantly lower values, indicative of much softer materials. 

Together, these results suggest that determining methods to increase the yield strength of zein 

networks are required to produce materials statistically similar to cooked chicken muscle tissue. 

On the other hand, the brittle characteristics do not appear to be disadvantageous when looking at 

the similarities between zein and cheese samples. When considering zein in the application of 

plant-based cheeses, it is instead the hardness of the zein networks that reduces practicality. 

Therefore, it is also desirable to determine methods to decrease the hardness of zein networks to 

produce materials statistically similar to cheese products. 

3.4.4 Frequency Sweep  

The dependence of the samples on frequency was analyzed at γ =0.1%, which was 

determined to be within the LVR for all samples. Frequency sweeps provide information about 

changes in the viscoelastic properties of the polymer network, including the structure and the 

interactions between the polymers. Typically, a greater frequency dependence is observed in 

more fluid-like materials, while gels characteristically have little to no frequency dependence 

(Gabriele, De Cindio, & D’Antona, 2001; Kasapis & Bannikova, 2017; Macias-Rodriguez & 

Marangoni, 2016b; Ortolan et al., 2017; Steffe, 1996). 

Frequency sweeps performed at 50°C (Figure 3.4) revealed that there was a weak 

frequency dependence for zein networks at all time points. Accordingly, the slopes of the linear 

regions of each log(G′) – log(ω) plot (Table 3.2) were each less than 1, behaviour matching that 

of a weak gel. Though, freshly formed zein networks had greater frequency dependence than 

zein samples at all other time points. This coincides with the fact that these 0h samples were 

uniquely viscous, with G″ > G′ throughout. The two values also approached each other as ω 
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increased, behaviour reminiscent of a concentrated or entangled solution, where no covalent 

bonds exist to link a network (Kasapis & Bannikova, 2017; Steffe, 1996). Zein networks then 

developed the behaviour of a weak gel after the 24h time point, and differences between time 

points after this were almost indistinguishable. 

 

 

Figure 3.4: Frequency sweeps of a) zein at different storage time points; and b) gluten network, 

pre-cooked chicken strips and cheddar cheese (T = 50°C; γ = 0.01%) 

 

 

 

There was a greater magnitude of difference between the G′ and G″ values of gluten 

networks and chicken than for zein networks. This results points to the fact that both of these 

materials were more strongly bound together than zein networks. Chicken samples displayed 

very low frequency dependence with the lowest slope of all samples, characteristic of highly 

structured and solid materials. In contrast, cheese samples displayed greater frequency 

dependence (Table 3.2), which is logical given that cheeses exist in a partially melted state at 

50°C, primarily due to the melting of milk fat. Once again, there can be two perspectives drawn 

from looking at this data. First, the magnitudes of G′ and G″ values were the greatest for zein and 

chicken samples (Figure 3.4), giving zein an advantage over gluten as ingredients in meat 

analogues. Although, the results emphasize the fact zein networks are not as strongly bound 

together as chicken muscle tissue and gluten networks. This could reflect the strength of the non-
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covalent bonds within the network, but is likely more indicative of the established absence of 

covalent bonds within zein networks. This again points to the need to strengthen zein networks in 

order to obtain behaviour more similar to that of muscle tissue.  If covalent bonds are indeed the 

determinant factor, future research should investigate the use of crosslinking techniques for zein 

(Glusac, Davidesko-Vardi, Isaschar-Ovdat, Kukavica, & Fishman, 2018; Masamba et al., 2016; 

Reddy, Li, & Yang, 2009). The second perspective looks at the similarities between the 

frequency dependence of zein networks and cheese samples. With yet another behavioural 

similarity between zein and the cheese samples, the prospective of plant-based zein cheeses is 

highlighted, but raises the issue of the substantially greater hardness of zein networks. Although, 

plasticizing zein has been accomplished previously using food grade ingredients (Chaunier et al., 

2017; Erickson et al., 2014; Ghanbarzadeh et al., 2006) and therefore will likely not be a 

daunting task. In addition, the eventual plant-based cheese products produced would include 

other non-protein ingredients in a food matrix, and as such, the hardness of zein may not be 

undetectable once the contributions of other ingredients are accounted for. 

 

 

Table 3.2: Slopes from log(G′)–log(ω) and log(G″)–log(ω) plots (data obtained from frequency 

sweeps samples at 50°C and γ = 0.01%) 

 

Zein 

Sample 

Slope R
2 

Comparative Sample Slope R
2 

0h 
G′ 0.76 ± 0.021 0.956 Gluten Network G′ 0.41 ± 0.011 0.965 

G″ 0.65 ± 0.016 0.968  G″ 0.51 ± 0.011 0.976 

24h 
G′ 0.42 ± 0.001 0.999 Chicken Strips G′ 0.16 ± 0.003 0.976 

G″ 0.48 ± 0.003 0.997  G″ 0.12 ± 0.003 0.966 

48h 
G′ 0.39 ± 0.001 0.999 Cheddar Cheese G′ 0.50 ± 0.005 0.994 

G″ 0.46 ± 0.002 0.999  G″ 0.38 ± 0.003 0.996 

1w 
G′ 0.37 ± 0.001 0.999     

G″ 0.44 ± 0.003 0.998     
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3.4.5 Temperature Sweep 

Temperature sweeps are used to evaluate thermo-mechanical structural modifications and 

determine the temperatures at which these changes occur. Zein networks at all storage time 

points initially softened with increasing temperature (Fig. 3.5a), likely consequent of the 

weakening of non-covalent bonds at higher temperatures (Gabriele et al., 2001). This initial 

decrease was the steepest for 0h samples, likely resultant of the weak structure formed at that 

time. Above 50°C, the G′ fell once again, until a crossover occurred at approximately 70°C 

(80°C for 0h samples), when the material became more elastic. There was a point in the range of 

45°C where G′ began to approach G″ briefly, most easily seen in 0h samples. Since zein’s Tg was 

observed at approximately this temperature, it is likely that the conversion from glassy to 

rubbery domains causes a brief increase in the elastic modulus in the material. Similar to the 

findings from the amplitude and frequency sweeps, zein did exhibit a more elastic response after 

reaching the 24h time point. However, all zein networks demonstrated a greater viscous 

component in the range of approximately 20-70°C, where G′ values remained only slightly 

below G″ values. In addition, the difference between the points of maximum and minimum 

hardness (G′max and G″max vs. G′min and G″min) was extreme, where zein was essentially 

demonstrating melting behaviour in this range of temperatures.  

Gluten networks and chicken remained elastic (with G′ > G″) throughout the temperature 

range of 5-100°C, with minimal fluctuation in G′ and G″ values and magnitude of difference 

(Fig 3.5b). As expected, cheese demonstrated melting behaviour over this range of temperatures, 

with G′ > G″ initially, but crossing over to more viscous properties after approximately 70°C. 

While it has been mentioned previously that zein shares a number of rheological characteristics 

with cheese, this similar softening or melting behaviour with increasing temperature is the most 

substantial result and highlights the potential of zein in structuring plant-based cheese products. 

In addition, this functionality was achieved with protein alone, indicative of great potential for 

plant-based zein cheese products with significantly reduced fat contents. Still, efforts to 

plasticize and soften zein may be necessary to yield products that more closely mimic the 

properties of cheeses. While the melting observed is not at all reminiscent of muscle tissue, it is 

possible that the previously discussed efforts to strengthen zein networks could reduce the 

softening observed at high temperatures. This includes promoting the formation of covalent 

bonds within self-assembled zein networks to produce more ductile deformation properties, 
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similar to what is observed with gluten networks and chicken muscle tissue. Previous 

observations that covalently linked cheese products do not demonstrate significant melting 

properties provide the basis for this view (H. Li, Liu, Sun, Li, & Yu, 2019; Lucey, Johnson, & 

Horne, 2003). 

 

 

Figure 3.5: Temperature sweeps of a) zein at different storage time points; and b) gluten 

network, pre-cooked chicken strips and cheddar cheese (γ = 0.01%; ω = 3 rad/s) 

 

3.4.6 ATR-FTIR analysis of the secondary structure of zein 

The amide I and II bands, positioned at 1645 cm
-1

 and 1540 cm
-1

 respectively, appear due 

to the vibration and stretching of amide bonds within the protein structure. The amide I band is 

predominantly caused by the stretching of the carbonyl (C=O) group, while the amide II band is 

primarily associated with the N-H bending and CN stretching vibrations. It has been well 

established that the amide I band is made up of numerous underlying bands, which can be used 

to determine the presence of different secondary structures. The values used here consist of: 

intermolecular β-sheets at 1610-1625 cm
-1

, intramolecular β-sheets at 1630-1640 cm
-1

, random 

coil at 1640-1648 cm
-1

, α-helices at 1648-1658 cm
-1

, β-turns at 1660-1668 cm
-1

 and 

intramolecular β-sheets at 1670-1684 cm
-1 

(Byler & Susi, 1986; Kong & Yu, 2007; Moomand & 

Lim, 2015). 
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Figure 3.6: FTIR data presented as a) the spectra of the amide I and II region and second 

derivative of zein at different time points; and b) relative area of bands deconvoluted from the 

amide I band (1700-1600 cm
-1

) 

 

Since it was determined that the rheological properties of zein change significantly from 

the 0h to 24h time points, but do not change significantly with additional time, only 0h and 24h 

samples were analyzed by FTIR. The amide region of the FTIR spectra of these two samples is 

shown in Figure 3.6. Through the deconvolution of the amide I band it was determined that zein 

networks contain primarily α-helical structures, in agreement with previous investigations (Fig. 

3.6b) (Forato, Bicudo, & Colnago, 2003; Momany et al., 2006; Moomand & Lim, 2015). 

Overall, variation between the amide I spectra was found only in the region of 1640-1620 cm
-1

. 

This corresponded to differences in the content of intermolecular and intermolecular β-sheets. 

These results suggested that zein networks initially form a greater extent of intermolecular β-

sheets. However, there was a transition that occurred after 24h where intramolecular β-sheets 

began to predominate. This is perhaps a result of zein’s high hydrophobicity. When water is 

introduced, zein quickly aggregates into a large mass to minimize the surface area exposed to the 

aqueous environment. This environment is therefore a driving force for intermolecular 

interactions due to the increasing protein-protein contact. With time, zein appears to slightly 

restructure, potentially caused by the preferred formation of non-covalent hydrophobic 

interactions that strengthen the network. It is therefore conceivable that the rearrangement to 
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intramolecular β-sheets is preferred, and indicative of a stronger, more stable structure. This 

concept is also supported by the observed decrease in random structures present after 24h. 

3.5 Conclusions 

Overall, zein networks demonstrate unique viscous properties when first formed, but 

transition into stronger, more elastic structures after 24h of storage. This is reflected in the 

secondary structure, with some conversion and reorganization taking place from intermolecular 

to intramolecular β-sheets during this time. The structure then stabilizes at this point, as 

increasing the storage time does not impact the rheological properties further. The similarity 

between the G′ and G″ values of zein and chicken muscle tissue lead to the potential application 

of zein in meat analogues. However, investigations into methods to improve zein network 

strength and reduce brittleness are required in order to increase the feasibility of producing meat 

analogues from zein. From a different rheological perspective, zein shares melting characteristics 

with cheddar cheese and this natural functionality could create opportunities in plant-based 

cheese applications. As a whole, this work highlights the potential and versatility of zein in 

different animal protein replacement applications. 
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4.1 Abstract 

 The potential improvements to the physical properties of brittle, self-assembled zein 

networks through crosslinking with microbial transglutaminase were investigated. The formation 

of crosslinked heteropolymers was also explored within zein networks containing either soy or 

pea protein isolates as supplemented lysine sources. Networks were analyzed for crosslinking by 

SDS-PAGE. Any changes in the physical properties were monitored through rheology, texture, 

microstructure, and secondary structure by FTIR. The bands observed in SDS-PAGE did not 

show any evidence of zein crosslinking. While soy and pea protein isolates underwent extensive 

crosslinking on their own, the addition of complimentary proteins to zein did not appear to form 

any heteropolymers. Despite the lack of crosslinking observed, rheological and textural analysis 

revealed that the enzymatic treatment of zein still does have an effect on the physical properties 

of zein networks. Instead of the desired reduction in brittleness, the treatment actually produced a 

weaker, more brittle structure. Similar results were observed in the enzymatic treatment of 

networks containing soy or pea isolates. With no significant changes in secondary structure, the 

observed behaviour was primarily attributed to glutamine deamidation by microbial 

transglutaminase in the absence of sufficient lysine. This reaction changes the hydrophobicity of 

the protein such that extent of non-covalent bonding that can occur within zein networks was 

modified. 
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4.1.1 Practical Application 

Zein has the potential to contribute texture and structure to plant-based products, 

however, methods to reduce the brittleness and increase the yield strength must be determined to 

increase the applicability. The use of microbial transglutaminase was investigated to improve 

these physical properties, however, it instead caused zein to become tougher and more brittle. 

The results indicated that zein treated with microbial transglutaminase should be used only in 

certain applications and brought to light new information on the best practices for the use of zein 

as a food ingredient. 

4.2 Introduction 

The functionality of plant proteins is being researched extensively due to the increased 

consumer demand for novel plant-based products. While some plant-based products make use of 

native protein properties, many products rely on processing and modification to increase the 

range of functionality. Zein, a hydrophobic prolamin protein obtained from corn, is one such 

plant protein with significant potential in the area of structuring plant-based food products. Zein 

characteristically self-assembles into viscoelastic networks in aqueous environments, comparable 

to the behaviour of gluten. This natural behaviour presented the opportunity of using zein in food 

structuring. However, it was previously determined that zein networks are brittle and have a low 

yield strength such that samples could not withstand even moderate levels of applied strain 

without detrimental structural consequences. This brittleness became especially apparent when 

zein networks were compared to covalently linked and highly ductile gluten networks and 

chicken muscle tissue (Mattice & Marangoni, 2020). This result suggested that the use of zein 

networks to structure plant-based products, specifically meat analogues, would require some 

form of functionalizing to increase the yield strength and decrease brittleness.  

It has been shown that zein networks are formed primarily via non-covalent interactions 

(Schober, Bean, Tilley, Smith, & Ioerger, 2011; Smith, Bean, Selling, Sessa, & Aramouni, 2014; 

Taylor, Johnson, Taylor, Njila, & Jackaman, 2016). A contributing factor to this is the fact that 

the α-zein fraction (the primary component of commercial zein) only contains one to two 

cysteine residues per subunit, severely limiting the potential for covalent disulfide bond 

formation (Shewry & Halford, 2002). When the functionality of zein networks was compared to 
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that of wheat gluten, the superior yield strength observed in gluten networks was greatly 

attributed to the differences in how the networks form. Gluten network development and strength 

characteristically results from the formation of covalent disulfide bonds, in addition to non-

covalent hydrogen bonds and hydrophobic interactions (Bache & Donald, 1998; Tuhumury, 

Small, & Day, 2014). Therefore, if it is desirable to form a functionalized zein network with 

increased yield strength, similar to gluten, the use of methods to promote the formation of 

covalent bonds within the zein network could present a solution.     

Covalent crosslinking is an intriguing concept when it comes to the strengthening of zein 

networks. Previous studies have crosslinked zein using different chemical agents, such as 

glutaraldehyde and formaldehyde, however the toxicity of these agents makes them less than 

desirable for use in food applications,  (Kim, Sessa, & Lawton, 2004; Selling, Krugger Woods, 

& Biswas, 2012; Sessa, Mohamed, Byars, Hamaker, & Selling, 2007; Yao, Li, & Song, 2007). 

Reddy et al. (2009) documented the potentially food grade method of wet crosslinking zein 

fibres using carboxylic acids catalyzed by alkali conditions (Reddy, Li, & Yang, 2009). 

However, the method is still not quite feasible for food applications as a high acid concentration 

was required to create the optimum crosslinking conditions, in addition to using a significant 

amount of sodium hydroxide to raise the pH to an alkali state.  

The food industry now uses enzymes to catalyze the crosslinking of proteins. The enzyme 

that is most widely studied in the application of protein crosslinking is microbial 

transglutaminase (mTG). This enzyme catalyzes protein crosslinking by means of an acyl 

transfer reaction in which γ-caboxyamide groups of peptide-bound glutamine residues are acyl 

donors and primary ε-amines of lysine residues act as acyl acceptors, resulting in intermolecular 

or intramolecular crosslinks (Kieliszek & Misiewicz, 2014). This enzyme is a frequent industrial 

food additive providing a variety of functions, including the modification of texture, hardness 

and shelf life. Examples include its use in modifying the texture and stability of meats, fish, 

dairy, sweets, protein films and baked goods (Gaspar & de Góes-favoni, 2015; Wang, Yu, Wang, 

& Xie, 2018). Soy, dairy and egg protein gels have also been made with mTG for some time, 

producing heat stable structures (Gaspar & de Góes-favoni, 2015; Mohammad, Gharibzahedi, & 

Chronakis, 2018; Mohammad, Gharibzahedi, Koubaa, et al., 2018; Yang, Liu, & Tang, 2013). 

While the action of mTG and its effect are well known for many food proteins, minimal work 

has been done to characterize how zein would respond to mTG treatment in food products. Some 
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studies have investigated the mTG crosslinking of zein films and documented some success, 

noting increases in tensile strength, which increases the prospect that mTG could also be used to 

crosslink self-assembled zein networks formed in water (Masamba et al., 2016; Reddy et al., 

2009).    

The ability of mTG to crosslink proteins requires the presence of both glutamine and 

lysine residues as substrates. Commercial zein is rich in glutamine, containing over 20%, 

however there is a significant deficiency of lysine residues, likely limiting the extent of 

crosslinking that can occur (Gianazza, Viglienghi, Righetti, Salamini, & Soave, 1977; Shukla & 

Cheryan, 2001). However, some studies have reported the crosslinking of gluten proteins using 

mTG (Basman, Koksel, & Ng, 2002; Larré et al., 2000). As these proteins are also deficient in 

lysine, it therefore indicates that the crosslinking of zein with mTG is not impossible. This lysine 

deficiency could potentially be addressed by crosslinking zein with different proteins with 

sufficient lysine content. While many different proteins can be crosslinked using mTG, the 

majority of studies have only investigated the crosslinking of homogeneous protein systems. 

There is therefore limited evidence of the formation of heteropolymers crosslinked by mTG, 

however, a select few investigations provide a foundation for this concept. This includes some 

evidence of the formation of casein-gelatin conjugates (Chambi & Grosso, 2006; Nonaka, 

Matsuura, Nakano, & Motoki, 1997), as well as the potential formation of crosslinks between 

wheat proteins and soy proteins or lupin proteins (Basman et al., 2002; Bonet, Blaszczak, & 

Rosell, 2006).  

The selection of which protein could act as a lysine source for heterogeneous crosslinking 

depended primarily on commercial availability and cost. Therefore, this work sought to 

determine if heteropolymers could be formed through mTG treatment of either soy protein 

isolate (SPI) or pea protein isolate (PPI) with zein. SPI and PPI proteins are inexpensive and as 

such are extensively used in the food industry, including in many meat alternative or analogue 

applications. Pea protein contains approximately 7.2% lysine, and 17% glutamic acid (Arntfield 

& Maskus, 2011), while soy protein contains approximately 6.5% lysine, and 17% glutamic acid 

(Sosulski & Sarwar, 1973). It has been shown previously that both proteins are good substrates 

for mTG, and will form gels when crosslinked (Shand, Ya, Pietrasik, & Wanasundara, 2008; Sun 

& Arntfield, 2012; Tang et al., 2006; Yang et al., 2013; Yasir, Sutton, Newberry, Andrews, & 

Gerrard, 2007).  
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The purpose of this work was to investigate if mTG could be used to covalently crosslink 

and increase the yield strength of self-assembled zein networks in aqueous environments. The 

physical and structural properties of enzymatically treated zein samples, as well as multi-protein 

networks containing zein and SPI or PPI were examined to characterize any changes in 

functionality. This work was done with the potential application of zein structured plant-based 

products, specifically meat analogues, in mind.  

4.3 Materials and Methods 

4.3.1 Materials 

Zein from maize was obtained from Flo Chemical Corp. (Ashburnham, MA), and soy 

protein isolate and pea protein isolate were purchased from Myprotein (Cheshire, UK). 

Biobond® TG-GS microbial transglutaminase was obtained from H&A Health Products Inc. 

(Richmond Hill, ON). 

4.3.2 Sample Preparation 

 Control samples were prepared by weighing powdered zein into a beaker and water was 

added to achieve a ratio of 6:1 water to zein by weight. The zein was initially stirred to 

thoroughly disperse within the water. Preparation of cross-linked samples involved the addition 

of mTG at approximately 5 units per g of protein. Excess water present after network formation 

was discarded. Crosslinked and non-crosslinked multi-protein samples were prepared with 60% 

zein and 40% SPI or PPI, by weight. Water was again added to achieve a ratio of 3:1 water to 

protein and mTG was added to the cross-linked samples to achieve a level of approximately 5 

units per g of protein. All samples were put in an incubator at 40°C and stored for 24 hours prior 

to analysis. 

It should be noted that while only one level of mTG was analyzed here, preliminary work 

determined that adding mTG at levels greater than this was found to inhibit zein network 

formation to such an extent that samples would not hold together. Therefore the amount used 

here was chosen to approach, but not exceed, the limit of where network formation would be 

inhibited. This ensured that the effect of the enzyme would be pronounced in further analysis but 

would not restrict the ability to form rheological and texture related experiments. 
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4.3.3 SDS-PAGE 

 Prepared samples were frozen at -80°C and freeze dried (Virtis Genesis, SP Scientific). 

The condenser temperature of the freeze drier was set to -40 ℃, the shelf temperature was set at 

25 ℃, and the vacuum was set to 150 μm for 24 hours. The dried samples were dissolved into 2x 

laemmli sample buffer (Bio-Rad Laboratories) containing 5% β-mercaptoethanol to a 

concentration of 40 μg per 60 μL and then heated to 95°C for 5 minutes. 50 μL of each sample 

was loaded into sodium dodecyl sulfate (SDS) polyacrylamide gels consisting of a 10% 

separating gel and a 4% stacking gel. The Biorad precision blue standard marker was run in the 

first lane as a reference for molecular weights. SDS-PAGE (sodium dodecyl sulphate – 

polyacrylamide gel electrophoresis) was run at 20°C and at a constant current of 150V gels for a 

total of 90 minutes. The gels were then stained with 0.25% Coomassie Blue R-250 in a 50% 

MeOH and 10% HoAC solution for 2 hours and de-stained overnight in a 40% MeOH and 10% 

HoAC solution. 

4.3.4 Small Amplitude Oscillatory Dynamic Rheology 

Amplitude sweep shear oscillatory experiments were performed with a rotational 

rheometer (MCR 302, Anton Paar, Graz, Austria) fixed with parallel plate geometries (20mm 

diameter). The geometries were fixed with adhesive 600 grit sandpaper to minimize slip during 

measurements. Samples, were placed onto the lower plate and compressed between the plates 

with an axial force not exceeding 2N to avoid error as overloading has been shown to modify the 

rheology (Macias-Rodriguez & Marangoni, 2016). Samples were loaded onto the plates with 

temperature control by Peltier units located in the lower plate and the hood of the rheometer. The 

exposed edges of the samples were coated with mineral oil to prevent drying during testing. The 

shear strain was increased from γ = 0.001% to γ = 300%, the angular frequency was constant at 

ω = 3 rad/s and the temperature was constant at 50°C. RheoCompass software and firmware 

(Anton Paar, Graz, Austria) provided the storage modulus (G′) and loss modulus (G″) values 

used for analysis. Shear stress values (τ) were also obtained simultaneously and were plotted 

against shear strain. 
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4.3.5 Three Point Bending 

A Model TA.XT2 texture analyzer (Stable Micro Systems, Texture Technologies Corp., 

Scarsdale, NY), was used to measure the breaking points of the crosslinked and non-crosslinked 

zein samples with a three-point bend rig set to a 20 mm gap width, and a 30 kg load cell. Zein 

samples for this measurement were prepared by combining 65% water with 35% zein by weight. 

The mTG samples were still prepared by adding approximately 5 units per gram of protein. The 

respective zein mixtures were then compressed into rectangular moulds to produce samples 40 

mm long, 20 mm wide and 5 mm thick. The zein was stored in the moulds at 40°C for 24 hours 

before analysis. The probe moved at a test speed of 3 mm/s over a distance of 15 mm, and the 

applied force increased to maintain this speed. The distance to the breaking point was recorded 

as an indicator of the resistance to bending or fracture, and the force necessary to break the 

samples was recorded as an indicator of sample hardness. 

4.3.6 Scanning Electron Microscopy 

 Scanning Electron Microscopy (SEM) was performed to obtain images of the structure of 

the crosslinked and non-crosslinked zein masses using the Quanta FEG 250 SEM in the 

University of Guelph Imaging Facility. Samples were mounted on aluminum specimen stubs 

with double-sided carbon tape and sputter-coated with gold and palladium under high vacuum, 

approximately 9e-5 Torr (Denton Desk V TSC Sputter Coater, Denton Vacuum, Moorestown, 

NJ, USA). Water was removed from the samples while under the vacuum during sputter coating. 

The accelerating voltage of the electron beam was 10 kV. 

4.3.7 Attenuated Total Reflectance - Fourier Transform Infrared Spectroscopy 

Prepared zein samples were compressed to thoroughly remove any unbound water prior 

to analysis. Infrared spectra of the different zein masses were obtained using an FTIR 

spectrometer (model IRPrestige-21, Shimadzu Corp., Kyoto Japan). The FTIR was equipped 

with an attenuated total reflectance accessory (ATR) (Pike Technologies, Madison, WI, USA). 

Samples were scanned from 600 to 4000 cm
-1

 with a 4 resolution and 32 scans per spectrum. 

Analysis was carried out in triplicate at ambient temperatures. Secondary structure analysis of 

zein fibres was conducted by deconvoluting the amide I region (1600-1700 cm
-1

) using 
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OriginPro software (Origin Lab Corp., Northampton, MA, USA). The second derivative of the 

original spectra was used to locate each of the underlying bands, and the wavenumber position 

was fixed during fitting. Each band was fitted using the Lorentzian function. The secondary 

structural content was determined from the relative areas of the individual bands in the amide I 

region of zein (Li, Lim, & Kakuda, 2009; Mejia, Mauer, & Hamaker, 2007; Moomand & Lim, 

2015; Zhang, Luo, & Wang, 2011). 

4.3.7 Statistical Analysis  

GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA) was used for statistical 

analysis and logarithmic transformation of data. A two-tailed unpaired t-test was performed on 

the secondary structure data by FTIR for each sample type. The confidence level was chosen as 

95%. 

4.4 Results and Discussion 

4.4.1 SDS-PAGE 

Electrophoretic analysis permitted visualization of any crosslinking that had occurred. 

Zein networks were analyzed after incubation at 40°C with or without mTG for 24 hours. This 

provided sufficient time for mTG to act on the protein, as well as time for network formation and 

stabilization. As is expected, commercial zeins (majorly composed of α-zein) produced two 

distinct bands at 19 kDa and 22 kDa (Figure 4.1) (Argos, Pedersen, Marks, & Larkins, 1982). 

Bands known to be characteristic to soy and pea proteins were also observed when the proteins 

were run untreated (Petruccelli & Anon, 1995; Shand, Ya, Pietrasik, & Wanasundara, 2007). 

When mTG was added to the sample, zein bands appear unchanged, however the bands of SPI 

and PPI were faded or completely disappeared. In the analysis of protein mixtures, zein bands 

were visible alongside those of SPI and PPI. Again, when mTG was added, the SPI and PPI 

bands were no longer visible but the zein bands remained and were visible on their own. The 

disappearance of the SPI and PPI bands can be attributed to extensive crosslinking over the 24 

hour incubation period. This phenomenon has been observed previously with SPI and PPI, where 

aggregates become too large to enter the gel, producing faint or non-existent bands (Sun & 

Arntfield, 2012; Yang et al., 2013; Yasir et al., 2007). This appear to be dependent on incubation 
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time with the enzyme as studies that did not observe this disappearance limited the reaction time 

to just a few hours (Basman et al., 2002; Ramirez-Suarez & Xiong, 2003; Tang et al., 2006). The 

fact that zein bands remain essentially unchanged in the presence of mTG indicates that mTG 

treatment does not cause any significant changes to the molecular weight of the protein fractions.  

Therefore, it can be concluded that significant crosslinking has not occurred, despite the 

extensive crosslinking that is observed in SPI and PPI samples. The minimal crosslinking in zein 

is expected to some extent due to its deficiency of lysine, due to the lack of solubility in water, or 

due to being a poor substrate for mTG crosslinking. However, the introduction of lysine from the 

SPI or PPI sources does not appear to promote the formation of heteropolymers. 

 

 

Figure 4.1: SDS-PAGE of commercial zein, SPI and PPI with and without TG treatment. Lane 

1) Commercial zein control; 2) Zein + TG; 3) SPI; 4) SPI + TG; 5) Zein + SPI; 6) Zein + SPI 

+TG; 7) PPI; 8) PPI + TG; 9) Zein + PPI; 10) Zein + PPI + TG. The protein marker was run in 

the first lane (molecular weights labelled in kDa), and the TG control was run in the last lane. 
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4.4.2 Amplitude Sweeps 

Despite the lack of crosslinking evidence observed by SDS-PAGE, amplitude sweeps 

revealed that the mTG treatment does impact the rheology of self-assembled zein networks. 

Instead of the desired strengthening, samples treated by mTG demonstrated decreased elastic 

properties (lower G′) and a decreased yield stress (Fig. 4.2a). The yield stress, the point where 

non-linear rheological behaviour begins, indicated the destruction of the sample structure 

occurred at lower applications of stress. Further, when shear stress values were plotted against 

shear strain, all samples demonstrated brittle behaviour, where very little applied strain 

compromised the material (Fig. 4.2b). This result is the opposite of what was anticipated and 

desired. Though it was expected that the covalent crosslinking of zein networks would cause an 

increase in the yield strength, the lack of crosslinking observed through SDS-PAGE meant that 

no differences in behaviour were expected. This opposing behaviour could be resultant of the 

fact that mTG can catalyze hydrolytic deamidation of the glutamine residues in place of acyl 

transfer reactions, where water acts as the acyl acceptor in the absence of lysine residues. This 

phenomenon has been studied in the physiological context of both microbial and human tissue 

transglutaminase, where the occurrence of deamidation compared to transamidation reactions has 

been shown to depend on substrate affinity and reaction conditions (Bae et al., 2012; Matthias, 

Jeremias, Neidhöfer, & Lerner, 2016; Stamnaes, Fleckenstein, & Sollid, 2008). Glutamine 

deamidation transforms the residues into glutamic acid, altering protein charge and 

hydrophobicity. The self-assembling of zein networks in aqueous environment relies heavily on 

its high hydrophobicity and non-covalent interactions (Argos et al., 1982; Smith et al., 2014). 

Therefore, the glutamine deamidation could disrupt network formation by altering the extent of 

non-covalent interactions that can occur. This is supported by the conclusions of Smith et al. 

(2014), who demonstrated that disrupting the hydrophobic interactions in zein through the 

addition of salts from Hofmeister series could prevent the formation of viscoelastic zein 

networks (Smith et al., 2014). Glutamine residues in zein are present in glutamine rich turns 

positioned between antiparallel a-helix structures, making them sufficiently exposed for side 

chain interactions (Argos et al., 1982). Therefore, glutamine is likely heavily involved in the 

hydrophobic interactions that hold zein networks together. This further supports the idea that 

compromising the extent of hydrophobic interactions, or other non-covalent bonds, through 

glutamine deamidation further compromises the strength of zein networks. 
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Figure 4.2: Plots of a) Amplitude sweeps and b) Stress vs. Strain curves of zein networks with 

and without TG treatment. 

 

While there is no direct evidence that deamidation reactions are occurring, the absence of 

crosslinking combined with the rheological observations strongly indicates that mTG is 

catalyzing this reaction. The activity of mTG has been previously monitored through ammonia 

concentration, however both transamidation and deamidation reactions produce ammonia and 

thus would not provide the necessary information for this work. Quantifying the extent of 

transamidation vs. deamidation that is occurring requires methods that can differentiate between 

the transamidated and deamidated products, such as capillary electrophoresis (Stamnaes et al., 

2008). However, such methods were not available or accessible during this work so conclusions 

made here pertain only to the observations of the absence of crosslinking and the modified 

physical properties of zein networks. 

In the presence of sufficient lysine, deamidation reactions have been shown to be slower 

than the formation of glutamine-lysine crosslinks (Stamnaes et al., 2008). Therefore, SPI or PPI 

were added in efforts to introduce lysine from different protein sources and promote crosslinking 

over deamidation., The addition of either SPI or PPI to zein networks without mTG treatment 

resulted in a lowered yield stress value of networks, compared to zein controls (Fig. 4.3 a&c). 

While there was evidence that SPI and PPI underwent significant crosslinking (based on SDS-
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PAGE results), mTG treated multi-protein samples demonstrated yield stress values that were 

even lower than those for the non-crosslinked multi-protein samples. This was reflected in the 

stress vs. strain plots, where the networks experienced substantial decreases in yield strength and 

overall strength, with or without crosslinking (Fig. 4.3 b&d). This therefore concludes that SPI 

and PPI cannot be used to promote the covalent crosslinking of heteropolymers in zein networks 

using the conditions described in this investigation, despite providing a source of lysine. This is 

potentially a result of SPI and PPI being better substrates for mTG, when compared to zein 

(Basman et al., 2002; Larre, Steffi, Chenu, & Gueguen, 1993). It is therefore expected that the 

crosslinking of SPI and PPI occurs at a greater rate such that there are minimal sites left to be 

crosslinked to zein. This could also be simply due to zein being a poor substrate for mTG 

crosslinking, as it has been shown that amino acid content is not the only factor, given that some 

extent of crosslinking has been observed with low lysine gluten proteins (Basman et al., 2002; 

Larré et al., 2000). Based on previous work, it is also possible that the amino acid sequence 

adjacent to the glutamine residues plays a role in making zein a poor substrate for mTG 

crosslinking overall (Gorman & Folk, 1980; Traoré & Meunier, 1992). With this as a potentially 

critical factor, more research should be carried out to determine if the results of this study were 

limited by the use of primarily α-zein.  Another potential factor is the differences in solubility 

between the different protein sources. The fact that all enzymatic action took place in aqueous 

environments where zein could not be soluble is also a limitation to this study and could be 

addressed in future investigations. This work selected SPI and PPI due to being readily available, 

inexpensive and common food ingredients, however it is recommended that future research 

investigate the potential of crosslinking zein with different food-grade proteins that demonstrate 

more similar substrate reactivity and/or solubility to zein. There is also further research required 

to determine the potential for the enzymatic crosslinking of zein with different enzymes that have 

not yet been studied extensively in food applications. For example, one study described success 

crosslinking low molecular weight potato proteins and α-zein fractions using tyrosinase from 

Bacillus megaterium (Glusac, Davidesko-Vardi, Isaschar-Ovdat, Kukavica, & Fishman, 2018). 

However, this enzyme is not yet readily available for commercial applications. Beyond enzymes, 

it would be beneficial to investigate different methods of reducing the brittleness of zein 

networks. Based on the likelihood that mTG modified the hydrophobicity of zein, impacting the 

non-covalent interactions and increasing brittleness, future research should focus on determining 
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how the hydrophobicity can be manipulated such that brittleness is reduced.  

 

 

 

Figure 4.3: Plots of a) Amplitude sweeps and b) Stress vs. Strain curves of zein and SPI with 

and without TG, and c) Amplitude sweeps and d) Stress vs. Strain curves zein and PPI with and 

without TG. 
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4.4.3 Three Point Bending 

 

Figure 4.4: Three point bending profile of zein networks with and without TG treatment. 

 

Zein samples (at 40°C) were bent as a force was applied to the centre of each sample. The 

force was recorded throughout and plotted against distance travelled. The fracture point was 

recorded as the maximum force and can be taken as the hardness of the sample. The distance to 

break gives an indication of the brittleness of the sample, as it represents how far a sample can be 

deformed before fracture. In addition, the slope gradient is taken as an indicator of sample 

toughness. In Figure 4.4, it can be seen that the slope of mTG samples is steeper and the 

distance to break is shorter than the control. Therefore, it can be said that mTG increased the 

toughness and brittleness of self-assembled zein networks. The maximum force required 

increased only slightly for mTG treated zein samples, indicating minimal change in sample 

hardness. A minor increase in toughness and hardness could be evidence that a very small degree 

of crosslinking had occurred with the minimal lysine present. However, the most significant 
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effect of mTG treatment is a material that fractures, while zein control samples did not actually 

break over the 15mm distance. Instead, untreated zein naturally bends and folds upon applied 

stress, demonstrating significant flexibility. These findings agree with previous studies, where it 

was observed that mTG increased tensile strength of zein films and fibres, but did not increase 

the elongation at rupture (Masamba et al., 2016; Reddy et al., 2009). The use of tough, brittle 

materials can be undesirable for many food applications however, some food applications that do 

not require ductility could benefit from the increased hardness and toughness induced by mTG 

treatment. This could include plant-based cured meat alternatives, such as jerky or salami, where 

toughness and brittleness is characteristic and desirable.   

4.4.4 SEM 

SEM images of the surface of self-assembled zein networks with and without mTG 

treatment were shown to share a number of characteristics (Figure 4.5). Both appeared as 

randomly aggregated structures with small pores throughout. However, the surface of the control 

network samples did have some degree of smoothness and uniformity, particularly when 

compared to mTG treated samples. Additionally, the size of the individual entities appeared to be 

significantly smaller in mTG treated networks. These results coincide with the observed changes 

in physical properties, as the inability of the enzymatically treated networks to form any degree 

of a homogenous structure is likely caused by the modified ability of the network to form non-

covalent bonds due to glutamine deamidation by mTG.  

 

Figure 4.5: SEM images of self-assembled networks of a) zein and b) zein with TG treatment. 



66 

 

 

 

Figure 4.6: FTIR data of zein networks with and without TG treatment presented as a) the 

spectra of the amide I and II region and second derivative; and b) relative area of bands 

deconvoluted from the amide I band (1700-1600 cm
-1

). 

 

 

4.4.5 Secondary Structure  

The spectra obtained by FTIR allowed for the identification of amide I and II bands, 

positioned at 1645 cm
-1

 and 1540 cm
-1

 respectively. The amide I band appears due to the 

stretching of the carbonyl (C=O) group, and the amide II band results from N-H bending and CN 

stretching vibrations. The numerous underlying bands within the amide I band were used to 

determine the presence of different secondary structures. The values of the identifying bands 

used here included: intermolecular β-sheets at 1610-1625 cm
-1

, intramolecular β-sheets at 1630-

1640 cm
-1

, random coil at 1640-1648 cm
-1

, α-helices at 1648-1658 cm
-1

, β-turns at 1660-1668 

cm
-1

 and intramolecular β-sheets at 1670-1684 cm
-1

 (Byler & Susi, 1986; Kong & Yu, 2007; 

Moomand & Lim, 2015). 

The amide region of the FTIR spectra of zein samples with and without mTG treatment 

are shown in Figure 4.6. Through deconvolution, it was determined that α-helical structures will 

predominate even with mTG treatment (Fig. 4.6b) (Forato, Bicudo, & Colnago, 2003; Momany 

et al., 2006; Moomand & Lim, 2015). Overall, mTG samples displayed statistically significant 
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increase in the contents of intermolecular β-sheets and random coils, and a statistically 

significant decrease in content of α-helical structures. However, the relative proportions of each 

secondary structure did not change, leading to the conclusion that mTG has minimal impact on 

the secondary structure. In a study by zhang et al. (2011), the authors documented a significant 

decrease in the content of α-helix, β-turns, and b-sheets when raising or lowering the pH, and 

attributed the result to a pH induced conversion of glutamine residues to glutamic acid (Zhang et 

al., 2011). Since this current work also observes what appears to be a conversion from glutamine 

residues to glutamic acid, these reported results are contradictory. Therefore, it is likely that the 

effect observed by these authors resulted from a combination of pH dependent factors, rather 

than glutamine deamidation alone. The relatively unchanging secondary structure observed here 

therefore strengthens the case that the modified physical properties of mTG treated zein are 

predominantly caused by the extent of non-covalent bonding that can occur after significant 

glutamine deamidation. 

 

4.5 Conclusions 

This work set out to increase, or improve, the functionality of zein networks for the 

purpose of structuring plant-based products. Even though no crosslinking was observed, this 

work made it evident that mTG does still have an effect on the physical properties of zein 

networks in aqueous environments. The mTG treatment of zein networks failed to increase the 

yield strength of the material, and instead produced networks that were tougher, and 

demonstrated highly brittle deformation. These results are thought to be primarily caused by the 

alteration of hydrophobicity (and subsequently the extent of non-covalent bonding within the 

networ) due to mTG catalyzed glutamine deamidation. For zein, the occurrence of this reaction 

can be at least partially attributed to having insufficient lysine residues. The introduction of 

additional lysine from either SPI or PPI did not induce heteropolymer crosslinking likely due to 

differences in substrate quality and solubility. While this work set out to reduce brittleness, it is 

possible that the observed increase in toughness and further reduction of yield strength could be 

exploited in other plant-based applications. This leaves room for more research into methods 

capable of reducing the brittleness zein networks and for the identification of different potential 

applications for zein as a food ingredient. In addition, this adds to the body of knowledge 
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surrounding the best practices for the use of zein as a functional ingredient for a variety of plant-

based food products. 

4.6 Acknowledgements  

The authors would like to acknowledge the Natural Science and Engineering Research 

Council of Canada and The Barrett Foundation for providing financial support for this project. 

The authors would also like to thank Dr. Preethi Jayanth for her assistance in running the SDS-

PAGE experiments and Bob Harris for his support with SEM operation and image analysis. 

 

  



69 

 

4.7 References 

Argos, P., Pedersen, K., Marks, M. D., & Larkins, B. A. (1982). A structural model for maize 

zein proteins. Journal of Biological Chemistry, 257, 9984–9990. 

Arntfield, S. D., & Maskus, H. D. (2011). Peas and other legume proteins. In G. O. Phillips & P. 

A. Williams (Eds.), Handbook of Food Proteins (pp. 233–266). Cambridge, UK: 

Woodhead Publishing. 

Bache, I. C., & Donald, A. M. (1998). The structure of the gluten network in dough: A study 

using environmental scanning electron microscopy. Journal of Cereal Science, 28(2), 127–

133. https://doi.org/10.1006/jcrs.1997.0176 

Bae, N., Yang, J., Sitte, H., Pollak, A., Marquez, J., Lubec, G., & Page, B. N. (2012). An 

electrophoretic approach to screen for glutamine deamidation. Analytical Biochemistry, 

428, 1–3. https://doi.org/10.1016/j.ab.2012.05.016 

Basman, A., Koksel, H., & Ng, P. (2002). Effects of Transglutaminase on SDS-PAGE Patterns 

of Wheat, Soy, and Barley Proteins and their Blends. Journal of Food Science, 67, 2654–

2658. 

Bonet, A., Blaszczak, W., & Rosell, C. M. (2006). Formation of Homopolymers and 

Heteropolymers Between Wheat Flour and Several Protein Sources by Transglutaminase-

Catalyzed Cross-Linking. Cereal Chemistry, 83, 655–662. https://doi.org/10.1094/CC-83-

0655 

Byler, D. M., & Susi, H. (1986). Examination of the Secondary Structure of Proteins by 

Deconvolved FTIR Spectra. Biopolymers, 25, 469–487. 

Chambi, H., & Grosso, C. (2006). Edible films produced with gelatin and casein cross-linked 

with transglutaminase. Food Research International, 39, 458–466. 

https://doi.org/10.1016/j.foodres.2005.09.009 

Forato, L. A., Bicudo, T. D. E. C., & Colnago, L. A. (2003). Conformation of a Zeins in Solid 

State by Fourier Transform IR. Biopolymers, 72, 421–426. 



70 

 

Gaspar, A. L. C., & de Góes-favoni, S. P. (2015). Action of microbial transglutaminase 

(MTGase) in the modification of food proteins: A review. Food Chemistry, 171, 315–322. 

https://doi.org/10.1016/j.foodchem.2014.09.019 

Gianazza, E., Viglienghi, V., Righetti, P., Salamini, F., & Soave, C. (1977). Amino Acid 

Composition of Zein Molecular Components. Phytochemistry, 16, 315–317. 

Glusac, J., Davidesko-Vardi, I., Isaschar-Ovdat, S., Kukavica, B., & Fishman, A. (2018). Gel-

like emulsions stabilized by tyrosinase-crosslinked potato and zein proteins. Food 

Hydrocolloids, 82, 53–63. https://doi.org/10.1016/j.foodhyd.2018.03.046 

Gorman, J. J., & Folk, J. E. (1980). Transglutaminase amine substrates for photochemical 

labeling and cleavable cross-linking of proteins. Journal of Biological Chemistry, 255(3), 

1175–1180. 

Kieliszek, M., & Misiewicz, A. (2014). Microbial transglutaminase and its application in the 

food industry. A review. Folia Microbiologica, 59, 241–250. 

https://doi.org/10.1007/s12223-013-0287-x 

Kim, S., Sessa, D. J., & Lawton, J. W. (2004). Characterization of zein modified with a mild 

cross-linking agent. Industrial Crops and Products, 20, 291–300. 

https://doi.org/10.1016/j.indcrop.2003.10.013 

Kong, J., & Yu, S. (2007). Fourier Transform Infrared Spectroscopic Analysis of Protein 

Secondary Structures. Acta Biochimica et Biophysica Sinica, 39, 549–559. 

https://doi.org/10.1111/j.1745-7270.2007.00320.x 

Larré, C., Denery-Papini, S., Popineau, Y., Deshayes, G., Desserme, C., & Lefebvre, J. (2000). 

Biochemical analysis and rheological properties of gluten modified by transglutaminase. 

Cereal Chemistry, 77(2), 121–127. https://doi.org/10.1094/CCHEM.2000.77.2.121 

Larré, C., Steffi, C., Chenu, M., & Gueguen, J. (1993). Action of Transglutaminase on the 

Constitutive Polypeptides of Pea Legumin. Journal of Agricultural and Food Chemistry, 

41, 1816–1820. https://doi.org/10.1021/jf00035a002 



71 

 

Li, Y., Lim, L.-T., & Kakuda, Y. (2009). Electrospun Zein Fibers as Carriers to Stabilize ( − )-

Epigallocatechin Gallate. Journal of Food Science, 74, C233–C240. 

https://doi.org/10.1111/j.1750-3841.2009.01093.x 

Macias-Rodriguez, B. A., & Marangoni, A. G. (2016). Physicochemical and Rheological 

Characterization of Roll-in Shortenings. Journal of the American Oil Chemists’ Society, 

93, 575–585. https://doi.org/http://dx.doi.org/10.1007/s11746‐017‐2984‐0 

Masamba, K., Li, Y., Hategekimana, J., Zehadi, M., Ma, J., & Zhong, F. (2016). Evaluation of 

mechanical and water barrier properties of transglutaminase cross-linked zein films 

incorporated with oleic acid. International Journal of Food Science and Technology, 51, 

1159–1167. https://doi.org/10.1111/ijfs.13069 

Matthias, T., Jeremias, P., Neidhöfer, S., & Lerner, A. (2016). The industrial food additive, 

microbial transglutaminase, mimics tissue transglutaminase and is immunogenic in celiac 

disease patients. Autoimmunity Reviews, 15, 1111–1119. 

https://doi.org/10.1016/j.autrev.2016.09.011 

Mattice, K. D., & Marangoni, A. G. (2020). Evaluating the Use of Zein in Structuring Plant-

Based Products. Current Research in Food Science. In press. 

Mejia, C. D., Mauer, L. J., & Hamaker, B. R. (2007). Similarities and differences in secondary 

structure of viscoelastic polymers of maize a -zein and wheat gluten proteins. Journal of 

Cereal Science, 45, 353–359. https://doi.org/10.1016/j.jcs.2006.09.009 

Mohammad, S., Gharibzahedi, T., & Chronakis, I. S. (2018). Crosslinking of milk proteins by 

microbial transglutaminase: Utilization in functional yogurt products foods. Food 

Chemistry, 245, 620–632. https://doi.org/10.1016/j.foodchem.2017.10.138 

Mohammad, S., Gharibzahedi, T., Koubaa, M., Barba, F. J., Greiner, R., George, S., & 

Roohinejad, S. (2018). Recent advances in the application of microbial transglutaminase 

crosslinking in cheese and ice cream products: A review. International Journal of 

Biological Macromolecules, 107, 2364–2374. 

https://doi.org/10.1016/j.ijbiomac.2017.10.115 



72 

 

Momany, F. A., Sessa, D. J., Lawton, J. W., Selling, G. W., Hamaker, S. A. H., & Willett, J. L. 

(2006). Structural characterization of α-zein. Journal of Agricultural and Food Chemistry, 

54, 543–547. https://doi.org/10.1021/jf058135h 

Moomand, K., & Lim, L.-T. (2015). Effects of solvent and n-3 rich fish oil on physiochemical 

properties of electrospun zein fibres. Food Hydrocolloids, 46, 191–200. 

Nonaka, M., Matsuura, Y., Nakano, K., & Motoki, M. (1997). Improvement of the pH-solubility 

profile of sodium caseinate by using Ca2+-independent microbial transglutaminase with 

gelatin. Food Hydrocolloids, 11, 347–349. https://doi.org/10.1016/S0268-005X(97)80065-

3 

Petruccelli, S., & Anon, M. C. (1995). Soy Protein Isolate components and Their Interactions. 

Journal of Agricultural Food Chemistry, 43, 1762–1767. 

Ramirez-Suarez, J., & Xiong, Y. (2003). Effect of transglutaminase-induced cross-linking on 

gelation of myofibrillar / soy protein mixtures. Meat Science, 65, 899–907. 

https://doi.org/10.1016/S0309-1740(02)00297-8 

Reddy, N., Li, Y., & Yang, Y. (2009). Alkali-catalyzed low temperature wet crosslinking of 

plant proteins using carboxylic acids. Biotechnology Progress, 25, 139–146. 

https://doi.org/10.1002/btpr.86 

Schober, T. J., Bean, S. R., Tilley, M., Smith, B. M., & Ioerger, B. P. (2011). Impact of different 

isolation procedures on the functionality of zein and kafirin. Journal of Cereal Science, 54, 

241–249. https://doi.org/10.1016/j.jcs.2011.06.007 

Selling, G. W., Krugger Woods, K., & Biswas, A. (2012). Electrospun Zein Fibres Using 

Glyoxal as the Crosslinking Reagent. Journal of Applied Polymer Science, 123, 2651–

2661. https://doi.org/10.1002/app 

Sessa, D. J., Mohamed, A., Byars, J. A., Hamaker, S. A. H., & Selling, G. W. (2007). Properties 

of Films from Corn Zein Reacted with Glutaraldehyde. Journal of Applied Polymer 

Science, 105, 2877–2883. https://doi.org/10.1002/app 



73 

 

Shand, P. J., Ya, H., Pietrasik, Z., & Wanasundara, P. (2007). Physicochemical and textural 

properties of heat-induced pea protein isolate gels. Food Chemistry, 102, 1119–1130. 

https://doi.org/10.1016/j.foodchem.2006.06.060 

Shand, P. J., Ya, H., Pietrasik, Z., & Wanasundara, P. K. J. P. D. (2008). Transglutaminase 

treatment of pea proteins: Effect on physicochemical and rheological properties of heat-

induced protein gels. Food Chemistry, 107, 692–699. 

https://doi.org/10.1016/j.foodchem.2007.08.095 

Shewry, P. R., & Halford, N. G. (2002). Cereal seed storage proteins: structures, properties and 

role in grain utilization. Journal of Experimental Botany, 53, 947–958. 

https://doi.org/https://doi.org/10.1093/jexbot/53.370.947 

Shukla, R., & Cheryan, M. (2001). Zein: The industrial protein from corn. Industrial Crops and 

Products, 13, 171–192. https://doi.org/10.1016/S0926-6690(00)00064-9 

Smith, B. M., Bean, S. R., Selling, G., Sessa, D., & Aramouni, F. M. (2014). Role of non-

covalent interactions in the production of visco-elastic material from zein. Food Chemistry, 

147, 230–238. https://doi.org/10.1016/j.foodchem.2013.09.152 

Sosulski, F. W., & Sarwar, G. (1973). Amino Acid Composition of Oilseed Meals and Protein 

Isolates. Canadian Institute of Food Science and Technology Journal, 6, 1–5. 

https://doi.org/10.1016/S0315-5463(73)73954-7 

Stamnaes, J., Fleckenstein, B., & Sollid, L. M. (2008). The propensity for deamidation and 

transamidation of peptides by transglutaminase 2 is dependent on substrate affi nity and 

reaction conditions. Biochimica et Biophysica Acta, 1784, 1804–1811. 

https://doi.org/10.1016/j.bbapap.2008.08.011 

Sun, X. D., & Arntfield, S. D. (2012). Gelation properties of myofibrillar/pea protein mixtures 

induced by transglutaminase crosslinking. Food Hydrocolloids, 27, 394–400. 

Tang, C.-H., Wu, H., Yu, H.-P., Li, L., Chen, Z., & Yang, X.-Q. (2006). Coagulation and 

gelation of soy protein isolates induced by microbial transglutaminase. Journal of Food 

Biochemistry, 30, 35–55. 



74 

 

Taylor, J. R. N., Johnson, S. K., Taylor, J., Njila, S., & Jackaman, C. (2016). Oxidation of 

commercial (α-type) zein with hydrogen peroxide improves its hydration and dramatically 

increases dough extensibility even below its glass transition temperature. Journal of Cereal 

Science, 70, 108–115. https://doi.org/10.1016/j.jcs.2016.05.025 

Traoré, F., & Meunier, J. C. (1992). Crosslinking Activity of Placental F XIIIa on Whey Proteins 

and Caseins. Journal of Agricultural and Food Chemistry, 40(3), 399–402. 

https://doi.org/10.1021/jf00015a007 

Tuhumury, H. C. D., Small, D. M., & Day, L. (2014). The effect of sodium chloride on gluten 

network formation and rheology. Journal of Cereal Science, 60, 229–237. 

https://doi.org/10.1016/j.jcs.2014.03.004 

Wang, L., Yu, B., Wang, R., & Xie, J. (2018). Biotechnological routes for transglutaminase 

production: Recent achievements, perspectives and limits. Trends in Food Science & 

Technology, 81, 116–120. https://doi.org/10.1016/j.tifs.2018.09.015 

Yang, M., Liu, F., & Tang, C. H. (2013). Properties and microstructure of transglutaminase-set 

soy protein-stabilized emulsion gels. Food Research International, 52, 409–418. 

Yao, C., Li, X., & Song, T. (2007). Electrospinning and Crosslinking of Zein Nanofiber Mats. 

Journal of Applied Polymer Science, 103, 380–385. 

Yasir, S. B. M., Sutton, K. H., Newberry, M. P., Andrews, N. R., & Gerrard, J. A. (2007). The 

impact of transglutaminase on soy proteins and tofu texture. Food Chemistry, 104, 1491–

1501. https://doi.org/10.1016/j.foodchem.2007.02.026 

Zhang, B., Luo, Y., & Wang, Q. (2011). Effect of acid and base treatments on structural, 

rheological, and antioxidant properties of α-zein. Food Chemistry, 124, 210–220. 

https://doi.org/10.1016/j.foodchem.2010.06.019 

 

  



75 

 

Chapter 5: Functionalizing zein through antisolvent precipitation from 

ethanol or acetic acid 

 

Kristin D. Mattice and Alejandro G. Marangoni 

Department of Food Science, University of Guelph, Guelph ON, N1G 2W1, Canada 

 

Food Chemistry, 2020, Accepted 

 

5.1 Abstract 

Zein forms viscoelastic networks in water which have shown to be extremely brittle and 

demonstrate low yield strength. This work investigates an alternative method of preparing zein 

networks through antisolvent precipitation, involving the dissolution in ethanol or glacial acetic 

acid followed by subsequent precipitation through the addition of water in excess. The 

rheological and structural properties of the zein networks were analyzed and it was determined 

that modifications to functionality depended on the solvent used. Precipitation from ethanol 

resulted in a network with a highly organized, porous structure that demonstrated increased 

ductility. In contrast, precipitation from glacial acetic acid resulted in a highly plasticized, 

continuous network, but only demonstrated a slightly reduced brittleness compared to control 

networks. The functionality of each network was retained over 24 hours of storage time. Overall, 

antisolvent precipitation was able to improve the functionality of zein networks for the purpose 

of food structuring, and also presented the additional advantages of being simple, inexpensive, 

and food grade. 
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5.2 Introduction 

 Zein is a hydrophobic prolamin obtained from corn that possess unique network forming 

properties. Zein networks form via self-assembly in aqueous environments and are naturally 

viscoelastic above zein’s glass transition temperature (Tg), approximately 45°C when fully 

hydrated. These properties prompted interest in the use of zein in gluten-free bakery products, 

and more recently in the replacement of animal proteins in structured plant-based food products 

(Mattice & Marangoni, 2020). However, it has been shown that there a number of limitations to 

using zein in these applications. First, zein networks are weak and brittle, where they cannot 

withstand even moderate levels of applied strain without detrimental structural consequences. In 

addition, the Tg is above ambient conditions, making it hard and unworkable at ambient 

temperature. Therefore, techniques to modify the physical properties are of interest to increase 

the functional properties of the protein and could increase the capability of zein to structure food 

products, specifically plant-based animal alternatives. In this work, reference to the functional 

properties of zein is meant to convey the physical properties that zein could contribute as an 

ingredient in a food product, including different textural and structural characteristics. 

There have been many successful attempts at decreasing the Tg of zein using food grade 

plasticizers, which work to decrease the rigidity of the material by reducing the extent of 

interaction and attraction between polymer chains. For zein, plasticizers include oleic acid 

(Erickson, Renzetti, Jurgens, Campanella, & Hamaker, 2014; Wang, Yin, & Padua, 2008), 

glacial acetic acid (Sly, Taylor, & Taylor, 2014), glycerol (Chaunier et al., 2017) and the sugars 

fructose, galactose and glucose (Ghanbarzadeh et al., 2006). However, the reduction in Tg is also 

associated with a decrease in mechanical strength, which can be detrimental depending on the 

application (J. Taylor, Anyango, & Taylor, 2013). While efforts to plasticize zein have 

encountered some success, there is limited work that has addressed the issue of strengthening 

zein networks and reducing brittleness, and an even smaller amount of work that investigated 

food grade techniques. One study did document a reduction in the brittleness of zein films, 

however, the reduction observed was actually resultant from a decrease in Young’s modulus 

through the chemical attachment of plasticizer molecules such that the documented increase in 

flexibility was primarily due to, again, plasticization (K. Shi, Huang, Tu, Lee, & Huang, 2011). . 

There is therefore a need for the development of a food grade method capable of modifying or 
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functionalizing zein networks beyond simple plasticization. Specifically, a method that can 

increase zein toughness or yield strength, but does not compromise the elastic or solid 

characteristics of the sample is desired.  

It has been shown that zein networks form via primarily non-covalent interactions 

(Schober, Bean, Tilley, Smith, & Ioerger, 2011; Smith, Bean, Selling, Sessa, & Aramouni, 2014; 

J. R. N. Taylor, Johnson, Taylor, Njila, & Jackaman, 2016). When compared to gluten, a 

prolamin that shares many of zein’s characteristics, it is generally understood that the presence of 

covalent disulfide bonds in the networks formed result in a structure that is more resistant to 

applied strain. Therefore, encouraging the formation of covalent bonds within zein networks 

presented a possible solution to increasing the yield strength of zein. It was determined that 

crosslinking performed with either 1-[3-dimethylaminopropyl]-3-ethyl-carbodiimide 

hydrochloride (EDC), N-hydroxysuccinimide (NHS), glyoxal or glutaraldehyde increased the 

tensile strength of zein films or electrospun fibres (Kim, Sessa, & Lawton, 2004; Selling, 

Krugger Woods, & Biswas, 2012; Sessa, Mohamed, Byars, Hamaker, & Selling, 2007). While 

these studies documented success, the methods used cannot be considered food grade. Enzymatic 

crosslinking presented one food grade method, with particular interest in the widely used 

enzyme, microbial transglutaminase. However, the ability of this enzyme to crosslink proteins 

requires the presence of both glutamine and lysine residues as substrates. Commercial zein is 

rich in glutamine, containing over 20%, but there is a significant deficiency of lysine residues, 

which studies have suggested will limit the extent of crosslinking that can occur (Gianazza, 

Viglienghi, Righetti, Salamini, & Soave, 1977; Shukla & Cheryan, 2001).. Therefore, the 

development of food grade methods to increase the yield strength of zein networks, through 

crosslinking or otherwise, is ongoing.  

It was first documented long ago that zein is soluble in both aqueous ethanol and acetic 

acid (Osborne, 1897; Osborne & Mendel, 1914). An in depth investigation into the dissolution of 

zein in ethanol and acetic acid by Li et al. (2012) found that zein existed in an at least partially 

unfolded, elongated, rod-like conformation in both solvents. This partial unfolding is significant 

when compared to the tightly folded conformation taken on in water. Despite these similarities, 

there are still notable differences in the solubility of zein in these solvents. Specifically, 

dissolution in aqueous ethanol has been shown to cause zein to only partially unfold, aggregate 

into oligomers and behave as polymer (Kim & Xu, 2008; Li et al., 2012; C. Shi et al., 2019). In 



78 

 

addition, ethanol causes particle swelling, such that zein has a higher volume fraction when in 

ethanolic solutions (Zhong & Ikeda, 2012). In contrast, zein will fully dissolve in glacial acetic 

acid, becoming protonated and highly unfolded, thus exposing a greater surface area for 

hydration and solvation (Li et al., 2012). The protonation causes the zein to behave similar to 

polyelectrolytes in acetic acid solutions, rather than polymers (Li, Xia, Shi, & Huang, 2011).  

After dissolution of zein in either of these suitable solvents, precipitation can be triggered 

by adding sufficient water to the solutions, presenting a new method to produce zein networks. 

This technique is often referred to as antisolvent precipitation or liquid-liquid dispersion, and has 

been used previously to precipitate zein nanoparticles from both ethanol (Zhong & Jin, 2009) 

and acetic acid solutions (Zou et al., 2017). The zein networks previously studied have been 

formed by self-assembling in water, which results in specific zein structure and conformation 

due to the hydrophobic nature of the protein. The antisolvent method is intriguing as dissolving 

zein in either ethanol or glacial acetic acid before the introduction of water could be a method of 

inducing changes in protein aggregation behaviour and conformation in eventual aqueous 

environments. This foundation for this concept was documented by one group that studied zein 

networks produced through a coacervation process from glacial acetic acid (Oguntoyinbo, 

Taylor, & Taylor, 2018; J. Taylor, Anyango, Muhiwa, Oguntoyinbo, & Taylor, 2018). This 

research pointed to increased functionality of zein and kafirin prolamins in the application of 

gluten free baked goods, primarily due to plasticization. However, extensive rheological analysis 

was not performed, making it unclear if the process provided any other structural advantages.  

The purpose of this work was to investigate the structure and physical properties of zein 

networks precipitated from either glacial acetic acid or ethanol via the antisolvent precipitation 

method. It is hypothesized that the conformational changes that occur when solubilized in these 

solvents will contribute to changes in the physical, structural and rheological properties of 

networks that have been formed via rapid precipitation from these environments. While the 

direct addition of the solvents can produce changes in the physical properties of zein masses, the 

antisolvent technique is of prominent interest as it presents an opportunity to modify the natural 

properties with the inherent advantage of removing the majority of the solvent upon precipitation 

through the addition of excess water. 
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5.3 Materials and Methods 

5.3.1 Materials 

Zein from maize was obtained from Flo Chemical Corp (Ashburnham, MA). Glacial 

acetic acid (Fisher Scientific) and 90% ethanol (Commercial Alcohols by Greenfield Global) 

were used as solvents.   

5.3.2 Antisolvent Precipitated Protein Networks 

 Zein control samples were prepared by weighing powdered zein into a beaker. Distilled 

water was then added to achieve a ratio of 6:1 water to zein by weight. The zein was stirred to 

thoroughly disperse within the water and then put in an incubator at 40°C to allow network 

formation. Precipitated networks were prepared by forming a solution of 50% zein in 90% 

ethanol or glacial acetic acid (w/w), referred to in this work as either EtOH-Zein or HOAc-Zein 

networks. This zein concentration of 50% was chosen as it was determined to produce the most 

cohesive network upon precipitation. The zein was allowed to dissolve for 2-5 minutes in the 

solvent before water was added to induce precipitation. Upon water addition, the surface of the 

zein instantaneously precipitated. To ensure complete precipitation, the precipitated zein mass 

was washed with water and kneaded thoroughly in the aqueous environment. The precipitated 

networks were then stored in excess water in a 40°C incubator and analyzed after 3 hours (3h) or 

24 hours (24h). The excess water used in storage after network formation was discarded at the 

time of analysis. 

5.3.3 SDS-PAGE 

Prepared samples were frozen at -80°C and freeze dried (Virtis Genesis, SP Scientific). 

The condenser temperature of the freeze drier was set to -40℃, the shelf temperature was set at 

25℃, and the vacuum was set to 150 μm for 24 hours. The dried samples were dissolved into 2x 

laemmli sample buffer containing 5% β-mercaptoethanol (Bio-Rad Laboratories) to a 

concentration of 40 μg protein per 60 μL, and then heated to 95°C for 5 minutes. Sodium 

dodecyl sulfate polyeacrylamide gel electrophoresis (SDS-PAGE) was performed by loading 50 

μL of each sample into SDS polyacrylamide gels consisting of a 10% separating gel and a 4% 

stacking gel. The Bio-Rad precision blue standard marker was run in the first lane as a reference 
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for molecular weights. The gels were run at 20°C and at a constant current of 150V gels for a 

total of 90 minutes. The gels were then stained with 0.25% Coomassie Blue R-250 in a 50% 

MeOH and 10% HoAC solution for 2 hours and de-stained overnight in a 40% MeOH and 10% 

HoAC solution. 

5.3.4 Scanning Electron Microscopy 

 SEM was performed to obtain images of the microstructure of the precipitated zein 

masses using the Quanta FEG 250 SEM in the University of Guelph Imaging Facility. Samples 

were imaged after 24 hours of storage. Samples were mounted on aluminum specimen stubs with 

double-sided carbon tape and sputter-coated with gold and palladium under high vacuum, 

approximately 9e-5 Torr (Denton Desk V TSC Sputter Coater, Denton Vacuum, Moorestown, 

NJ, USA). Water was removed from the sample when under the high vacuum during sputter 

coating. The accelerating voltage of the electron beam was 10 kV. 

5.3.5 Small Amplitude Oscillatory Dynamic Rheology 

 Shear oscillatory experiments were performed with a rotational rheometer (MCR 302, 

Anton Paar, Graz, Austria) fixed with parallel plate geometries (20mm diameter). The 

geometries were fixed with adhesive 600 grit sandpaper to minimize slip during measurements. 

Formed protein network samples were placed onto the lower plate and compressed between the 

plates with an axial force not exceeding 2N to avoid error and overloading. Samples were heated 

in a 40°C incubator for a minimum of 30 minutes prior to analysis to ensure the material was 

pliable for sample loading. The parallel plates had temperature control by Peltier units located in 

the lower plate and the hood of the rheometer. The exposed edges of the samples were coated 

with mineral oil to prevent drying or hardening during testing. RheoCompass software and 

firmware (Anton Paar, Graz, Austria) provided the storage modulus (G′), loss modulus (G″), and 

shear stress (τ) values used for analysis. Amplitude sweep tests were performed with shear strain 

increasing from γ = 0.001% to γ = 200%. The angular frequency (ω) was held constant at 3 rad/s 

and the temperature (T) was also held constant at 50°C. Temperature sweeps were performed 

with T increasing from 5 to 100°C at a rate of approximately 5°C per minute. The shear strain 

and angular frequency were each held constant at γ = 0.01% and ω = 3 rad/s, respectively.  
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5.3.6 Attenuated Total Reflectance – Fourier Transform Infrared Spectroscopy  

 The infrared spectra of the different zein masses were obtained using a Fourier transform 

infrared (FTIR) spectrometer (model IRPrestige-21, Shimadzu Corp., Kyoto Japan). The FTIR 

was equipped with an attenuated total reflectance accessory (ATR) (Pike Technologies, 

Madison, WI, USA). Samples were compressed between task wipes to remove any unbound 

water prior to analysis. Water removal by freeze drying was also attempted, however, there were 

challenges in producing a fine powder from the dried samples, which limited the analysis due to 

the large particles size and the air gaps between the sample and the ATR crystal. Samples were 

scanned from 600 to 4000 cm
-1

 with a 4 resolution and 32 scans per spectrum. Analysis was 

carried out in triplicate at ambient temperatures. Secondary structure analysis was conducted by 

deconvoluting the amide I region (1600-1700 cm
-1

) using OriginPro software (Origin Lab Corp., 

Northampton, MA, USA). The second derivative of the original spectra was used to locate each 

of the underlying bands, and the wavenumber position was fixed during fitting. Each band was 

fitted using the Lorentzian function. The secondary structural content was determined from the 

relative areas of the individual bands in the amide I region of zein (Y. Li, Lim, & Kakuda, 2009; 

Mejia, Mauer, & Hamaker, 2007; Moomand & Lim, 2015; Zhang, Luo, & Wang, 2011). 

5.3.7 Statistical Analysis  

GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA) was used for statistical 

analysis and logarithmic transformation of data. A one-way ANOVA, with a Tukey’s multiple 

comparison test, was performed on the secondary structure data obtained via FTIR for each 

secondary structure type. The level of significance was chosen as p < 0.05. 

 

 

5.4 Results and Discussion 

5.4.1 SDS-PAGE 

 Electrophoretic analysis permitted the visualization of if any extent of crosslinking or 

hydrolysis had occurred. It should be noted that the analysis was performed under reducing 
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conditions and as such conclusions regarding crosslinking refer only to non-disulfide bond 

crosslinking. All zein networks were analyzed after incubation at 40°C for 24 hours in order to 

provide sufficient time for network formation and stabilization. As was expected, commercial 

zeins (majorly composed of α-zein) produced two distinct bands at 19 kDa and 22 kDa (Figure 

5.1) (Argos, Pedersen, Marks, & Larkins, 1982). These two bands were also visible in both 

HOAc-Zein and EtOH-Zein samples, with no evidence of band fading or the appearance of other 

bands. This result indicates that the dissolution and subsequent precipitation of zein from acetic 

acid or ethanol does not promote any crosslinking, nor does it result in any reduction of the 

molecular weight of the different zein fractions.  

 

Figure 5.1: SDS-PAGE of control and antisolvent precipitated samples. Lane 1) Control zein; 2) 

EtOH-Zein; and 3) HOAc-Zein. The protein marker was run in the first lane (molecular weights 

labelled in kDa). 

 

While it was not expected that the dissolution of zein in HOAc or EtOH would cause any 

crosslinking, this result verified that any observed strengthening or functionalizing in further 

analysis could not be attributed to crosslinking. This is significant, as it was previously thought 
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that the functionality of zein could only be improved –increasing yield strength or ductility – by 

promoting the formation of covalent crosslinks, similar to what exists in gluten networks.   

5.4.2 SEM 

 Images of the precipitated networks revealed that antisolvent precipitation of zein from 

ethanol or glacial acetic acid creates networks with significantly different microstructures from 

zein networks assembled in aqueous environments. The precipitated networks appear more 

continuous and uniform, visible at both length scales shown (Figure 5.2). This greatly contrasts 

the structure of networks self-assembled in water, which appear notably as random agglomerates 

rather than as a continuous network. This suggests that the organization and conformation of zein 

when solvated is at least partially maintained when the proteins are precipitated into aqueous 

environments.  

The microstructure of EtOH-Zein samples appeared different than both control samples 

and HOAc-Zein samples. At both length scales, the EtOH-Zein samples analyzed here are 

visibly porous (Fig. 5.2 b&d). The porosity does somewhat resemble control samples at smaller 

length scales, however the pores of EtOH-Zein samples are more uniform in size and 

distribution. It has been described that α-zein in ethanol solutions exists in rod-like 

conformations that aggregate into oligomers (Li et al., 2012; C. Shi et al., 2019). Further, Kim 

and Xu (2016) proposed that zein exists as macromolecular micelle-like structures when solvated 

in ethanol. Specifically, the authors suggested that the hydrophobic moieties are oriented toward 

the solvent when the ethanol concentration is > 90%, promoting the formation of large 

aggregates before precipitation (Kim & Xu, 2008). It is therefore conceivable that the aggregated 

structure that forms in ethanol is retained upon rapid precipitation, reflected in the more 

organized structure. The retention of the porous structure is also unique when compared to 

HOAc-Zein samples, which could reflect the lesser degree of unfolding that occurs when zein is 

solvated by ethanol. It should also be noted that this observed microstructure also contrasts the 

fibrous structures that were observed previously when antisolvent precipitation was performed 

on ethanol solutions containing only 30% zein, compared to 50% used here (Mattice & 

Marangoni, 2020). This emphasizes the importance of zein concentration and ethanol content 

when analyzing antisolvent precipitated zein. 
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Figure 5.2: SEM images of zein networks at different length scales: a) control (200 μm); b) 

control (20 μm); c) EtOH-Zein (200 μm); d) EtOH-Zein (20 μm); e) HOAc-Zein (200 μm); and 

f) HOAc-Zein (20 μm) 

 

HOAc-Zein samples did not appear porous, but rather made up of what can be described 

as a network of woven fibrils (Fig. 5.2 e&f). The surface of HOAc-Zein networks were 

continuous at both length scales. It is expected that when zein is completely solvated in glacial 
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acetic acid, extensive unfolding occurs. It was previously described that the extent of unfolding 

that occurs in acetic acid solutions can cause some degree of overlap or penetration amongst the 

proteins (Li, Xia, Shi, & Huang, 2011). Instantaneous precipitation likely causes the zein to 

continue to exist in this overlapped state, which agrees with the observed microstructure. Taylor 

et al. (2018) observed a similar occurrence, suggesting that coacervation of zein from glacial 

acetic acid allowed for the formation of zein fibrils due to unfolding that occurred (Taylor et al., 

2018). 

5.4.3 Amplitude Sweeps and Stress vs. Strain 

Amplitude sweeps were performed to obtain G′ and G″ values, plotted logarithmically 

against increasing shear strain to obtain information about the linear viscoelastic region (LVR), 

and the yield stress point at which linear behaviour is lost (Figure 5.3). The simultaneously 

obtained τ values have also been plotted logarithmically against increasing shear strain, as stress 

vs. strain curves can provide information about the strength and brittleness of the material 

(Figure 5.4). The rheological analysis of all zein networks revealed that there are significant 

changes in behaviour when zein is precipitated from acetic acid or ethanol. The modified 

behaviour is also retained after 24h of storage, indicating that solvation followed by precipitation 

causes an irreversible change to the structure.  

The amplitude sweep of EtOH-Zein samples revealed very similar trends, when 

compared to control samples, with only a slight decrease in G′ and G″ values observed (Fig. 

5.3b). While there was minimal plasticization, an alternate benefit was observed in the stress vs. 

strain plot. Through direct comparison with control samples, which absorb very little energy 

before breaking down (Fig. 5.4a), it is evident that precipitating zein from ethanol significantly 

increases the yield strength of the network (Fig. 5.4b). Testing after 3h resulted in a network that 

broke down at much higher strains; γ = 100% compared to γ < 10% in 3h control samples. 

Further, after 24h the brittle characteristics seen in control networks were essentially eliminated, 

and instead EtOH-Zein samples were able to store energy as the strain increased. This means that 

the simple procedure of antisolvent precipitation from ethanol can take a zein network that 

breaks under the application of minimal stress, and turn it into a significantly more ductile 

material, storing energy and maintaining structural integrity as strain is applied. It is remarkable 

to see this increase in ductility contrasted to the brittleness of zein control networks, particularly  
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when considering the fact that the SDS-PAGE results showed no evidence of covalent 

crosslinking. Still, the more ductile network is indicative of a change in how the proteins are 

bound together within the network. The increased organization of zein aggregates in ethanol 

likely contributes to a more tightly bound network, with more uniform distances between 

polymer chains thus producing more consistent interactions throughout. In agreement with what 

Kim and Xu (2008) proposed, it is also possible that the precipitation of organized macroscopic 

micellar-like structures with outward hydrophobic moieties results in increased hydrophobic 

interactions within the network.  

The behaviour of HOAc-Zein differed from both the control and the EtOH-Zein samples. 

At the 3h time point, HOAc-Zein samples were highly viscous, indicative of an extensive long-

range electrostatic repulsion and reduction of hydrophobic interactions induced by positive 

charges on the zein surface (Fig. 5.3c). Based on the increased elastic properties after 24h, it is 

likely that increased storage time allows for further interaction and attraction to occur. Yet, 24h 

HOAc-Zein samples demonstrated only slight elastic behaviour, with G′ just greater than G″ in 

the LVR. An additional observation here was that the G′ and G″ values were the lowest when 

compared to the other 24h samples. These observations agree with previous studies which 

showed that acetic acid can act as an effective plasticizer for zein (Sly et al., 2014). Previous 

findings also showed that the presence of plasticizers caused zein to behave more fluid like with 

more viscous flow (Erickson et al., 2014; Oguntoyinbo et al., 2018). The results shown here are a 

strong indication that after zein undergoes protonation in acetic acid, rapid precipitation retains 

the protonated state. Thus, even with the substantial of the solvent through antisolvent 

precipitation, the plasticization functionality is maintained.  

Plasticization appears to be the main advantage of acetic acid, as the stress vs. strain 

curve reveals minimal impact on the yield strength of the material (Fig. 5.4c). The 24h HOAc-

Zein did demonstrate improved properties when compared to control samples, as the material 

yielded at approximately γ = 50%. However, the 3h HOAc-Zein samples were too viscous to 

store significant energy upon the application of strain. Additionally, the slope of the curve 

following the yield point for 24h samples was much more gradual, supporting the conclusion that 

the material was still somewhat less brittle than the control samples. Although, the reduction in 

brittleness is small when compared to EtOH samples, evident by the reduced maximum shear 

strain value reached.   
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Based on these findings, future work will seek to investigate if the dissolution of zein in a 

mixed solvent of EtOH and HOAc can achieve the production of zein networks with both 

increased ductility and plasticization. With the knowledge at present time, it is unknown whether 

the effect of one solvent will outweigh the other, and as such the future experiments should 

investigate multiple mixed solvent systems that contain different ratios of EtOH to HOAc. It 

would also be beneficial to include systems containing some water in order to determine the 

minimum content of solvent required to dissolve zein and generate the observed changes to the 

physical properties. 

5.4.4 Temperature Sweeps 

 Temperature sweeps evaluated the thermo-mechanical effect of antisolvent precipitation 

on zein networks with measurements taken with increasing temperatures. Regardless of 

treatment, all zein network samples softened with increasing temperature (Figure 5.5). This 

behaviour is characteristic of zein networks, given the reliance of network strength and structure 

on non-covalent interactions, including hydrogen bonds and hydrophobic interactions, which 

weaken with increasing temperature (Gabriele, De Cindio, & D’Antona, 2001). The magnitude 

of difference between G′ and G″ was small for all samples as temperature increased, until 

reaching approximately 80°C, indicative of the materials’ ability to flow even with antisolvent 

treatment. The main difference observed between samples was the magnitude of G′ and G″ 

values recorded at the minimum temperature of 5°C, when zein is expected to be at its hardest 

state in this temperature range. The values at 5°C for EtOH-Zein were slightly reduced compared 

to controls, but a significant reduction was observed for HOAc-Zein samples. This result was 

expected, given the relative ability of these two solvents to plasticize zein, observed in the 

previous section. The interesting occurrence is that the minimum G′ and G″ values recorded at 

90 to 100°C, when zein is expected to be at its softest, are relatively unchanged regardless of 

treatment. This suggests that there is a minimum softness that zein can achieve, such that further 

plasticization would only modify hardness and plasticity at lower temperatures. Overall, these 

results lead to the conclusion that while modifying the strength and extent of non-covalent 

interactions in the network can alter the toughness and yield strength of the material, they do not 

prevent the zein from softening or melting with increasing temperature. 
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Figure 5.3: Amplitude sweeps of a) control zein (cntl); b) EtOH-Zein; and c) HOAc-Zein after storage for 3 hours (3h) or 24 hours 

(24h) (T = 50°C; ω = 3 rad/s) 
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Figure 5.4: Stress versus strain plots of a) control zein (cntl); b) EtOH-Zein; and c) HOAc-Zein after storage for 3 hours (3h) or 24 

hours (24h) (T = 50°C; ω = 3 rad/s) 
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Figure 5.5: Temperature sweeps of a) control zein (cntl); b) EtOH-Zein; and c) HOAc-Zein after storage for 3 hours (3h) or 24 hours 

(24h) (γ = 0.01%; ω = 3 rad/s) 
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5.4.5 Secondary Structure 

 As the conformation of zein changes upon solvation in EtOH and HOAc, ATR-FTIR was 

performed to study any potential changes to the secondary structure that occur after antisolvent 

precipitation. FTIR was used over circular dichroism in this work due to the aqueous insolubility 

of the precipitated zein networks. The amide I and II bands, positioned at 1645 cm
-1

 and 1540 

cm
-1

 respectively (Fig. 5.6a), are known to be associated with the stretching of the carbonyl 

(C=O) group (Amide I) or the N-H bending and CN stretching vibrations (Amide II). The 

secondary structure was determined through deconvolution of the amide I band based on the 

following values: intermolecular β-sheets at 1610-1625 cm
-1

, intramolecular β-sheets at 1630-

1640 cm
-1

, random coil at 1640-1648 cm
-1

, α-helices at 1648-1658 cm
-1

, β-turns at 1660-1668 

cm
-1

 and intramolecular β-sheets at 1670-1684 cm
-1

 (Byler & Susi, 1986; Kong & Yu, 2007; 

Moomand & Lim, 2015). 

 

 

Figure 6: ATR-FTIR data of control zein (cntl), EtOH-Zein and HOAc-Zein networks presented 

as a) the spectra of the amide I and II region and second derivative; and b) relative area of bands 

deconvoluted from the amide I band (1700-1600 cm
-1

) 

 

Band deconvolution makes it apparent that α-helical structures still predominate, even 

after antisolvent precipitation (Fig. 5.6b) (Forato, Bicudo, & Colnago, 2003; Momany et al., 

2006; Moomand & Lim, 2015). Additionally, the relative proportions of each secondary 

structure did not change, leading to the conclusion that functionalization through antisolvent 
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precipitation is primarily not resultant of changes in the secondary structure. This conclusion 

matches previous observations that the secondary structure of zein did not differ when in solid 

state compared to in ethanolic or acetic acid solutions (Forato et al., 2003; Li et al., 2012; 

Selling, Hamaker, & Sessa, 2007). Taylor et al. (2018) reported different results, as they 

observed an increase in α-helical content when zein was coacervated from glacial acetic acid. 

However, this increase was not quantified and the observation was made based on deconvolution 

of the amide I band into just two underlying bands at 1650 and 1620 cm
-1

 only. Li et al. (2012) 

also attributed the increase in size and unfolding of zein that occurs in ethanol or acetic acid 

simply to extension in the coil region, rather than significant structural changes. Still, noteworthy 

differences were observed in the increased content of intermolecular (1620-1625 cm
-1

) β-sheets 

and deceased content of intramolecular β-sheets (1630-1640 cm
-1

). It is likely that this difference 

results from an increase in intermolecular protein/protein interactions due to the solvation step. 

5.5 Conclusions 

This study has shown that zein networks can be functionalized through antisolvent 

precipitation from EtOH or HOAc, although the functionality attained depends on the solvent 

used. Precipitation from EtOH results in a network with a highly organized structure and 

increased ductility. In contrast, precipitation from HOAc results in a plasticized network with a 

continuous network and slightly reduced brittleness. The functionalized properties were also 

shown to be stable with some storage time. The advantage of this method is the ease of solvent 

removal inherent to the process, while functionality of the network is retained. Therefore, 

antisolvent precipitation presents an inexpensive method of functionalizing zein networks for the 

purpose of food structuring, allowing one to tailor the physical properties according to the 

application.  
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6.1 Abstract 

 Plant-based cheese prototypes containing zein were prepared and evaluated to assess and 

compare their melting and stretching capabilities with conventional cheeses. Zein cheeses were 

produced containing 0%, 10%, 20% or 30% zein, and analyzed for texture, rheology, 

stretchability and moisture content. Samples prepared containing pea protein isolate or wheat 

gluten acted as comparisons to identify and highlight unique zein functionality. A commercially 

available cheddar cheese and a plant-based cheddar-style alternative were also analyzed as 

sample standards. Analysis revealed that zein cheeses can display highly analogous behaviour to 

cheddar cheese. Specifically, samples containing 30% zein softened and exhibited increased 

viscous properties with increasing temperatures. These samples also showed comparable textural 

characteristics and stretchability, determined by texture analysis affixed with a specifically 

designed stretching rig. This prototype also surpassed a comparative plant-based cheddar-style 

commercial product in each of these aspects. Overall, the observed properties of zein based 

cheese prototypes analyzed here demonstrate that the concept of zein plant-based cheeses is 

extremely promising, with great potential for being inexpensive, sustainable products that 

provide the sensory properties that many people crave. 
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6.2 Introduction 

 The increasing awareness that animal products are far from sustainable and impractical 

for feeding the growing population has resulted in a great demand for plant-based products. 

While this trend has put a heavy focus on the formulation of highly sought-after meat analogues, 

the development of plant-based dairy alternatives is also greatly desired. For example, plant-

based milk alternatives, such as almond and soy, have had noteworthy success and are now 

staples in the market (Sethi, Tyagi, & Anurag, 2016). In contrast, currently available plant-based 

cheeses (sometimes referred to as non-dairy cheeses) leave something to be desired in terms of 

the functionality and sensory properties. Specifically, the property that many plant-based cheeses 

lack is high temperature melt, stretch and flow functionality which is desirable particularly in 

plant-based cheddar and mozzarella alternatives. 

The melting functionality and sensory qualities of food products at high temperatures is 

often attributed to the melting of solid fat. In the case of cheese, milk-fat does melt and exists in 

a completely liquid state once temperatures above 40°C have been reached (Jensen, Ferris, & 

Lammi-Keefe, 1991). However, the melting of cheese does not typically refer to the traditional 

definition of melting, when a material transitions from a solid to a liquid state. Instead, cheese 

meltability refers to the ability of cheeses to flow and stretch at greater temperatures. This stretch 

and flow functionality is resultant of the casein networks in cheese, which provide structure to 

the cheese matrix through casein-casein interactions. Typically, casein networks in cheese are 

linked primarily via non-covalent interactions, but the strength of the network depends on the 

production conditions specific to the variety of cheese (Lamichhane, Kelly, & Sheehan, 2018; 

Lucey, Johnson, & Horne, 2003). A cheese will stretch when the casein-casein interactions are 

sufficiently weakened with increasing temperature such that the material has a greater ability to 

dissipate applied energy. However, the interactions are only weakened and not completely lost, 

preventing the material from becoming completely viscous. This behaviour is notably reliant on 

the absence of covalent crosslinks, as cheeses that contain either naturally occurring disulphide 

bonds or enzymatically catalyzed crosslinks do not display meltability or stretchability (Li, Liu, 

Sun, Li, & Yu, 2019; Lucey et al., 2003).  

Matching the functionality of casein in cheese using plant-based proteins has proven to 

be extremely challenging (Bachmann, 2001; Fox, Guinee, Cogan, & McSweeney, 2017). In fact, 
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the lack of knowledge surrounding plant-based proteins capable of mimicking this functionality 

has caused the products currently available to turn to the use of non-protein ingredients to fill 

structural requirements. As a result, many plant-based cheeses contain significant amounts of 

coconut oil, palm oil, or other plant-based solid fat sources that will melt with increasing 

temperature. While this does mimic the melting behaviour of milk fat, it does not account for the 

stretch and flow characteristics. The products currently on the market rely on the contribution of 

viscosity from different starches, gums and gelling agents to provide some semblance of 

stretching. Despite the identified functional importance of protein in cheeses, many plant-based 

cheese products contain minimal to no protein, and those that do are supplementing it for the 

purpose of nutrition rather than functionality. This opens up significant opportunity in the 

creation of melt-able plant-based cheese products containing proteins capable of replicating the 

behaviour of casein. 

In general, plant-based meat products contain primarily soy, pea and wheat proteins for 

functionality. Since these proteins do not lend themselves to the application of melt-able plant-

based cheeses, the challenge is to determine a new plant-based protein source that is readily 

available, inexpensive and possesses novel functionality. The protein of focus in this work is 

zein, a hydrophobic prolamin from corn that is readily available as a by-product of corn starch 

and corn syrup production for both food and bioethanol (Anderson & Lamsal, 2011). It is 

considered GRAS (21CFR184.1984) where the only stipulation for the use of zein in food is that 

it cannot be used in foods at levels that exceed current good manufacturing practice, however the 

referred to limit that exceeds good manufacturing practice is not specified (FDA, 2018). Zein is 

currently used in the applications of water resistant films and in encapsulation of bioactives 

within nanoparticles (Chuacharoen & Sabliov, 2016; Corradini et al., 2014; Shukla & Cheryan, 

2001; Zhong & Jin, 2009). Corn naturally contains 6-12% protein, 45-50% of which is zein. 

Though the price point of zein is currently higher than other plant-based proteins, this is mainly a 

result of limited yearly production due to a lack of widespread utilization (Shukla & Cheryan, 

2001). Should zein become an important ingredient in the structuring of plant-based alternatives, 

the increased interest would likely drive an increase in production and a subsequent decrease in 

cost. Interest in zein for this application stems from recent work which looked at the physical 

properties, including rheological and structural properties, of self-assembled networks made 

from commercial zein (Mattice & Marangoni, 2020). In this previous work, it was determined 
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that zein demonstrates softening and increased viscous behaviour with increasing temperature, a 

rare behaviour for plant-based proteins. In fact, the rheological behaviour was exceptionally 

similar to the behaviour of cheddar cheese, suggesting that there could be significant promise in 

the use of zein in plant-based cheese products.   

The objective of this work was to evaluate the use of zein in the production of melt-able 

and stretchable, plant-based cheese alternatives. This included the production of prototypes and 

analysis of prototype texture, rheology, stretchability and moisture content. The prototypes 

produced contained zein at different percentages, while the remainder was composed of fats, 

starches and water such that products produced were completely novel in terms of structure and 

composition. To ensure industrial feasibility of the developed products, all ingredients and 

methods used were food grade and readily available. Samples were also prepared containing pea 

protein isolate (PPI) or wheat gluten to act as comparisons for further evidence of zein 

functionality in this application. Analysis results were compared to commercially available 

cheddar cheese and a plant-based cheddar-style alternative. Cheddar products were chosen for 

this comparison as cheddar cheese is a common and popular cheese known to stretch and melt 

with increasing temperature (e.g. on nachos or in a grilled cheese sandwich). 

 

6.3 Materials and Methods 

6.3.1 Materials 

Zein from maize was obtained from Flo Chemical Corp., while the other ingredients used 

in formulation were purchased from a local supermarket. Cracker Barrel medium cheddar cheese 

(CC) and Daiya medium cheddar-style (farmhouse block) plant-based cheese (PBC) were used 

for comparative analysis and were also purchased at a local supermarket. From the nutrition 

label, the Cracker Barrel CC contained approximately 37% fat (23% saturated fat), 0% 

carbohydrates and 23% protein by weight. The Daiya PBC contained approximately 21% fat 

(16% saturated fat), 25% carbohydrates and 3.6% protein by weight. The main ingredients listed 

in the Daiya PBC were tapioca starch, coconut oil, canola oil and pea protein isolate.  



101 

 

6.3.2 Plant-Based Cheese Formulation 

Plant-based cheese samples and controls were prepared containing 0% (control), 10%, 

20%, or 30% zein. The starch and fat contents were decreased as the content of zein increased, 

but a ratio of 2:1 starch to fat was maintained in all formulations. The starch component was 

always comprised of 33% corn starch and 67% tapioca starch. Tapioca starch was used based on 

its unique viscoelasticity upon gelatinization. Its ability to gelatinize into a stretchy malleable 

mass has made it a primary ingredient in most cheese alternatives currently on the market. Corn 

starch was added as the use of only tapioca starch was found to inhibit the ability of zein to form 

networks within the matrix. The fat component was always comprised of 25% high oleic 

sunflower oil and 75% coconut oil. This combination was chosen in attempt to mimic the 

saturated and unsaturated fat content in cheeses. Comparative protein samples were also 

prepared containing PPI or wheat gluten, referred to further in this work as PPI cheese or gluten 

cheese. The compositions of all formulations are detailed in Table 6.1. Samples were prepared 

by combining ingredients and heating to approximately 80°C on a stove top induction burner set 

to mid-low heat. The mixture was constantly stirred until reaching the desired temperature, 

approximately 5 minutes. Samples were placed in container moulds and stored under 

refrigeration for 24 hours before analysis. 

Table 6.1: Plant-based cheese sample compositions 

Component 
0% 

Control 

10% 

Zein 

20% 

Zein 

30% 

Zein 

Gluten 

Cheese 

PPI 

Cheese 

Zein - 10% 20% 30% - - 

Fat Component 11.6% 8.2% 4.8% 1.5% 4.8% 4.8% 

Starch Component 22.7% 16.1% 9.5% 2.8% 9.5% 9.5% 

Xanthan Gum 0.7% 0.7% 0.7% 0.7% 0.7% 0.7% 

Water 65% 65% 65% 65% 65% 65% 

Gluten - - - - 20% - 

PPI - - - - - 20% 
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6.3.3 Small Amplitude Oscillatory Dynamic Rheology 

Shear oscillatory experiments were performed with a rotational rheometer (MCR 302, 

Anton Paar, Graz, Austria) fixed with parallel plate geometries (20mm diameter). The 

geometries were fixed with adhesive 600 grit sandpaper to minimize slip during measurements. 

Cheese samples, were placed onto the lower plate and compressed between the plates with an 

axial force not exceeding 2N to avoid error from overloading. Samples were loaded onto the 

plates with temperature control by Peltier units located in the lower plate and the hood of the 

rheometer. The exposed edges of the samples were coated with mineral oil to prevent drying 

during testing. RheoCompass software and firmware (Anton Paar, Graz, Austria) provided the 

storage modulus (G′), loss modulus (G″), and shear stress (τ) values used for analysis. 

Temperature sweeps were performed where the temperature was increased from 5 to 100°C, the 

shear strain was constant at γ = 0.01% and the angular frequency was constant at ω = 3 rad/s. 

Amplitude sweeps were performed on CC, PBC and 30% zein samples, where the shear strain 

was increased from γ = 0.001% to γ = 200%, while the angular frequency was constant at ω = 3 

rad/s and the temperature was constant at 50°C. This temperature was chosen to ensure that zein 

was above its glass transition temperature (~45-50°C), in addition the specific interest in the 

properties of cheese samples at elevated temperatures. 

6.3.4 Texture Profile Analysis 

A Model TA.XT2 texture analyzer (Stable Micro Systems, Texture Technologies Corp., 

Scarsdale, NY) affixed with a 30 kg load cell was used to perform texture profile analysis (TPA) 

on the different gel samples. Samples were prepared by cutting 15 mm diameter cylindrical 

sections from the gels using a corer. Samples were analyzed on a modified platform with 

temperature control via attached water bath. Analysis took place at both 5°C and 50°C, and 

temperature was ensured as the water bath was set to the correct temperature and allowed to 

circulate for 30 minutes to ensure the platform had reached the desired temperature. Samples 

were also covered and stored in an incubator set to 50°C prior to analysis. Samples were 

analyzed using a two part compression between parallel plates at a fixed speed of 1.5 mm/s to 

75% of the height of the sample. The hardness was reported as peak maximum force (in g) upon 
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first compression. The other parameters reported – gumminess, chewiness, and springiness – 

were defined as follows: 

1) Gumminess =            
                               

                               
  

2) Chewiness =             
                                         

                                         
 

3) Springiness = 
                                         

                                         
 

6.3.5 Cheese Stretchability 

The stretchability or extensibility of plant-based and conventional cheeses was analyzed 

using a modified sliding friction rig set up (Figure 6.1) affixed to a TA.XT2 texture analyzer 

(Stable Micro Systems, Texture Technologies Corp.) with a 30 kg load cell. The friction rig was 

modified such that cheese samples could be clamped to the top of the sled as well as at the end of 

the attachment base. An additional surface was added at the end of the attachment base to raise 

the clamp to the same height as the sled (10 mm) such that the cheese samples could be clamped 

to a flat surface. Clamps at either end were 30 mm in width, thereby allowing for the soft 

clamping of a larger sample surface area and preventing tearing by pinching. Adhesive 600 grit 

sandpaper was fixed to the upper and lower surfaces of both clamps to minimize slip. Samples 

were prepared by cutting and fitting the cheeses into a plastic form such that samples were 40 

mm in length 30 mm in width and 5 mm tall. Samples were heated in the plastic form in a 

microwave to 65°C and tested immediately after heating to ensure testing occurred at the desired 

elevated temperature. During testing, the sled was pulled at a constant speed of 2.5 mm/s over a 

total distance of 125 mm and the force required to maintain the constant speed was recorded. The 

base of the attachment was coated with a thin layer of mineral oil to minimize friction during 

pulling. The force required to pull the sled along the base without any sample was also recorded 

as the baseline force and was subtracted from the values. The stretching profiles were plotted as 

a function of force required against the distance travelled in order to visualize the stretching 

behaviour. The values of maximum force required, the distance at the time of maximum force, as 

well as the distance at the time of break were all recorded from the collected data for each 

sample. 
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Figure 6.1: Diagram of the modified friction rig attachment set up used in the analysis of cheese 

stretchability or extensibility. 

 

6.3.6 Moisture Content 

 Approximately 4 g of each zein cheese, CC and PBC samples were crumbled into small 

pieces and weighed into aluminum weigh boats. The samples were placed into a Thermo 

Scientific Heratherm oven set to 100°C and left for 24hours. After the time had elapsed the dried 

samples were weighed again. Moisture content was expressed as percentage of the weight of 

water lost over the total initial weight. 

6.3.7 Statistical Analysis  

GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA) was used for statistical 

analysis. One-way ANOVA, with a Tukey’s multiple comparison test, was performed on the 

stretch/extensibility and moisture content data for each sample type presented in this paper. A 

One-way ANOVA and Tukey post test were also performed on the TPA parameters for each 
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sample type, and the results of this analysis can be found in Tables A1 through A4 (Appendix 

A). The level of significance for each was chosen as p < 0.05. 

 

6.4 Results and Discussion 

6.4.1 Rheological Behaviour 

 Temperature sweeps evaluated the melting ability of the cheese samples, specifically 

evaluating the ability of the samples to soften and flow as temperature was increased from 5°C to 

100°C. The melting profiles of each sample were plotted and revealed distinct differences in 

melting behaviour (Figure 6.2). Samples containing primarily starch and fat (0% and 10% zein) 

remained highly elastic and only softened slightly, evident by the gradual slope of G′ and G″ 

with increasing temperature (Fig. 6.2a). Networks that contained increasing amounts of zein 

(20% and 30%) began to demonstrate more significant melting, as the slopes of G′ and G″ values 

decreased more drastically, particularly in 30% zein samples (Fig. 6.2b). The 30% zein samples 

also displayed increasing viscous properties (G′ only slightly greater than G″), indicative of a 

greater ability to flow at elevated temperatures. Similar to casein networks in conventional 

cheeses, it is expected that the softening of zein is largely consequent of the weakening of non-

covalent bonds at higher temperatures (Gabriele, De Cindio, & D’Antona, 2001). In this way, 

zein is well suited to the application of plant-based cheeses, where interactions weaken within 

the network but are not completely lost, allowing the material to remain somewhat elastic at high 

temperatures. The melting or softening observed in 30% zein samples is notable, as these 

samples contained minimal amounts of solid fat, leading to the conclusion that a significant  

amount of fat is not required to achieve the desired melting behaviour in zein based cheeses. 

While the melting profile did not completely mirror that of CC, it was significantly more 

comparable than the PBC analyzed. Instead, PBC samples were exceedingly elastic and behaved 

similar to the 0% control (Fig. 6.2c). This makes sense, as the composition of the PBC (as 

determined from the ingredient declaration) was also primarily starch and fat. Due to the 

observed highly elastic nature of starch in these samples, it is likely that refinement of the ratio 

of starch to zein could yield plant-based cheeses with melting properties even more similar to CC 

or similar products. Some softening was observed in PPI and gluten cheese samples, however 
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softening was minimal even when compared to 0% controls (Fig. 6.2d). The lack of melting 

observed in these samples was a result of the covalent bonds within a gluten network (which do 

not weaken with increasing temperature), and the relative inability of PPI to form a network in 

this environment entirely. This therefore strengthens the argument that zein is uniquely suited for 

the application of plant-based cheeses.  

 

 
 

Figure 6.2: Temperature sweeps of cheese and plant-based cheese containing a) 0% or 10% 

zein; b) 20% or 30% zein; c) plant-based cheddar cheese (PBC) or cheddar cheese (CC); d) pea 

protein isolate (PPI) or gluten (GC), where γ = 0.01% and ω = 3 rad/s. 

 



107 

 

Amplitude sweeps were performed at 50°C, which was chosen to examine the rheological 

properties (linear viscoelastic region and the critical or yield strain value) of the samples when 

the fat content was sufficiently melted. This ensured that the properties analyzed could be 

primarily attributed to the protein content of the samples. Only CC, PBC and 30% zein samples 

were evaluated due to the similarities between 30% zein and CC samples previously observed in 

temperature sweeps. The logarithmic plots of G′ and G″ values vs. increasing γ made it apparent 

that CC samples reach their point of critical strain slightly before the PBC and 30% zein samples 

(Fig. 6.3a). Aside from this difference, CC and 30% samples display very similar behaviour in 

their respective linear viscoelastic regions. PBC samples are quite different, and displayed great 

elasticity or solid characteristics, likely due to the high starch content. When τ values were 

plotted against increasing shear strain in stress vs. strain curves, information about the yield 

strength and brittleness of the material was obtained (Fig. 6.3b). Here, it was still observable that 

CC samples demonstrated behaviour of a weak and brittle material. While 30% zein samples  

 

 
 

Figure 6.3: Plots of a) amplitude sweeps and b) stress versus strain curves for 30% zein cheese, 

plant-based cheddar cheese (PBC) and cheddar cheese (CC), where T = 50°C and  ω = 3 rad/s. 

 

 

shared a similar overall strength, they exhibited greater ductile properties when compared to CC 

samples. This was surprising, given previous work that found zein networks to be highly brittle 

materials (Mattice & Marangoni, 2020). This also suggests that the rheological properties of zein 
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are influenced by the presence of a food matrix, and that further research is required to elucidate 

the interactions responsible. It was again observed that 30% zein samples behaved more 

similarly to CC than the PBC samples, which displayed drastically different behaviour in terms 

of overall strength. This again suggests that there are substantial physical discrepancies between 

conventional cheeses and the current PBC products on the market. Overall, this analogous 

rheological behaviour is highly indicative that plant-based cheese products containing zein will 

find success in the plant-based market. In addition, further improvement of zein cheese products 

is likely with formulation refinement. 

6.4.2 Texture Profile Analysis 

 TPA involves a double compression of the sample that mimics the action of chewing 

(Bourne, 2002). This makes the technique highly reliable when it comes to mechanically 

determining values for different sensory properties of solid or semi-solid foods (Szczesniak, 

1987). In this work, the values for hardness, springiness, chewiness, and gumminess for all 

samples were compared. Since the texture of cheese is relevant at both low and high 

temperatures, testing at both 5°C and 50°C allowed for direct comparison of both low and high 

temperature functionality of all samples (Figure 6.4).  

The results obtained showed that the hardness, chewiness and gumminess of 0%, 10% 

and 20% zein cheese samples remained relatively unchanged between the two temperatures 

analyzed. However, the 30% zein cheeses displayed highly similar behaviour to CC in each of 

the textural parameters analyzed, both in terms of the magnitude of recorded values and relative 

change in values with the increase in temperature. This included a high hardness, chewiness and 

gumminess at 5°C, followed by a significant decrease in each at 50°C. The decrease in each of 

these parameters is consequent of both of the melting of solid fat at higher temperatures, in 

addition to softening of the zein or casein networks. The springiness of both 30% zein and CC 

samples was relatively unchanged with the increase in temperature. This suggests that the protein 

content is largely responsible for the springiness of cheeses, and that the weakening of non-

covalent interactions within the protein networks does not impact the springiness of the overall 

product.  The many similarities observed between 30% zein and CC samples drew attention to 

the textural discrepancies of the commercially available PBC analyzed. Interestingly, while the 
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hardness of PBC did decrease with the greater temperature similar to CC samples, there were no 

further similarities. In fact, the PBC samples were notably lacking chewiness and gumminess 

when compared to CC samples. It is expected that this is caused by the fact that the PBC did not 

contain a protein network, but rather relied on starch and solid fat for texture. From the results of 

this work, it can be said that the presence of a non-covalently linked protein network is critical to 

achieving the texture of cheese with plant-based ingredients. 

 

 
 

Figure 6.4: Texture profile analysis parameters at both 5°C and 50°C of cheese and plant-based 

cheese samples containing: 0% zein (control), 10% zein, 20% zein, 20% zein, 30% zein, gluten, 

pea protein isolate (PPI), plant-based cheddar cheese (PB Cheddar) and cheddar cheese 

(cheddar). Error bars represent the standard error based on the analysis of 7-9 reps of each 

sample at each temperature. 

 

The analysis of PPI and gluten cheese samples clearly demonstrated that the cheese-like 

properties are unique to zein and cannot be recreated with different plant-based proteins. PPI 
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cheese samples displayed textural properties largely similar to 0% controls. Gluten cheese 

samples displayed detrimentally high levels of hardness, chewiness and gumminess at both 

temperatures. In addition, the values of these parameters increased at 50°C, the opposite of what 

is desirable when cheese is melting. These drastically different textural properties were observed 

despite the fact that gluten is also a prolamin and shares many properties with zein. This 

therefore allows for the supplementary conclusion that the observed behaviour of zein is not a 

behaviour observed across all prolamin proteins. 

6.4.3 Cheese Extensibility 

 The textural and rheological results presented thus far have highlighted the highly similar 

behaviour of 30% zein formulations with CC. However, the ability of cheese to stretch at high 

temperatures is critical to cheddar cheese acceptability. Many studies have addressed methods to 

analyze this property, and identified that results depend on rate of heating, method of heating, 

and rate of application of stress (Cavella, Chemin, & Masi, 1992; Fife, McMahon, & Oberg, 

2002; Guinee & O’Callaghan, 1997; Ma, James, Zhang, & Emanuelsson-Patterson, 2012). To 

control for this variation, all samples were analyzed using microwave heating to approximately 

65°C, and stretched at a rate of 2.5 mm/s. The stretch or extensibility was evaluated through 

measurement of force required to pull the sample, as well as the distance required to break the 

cheese sample. Differences in the extensibility of the samples are visualized in the different 

profiles obtained as stretching took place (Figure 6.5). Both the 30% and the CC samples did not 

break throughout the entire pulled length, visualized as a straight line with a steadily increasing 

slope. This observed stretchability of 30% zein cheese samples adds to the list of its cheese-like 

properties and proves considerable promise for zein in this application. This is particularly 

evident when noting the fact that all other samples tore during the stretch distance. As such, a 

peak of maximum force was observed in the other samples, followed by a decline in force after 

the sample had torn in two. The peak observed for 0%, 10% and 20% samples demonstrates a 

steady increase and decline as the samples tore gradually. In contrast, gluten cheese and PPI 

cheese samples demonstrate a steady increase in force, but a sharp decline after tearing abruptly. 

This breaking resulted in an immediate reduction of force required to pull the sled. The PBC was 

the least extensible of all samples, tearing almost immediately after the sled was in motion. In 
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addition, minimal force was required to tear the sample, resulting in only a minor peak early on 

in the pulling distance. 

 

Figure 6.5: Stretchability profiles of cheese and plant-based cheese samples containing: 0% 

zein, 10% zein, 20% zein, 20% zein, 30% zein, cheddar cheese (CC), plant-based cheddar cheese 

(PBC), pea protein isolate (PPI) and gluten (GC). Profiles have been shifted on the y-axis to 

prevent overlap. 

 

The values obtained for distance to break were recorded and statistically significant 

differences were noted (Table 6.2). As the 30% and CC samples did not break, no value for 

distance to break was recorded and the maximum force recorded occurred at the end of the 

125mm distance. The 10%, 20% and gluten cheese samples stretched the furthest of the 

remaining samples. The continually increasing distance to break as the zein content was 

increased from 0% to 30% further proves that zein is responsible for the extensibility of plant-

based zein cheeses. Despite the slight extensibility of gluten cheese samples, the fact that 

samples broke so suddenly is not indicative of gluten functioning well in a cheese-like material. 

Interestingly, the PBC product analyzed displayed the shortest distance to break, statistically 
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different than all other analyzed samples. This result emphasizes the fact that currently available 

products lack critical cheese-like properties, leaving room for the functional zein cheeses 

produced in this work to fill the large gap in the current market.  

 

Table 6.2: Extensibility properties of conventional cheese and plant-based cheese samples 

Sample Distance to Break (mm) Max Force (N) 

0% Control 32.08 ± 1.36
a 

0.561 ± 0.02
ab 

10% Zein 49.05 ± 2.15
bc 

0.747 ± 0.04
bc 

20% Zein 56.64 ± 4.14
b 

0.793 ± 0.09
bc 

30% Zein > 125* 0.588 ± 0.05
ab 

Gluten 45.06 ± 2.90
c 

0.664 ± 0.05
bc 

PPI 25.30 ± 2.06
a 

0.919 ± 0.1
c 

PB Cheddar 7.62 ± 1.45
d 

0.238 ± 0.07
a 

Cheddar Cheese > 125* 0.479 ± 0.1
ab 

Values with the same superscript letter within the same column are not statistically different  

*Samples did not break over the distance tested 

 

The values of maximum force required were also recorded, however the maximum 

recorded force was relatively low for all samples, and as such few statistically significant 

differences were seen (Table 6.2). It should be noted that the maximum force was taken as the 

maximum recorded force minus the minimum recorded force, as the minimum represented the 

force required to pull the sled along the surface of the attachment due to friction. The lack of 

significance between the samples suggests that the maximum force was not a sensitive parameter 

in this analysis. However, it was still observed that PPI samples had the greatest maximum 

required force, indicating a more rigid structure, while the PBC required the lowest amount of 

force to break, and as such was the most fragile sample. It was also noted that 30% zein and CC 

samples registered only a moderate maximum force indicating that, in addition to stretching the 

furthest, they did so with ease. The superior stretching behaviour of 30% zein and CC signifies 
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that zein provides a similar functionality to plant-based cheese as casein does in conventional 

cheese. Similar to casein, zein networks soften with increasing temperature, likely resultant of 

weakening non-covalent interactions (Gabriele et al., 2001; Lucey et al., 2003). However, the 

extensibility of zein and casein is indicative that the bonds were simply weakened and not lost. 

While 30% could be seen as a high percentage, formulation refinement (specifically the 

zein:starch ratio) will likely lead to samples that demonstrate the desired functionality with a 

reduced zein content. 

6.4.4 Moisture Content 

The moisture content of the different zein cheese samples, CC, and PBC was determined. 

This analysis was deemed to be significant as increasing the moisture content has been 

previously shown to negatively impact the physical properties of low fat cheeses (Hennelly, 

Dunne, O’Sullivan, & O’Riordan, 2005; Perry, McMahon, & Oberg, 1997). Given the low fat 

content in the zein cheese samples, particularly 30% zein samples, this was potentially a 

contributing factor to the physical properties. The results made it evident that all zein cheese 

samples contained a significantly greater content of moisture than CC and PBC samples (Table 

3). In particular, 30% zein samples contained over 60% moisture, while CC samples contained 

less than 40%. This result highlights the fact that 30% zein cheese samples showed highly 

cheese-like functionality despite the prominent difference in moisture content. Hennelly et al. 

(2005) suggested that an increased presence of water in cheeses caused unfavourable softening 

due to plasticization of the protein network (Hennelly et al., 2005). For zein cheeses, it is likely 

that the high content of water does not cause negative physical consequences because the 

plasticization that comes with increasing amounts of water is desirable in zein networks 

(Erickson, Renzetti, Jurgens, Campanella, & Hamaker, 2014; Lawton, 2004; Mattice & 

Marangoni, 2020). This is encouraging as not only will these products provide the physical 

properties that consumers crave, but can do so with an increased moisture content and 

subsequent reduced caloric and fat content compared to conventional cheeses and plant-based 

cheese currently on the market. However, it has been shown that low fat mozzarella and cheddar 

cheeses do not show adequate melting and stretching behaviour due to the cheeses become too 

dehydrated when heated in an oven (Guinee, Auty, & Fenelon, 2000; Wadhwani, McManus, & 

McMahon, 2011). This occurs in the presence of insufficient fat, therefore some content of free 
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oil upon melting is still required in the formulation to coat the surface and act as a moisture 

barrier. 

 

Table 6.3: Moisture content of cheese and plant-based cheese samples 

Sample Moisture Content (%) 

0% Control 68.76 ± 0.20
a 

10% Zein 64.18 ± 0.52
b 

20% Zein 61.88 ± 0.18
c 

30% Zein 62.89 ± 0.17
c 

PB Cheddar 47.66 ± 0.35
d 

Cheddar Cheese 38.26 ± 0.16
e 

Values with the same superscript letter are not statistically different  

6.5 Conclusions 

 Overall, the observed properties of zein based cheese prototypes analyzed here make the 

concept of zein plant-based cheeses extremely promising, with the potential to be inexpensive, 

sustainable protein sources that provide the sensory properties that many people crave. 

Specifically, 30% zein cheese samples displayed statistically similar behaviour to CC in terms of 

texture, rheology, and in the melt-stretch qualities. This prototype also surpassed the analyzed 

variety of PBC in each of these aspects. The compatibility of zein in this application is resultant 

of the fact that zein will naturally form networks in aqueous environments linked via primarily 

non-covalent interactions. The physical properties observed point to the ability of zein to provide 

desirable cheese-like functionality while creating the possibility of reducing the content of 

calories, saturated fat and total fat, relative to conventional cheese products and commercially 

available plant-based cheeses. While only cheddar type samples were analyzed and compared 

here, the concepts and ideas discussed here could be applied to the formulation of a variety of 

types of plant-based cheeses. 
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Chapter 7: Conclusions and Future Work 

 

7.1 Overall Conclusions 

In this thesis, it was shown that there is great potential for the use of zein in plant-based 

food products, including meat analogues and plant-based dairy alternatives. This was established 

through in depth rheological and structural characterizations, in addition to the comparison with 

the corresponding animal-based food products.  

The first conclusion made was that fibrous material could easily be produced from zein, 

however the different methods (electrospinning, antisolvent precipitation or mechanical 

elongation) produced fibres with inherent advantages and disadvantages. This was mainly due to 

the observation that fibre uniformity and orientation were influential in terms of the ability of the 

fibres to contribute a meat-like texture. Due to ease of orientation, mechanically elongated zein 

had the greatest potential in whole-tissue meat analogues, as it was a rapid method involving 

minimal energy and required materials. The images obtained of the microstructure of the 

oriented, fibrous arrangement showed unmistakable similarities to that of whole muscle tissues. 

In addition the soy protein isolate gels containing these fibres displayed the most statistically 

similar texture to chicken meat. Even though the use of zein in meat analogue applications seems 

promising in many aspects, it was concluded that the extensive investigation into the rheological 

properties of zein networks outside of a potential food matrix to would be required to truly 

comprehend what physical properties zein could contribute to the eventual plant-based products. 

The characterization of the rheological properties of zein networks revealed unique 

viscous properties when first formed. With time, a more elastic structure developed. This 

rheological change was reflected in the shift of from intermolecular to intramolecular β-sheets in 

the secondary structure. In the comparison of zein networks to chicken muscle tissue, it was 

concluded that magnitude of the G′ and G″ values were highly similar, suggesting potential for 

zein to contribute elasticity and firmness in meat analogue applications. However, distinct 

differences were observed in the yield strength of zein networks, where zein was highly brittle in 

comparison to the ductility of muscle tissue. Based on the rheological behaviour of gluten, and 

the fact that it is a common ingredient in meat analogues, it was concluded that the brittleness of 
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zein networks would be detrimental in meat analogue applications and zein would therefore 

require some sort of functionalizing to increase practicality. From a different rheological 

perspective, zein behaved and melted similar to cheddar cheese. However, the high elasticity of 

zein networks suggested that plasticizers would be required to produce products that more 

closely mimicked the properties of cheeses. While these findings addressed some key 

undesirable aspects that would require further attention, the potential versatility of zein in 

different plant-based applications was highlighted. 

Efforts to crosslink zein using microbial transglutaminase were made to increase the 

functionality of zein networks according to the determined requirements involved in structuring 

meat analogues. However, rheological and textural analysis concluded that microbial 

transglutaminase not only failed to increase the yield strength of the material, but instead proved 

to be detrimental to the overall structure as it produced networks that were even weaker, and 

more brittle. The primary cause of this result was determined to be the altered extent of non-

covalent bonding that could occur after caused by microbial transgltaminase generated glutamine 

deamidation in the absence of sufficient lysine residues. Attempts to introduce lysine from either 

SPI or PPI were also unsuccessful, and did not induce heteropolymer crosslinking likely due to 

differences in substrate quality and solubility. While this work was unable to increase the 

functionality of zein networks, it still exposed the disadvantages and confirmed definitively that 

microbial transglutaminase cannot be used to functionalize and strengthen zein networks in 

aqueous environments. 

The formation of zein networks through antisolvent precipitation from ethanol or acetic 

acid was determined to be an effective method of functionalizing zein. It was determined that the 

precipitation of zein from ethanol resulted in a network with a highly organized structure and 

increased ductility, while precipitation from acetic acid resulted in a plasticized network with a 

continuous structure. The observed changes in rheological behaviour meant that the functionality 

of zein could be manipulated according to the solvent used and specific to the desired 

application. The favourable result also suggested that covalent bonds were not essential to 

forming a ductile material. The ease of solvent removal inherent to the process, the rapid speed, 

the minimal cost and the functionality obtained each lead to the conclusion that antisolvent 

precipitation presents an valuable method of functionalizing zein networks for the purpose of 

structuring plant-based foods. 
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The previous observations of melting behaviour lead to the creation of and investigation 

into plant-based cheese products containing zein. Of the different prototypes developed, it was 

determined that samples containing 30% zein cheese samples displayed statistically similar 

behaviour to cheddar cheese in terms of texture and rheology. In addition, analysis of the 

stretchability concluded that as the concentration of zein was increased, the cheese samples 

stretched further, to the point that samples containing 30% zein did not break over the maximum 

stretching distance tested. The prototypes created were also superior to commercially available 

plant-based cheddar style products in each of these aspects. The decided applicability of zein in 

cheeses was attributed to the weakening of non-covalent interactions with increasing temperature 

and the absence of covalent bonds in zein networks. The observed functionality of zein will also 

allow for the production of plant-based cheeses with reduced caloric content, saturated fat and 

total fat, relative to conventional cheese products. Overall, the physical properties observed point 

to the ability of zein to naturally provide desirable cheese-like functionality without modification 

or functionalization required.   

The implication of this research for the food industry is the increased understanding of 

what zein can offer plant-based foods. With the increasing popularity of plant-based alternatives, 

the identification and characterization of new proteins with novel functionality opens up many 

opportunities for innovative product development. Overall the completed work has increased the 

general knowledge of zein and its potential uses in food structuring, with the potential to be an 

inexpensive, sustainable protein source that provides the desirable sensory properties to plant-

based that many people crave. 

7.2 Future Work 

This is the first work that has studied the use of zein in the application structuring plant-

based food products. As such, new insights have been gained that have answered many 

questions, but they have also raised new ones. It was well established that zein networks form 

primarily through non-covalent interactions, and this fact was responsible for the observed 

cheese-like melting behaviour. Despite this, it is still unknown what the formation of covalent 

bonds within a zein network would do to its physical properties. While microbial 

transglutaminase was unsuccessful, there remains much work to be done surrounding the concept 

of enzymatic crosslinking. As new enzymes are made more readily available, new opportunities 
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to crosslink zein may arise. In addition, research into other food-grade crosslinking methods 

would also be valuable in the future. 

The desire to increase the yield strength and ductility of zein networks was a recurring 

theme throughout this thesis. Antisolvent precipitation from ethanol proved to be a promising 

solution, although further work is required to establish the feasibility of using large amounts of 

highly concentrated ethanol at a large scale. Given the established functionalizing inherent to the 

antisolvent precipitation process, research should also return to the concept of fibre formation 

through this technique. The goal with future research in this area would be the determination of a 

continuous fibre production method that would allow for fibre orientation. The combination of 

fibre orientation with the increased ductility (when using ethanol) is promising for the production 

of whole-tissue meat analogues.  

Future work in this area will focus on the product development process. This also 

includes the development of meat analogues, however at this point the technology surrounding 

the zein based cheeses is closer to readiness and commercial viability. The proven concept of 

plant-based cheeses containing zein is promising, yet the development of a commercial product 

still requires significant research. This includes considerations for colour, flavour, stability, 

shelf-life, packaging and more. Only cheddar type samples were analyzed and compared here, 

however the concepts and ideas discussed here could be applied to the formulation of a variety of 

types of plant-based cheeses. The different product types will also inherently require attention to 

different details where the development processes will be specific to the types of cheese being 

developed (i.e. cheddar versus mozzarella). With the development of such novel products, 

sensory analysis would also be included in the development process. Mechanical measurements 

are valuable indicators, however sensory analysis would allow for confirmation of consumer 

interest and further formulation refinement based on consumer feedback.  
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Appendix A 

Supplementary Material for Chapter 6 

 

 

 

Table A1: Significant differences between the hardness values (means) of each cheese sample 

type at different temperatures. Values obtained by TPA and statistical interpretation based on 

one-way ANOVA and Tukey post test on all data. 

 

Samples Significant Difference 

PBC at 5°C vs. 50°C Yes 

CC at 5°C vs. 50°C Yes 

0% at 5°C vs. 50°C No 

10% at 5°C vs. 50°C No 

20% at 5°C vs. 50°C No 

30% at 5°C vs. 50°C Yes 

Gluten at 5°C vs. 50°C Yes 

PPI at 5°C vs. 50°C No 
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Table A2: Significant differences between the hardness values (means) of all cheese samples at 

the same temperature (5 or 50°C). Values obtained by TPA and statistical interpretation based on 

one-way ANOVA and Tukey post test.  

Samples (at 5°C)
 

Significant Difference  Samples (at 50°C) Significant Difference  

PBC  vs CC Yes PBC  vs CC No 

PBC  vs 0% Yes PBC  vs 0% No 

PBC  vs 10% Yes PBC  vs 10% No 

PBC  vs 20% Yes PBC  vs 20% No 

PBC  vs 30% No PBC  vs 30% No 

PBC  vs Gluten Yes PBC  vs Gluten Yes 

PBC  vs PPI Yes PBC  vs PPI No 

CC  vs 0% Yes CC  vs 0% No 

CC  vs 10% Yes CC  vs 10% No 

CC  vs 20% Yes CC  vs 20% No 

CC  vs 30% No CC  vs 30% No 

CC  vs Gluten Yes CC  vs Gluten Yes 

CC  vs PPI Yes CC  vs PPI No 

0%  vs 10% No 0%  vs 10% No 

0%  vs 20% No 0%  vs 20% No 

0%  vs 30% Yes 0%  vs 30% No 

0%  vs Gluten No 0%  vs Gluten Yes 

0%  vs PPI No 0%  vs PPI No 

10%  vs 20% No 10%  vs 20% No 

10%  vs 30% Yes 10%  vs 30% No 

10%  vs Gluten No 10%  vs Gluten Yes 

10%  vs PPI No 10%  vs PPI No 

20%  vs 30% Yes 20%  vs 30% No 

20%  vs Gluten No 20%  vs Gluten Yes 

20%  vs PPI No 20%  vs PPI No 

30%  vs Gluten Yes 30%  vs Gluten Yes 

30%  vs PPI Yes 30%  vs PPI No 

Gluten  vs PPI No Gluten  vs PPI Yes 
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Table A3: Significant differences between the chewiness values (means) of each cheese sample 

type at different temperatures. Values obtained by TPA and statistical interpretation based on 

one-way ANOVA and Tukey post test on all data. 

 

Samples Significant Difference 

PBC at 5°C vs. 50°C No 

CC at 5°C vs. 50°C Yes 

0% at 5°C vs. 50°C No 

10% at 5°C vs. 50°C No 

20% at 5°C vs. 50°C No 

30% at 5°C vs. 50°C Yes 

Gluten at 5°C vs. 50°C No 

PPI at 5°C vs. 50°C No 
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Table A4: Significant differences between the chewiness values (means) of all cheese samples at 

the same temperature (5 or 50°C). Values obtained by TPA and statistical interpretation based on 

one-way ANOVA and Tukey post test.  

Samples (at 5°C)
 

Significant Difference  Samples (at 50°C) Significant Difference  

PBC  vs CC Yes PBC  vs CC No 

PBC  vs 0% No PBC  vs 0% No 

PBC  vs 10% No PBC  vs 10% No 

PBC  vs 20% No PBC  vs 20% No 

PBC  vs 30% Yes PBC  vs 30% No 

PBC  vs Gluten Yes PBC  vs Gluten Yes 

PBC  vs PPI No PBC  vs PPI No 

CC  vs 0% Yes CC  vs 0% No 

CC  vs 10% Yes CC  vs 10% No 

CC  vs 20% Yes CC  vs 20% No 

CC  vs 30% No CC  vs 30% No 

CC  vs Gluten No CC  vs Gluten Yes 

CC  vs PPI Yes CC  vs PPI No 

0%  vs 10% Yes 0%  vs 10% No 

0%  vs 20% No 0%  vs 20% No 

0%  vs 30% Yes 0%  vs 30% No 

0%  vs Gluten Yes 0%  vs Gluten Yes 

0%  vs PPI No 0%  vs PPI No 

10%  vs 20% No 10%  vs 20% No 

10%  vs 30% Yes 10%  vs 30% No 

10%  vs Gluten Yes 10%  vs Gluten Yes 

10%  vs PPI No 10%  vs PPI No 

20%  vs 30% Yes 20%  vs 30% No 

20%  vs Gluten Yes 20%  vs Gluten Yes 

20%  vs PPI No 20%  vs PPI No 

30%  vs Gluten Yes 30%  vs Gluten Yes 

30%  vs PPI Yes 30%  vs PPI No 

Gluten  vs PPI Yes Gluten  vs PPI Yes 
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Table A5: Significant differences between the springiness values (means) of each cheese sample 

type at different temperatures. Values obtained by TPA and statistical interpretation based on 

one-way ANOVA and Tukey post test on all data. 

 

Samples Significant Difference 

PBC at 5°C vs. 50°C No 

CC at 5°C vs. 50°C No 

0% at 5°C vs. 50°C No 

10% at 5°C vs. 50°C No 

20% at 5°C vs. 50°C No 

30% at 5°C vs. 50°C No 

Gluten at 5°C vs. 50°C Yes 

PPI at 5°C vs. 50°C Yes 
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Table A6: Significant differences between the springiness values (means) of all cheese samples 

at the same temperature (5 or 50°C). Values obtained by TPA and statistical interpretation based 

on one-way ANOVA and Tukey post test.  

Samples (at 5°C)
 

Significant Difference  Samples (at 50°C) Significant Difference  

PBC  vs CC Yes PBC  vs CC No 

PBC  vs 0% Yes PBC  vs 0% No 

PBC  vs 10% No PBC  vs 10% No 

PBC  vs 20% No PBC  vs 20% No 

PBC  vs 30% Yes PBC  vs 30% No 

PBC  vs Gluten Yes PBC  vs Gluten No 

PBC  vs PPI Yes PBC  vs PPI No 

CC  vs 0% Yes CC  vs 0% No 

CC  vs 10% No CC  vs 10% No 

CC  vs 20% No CC  vs 20% No 

CC  vs 30% No CC  vs 30% No 

CC  vs Gluten Yes CC  vs Gluten No 

CC  vs PPI No CC  vs PPI No 

0%  vs 10% Yes 0%  vs 10% No 

0%  vs 20% Yes 0%  vs 20% No 

0%  vs 30% No 0%  vs 30% No 

0%  vs Gluten Yes 0%  vs Gluten No 

0%  vs PPI Yes 0%  vs PPI Yes 

10%  vs 20% No 10%  vs 20% No 

10%  vs 30% Yes 10%  vs 30% No 

10%  vs Gluten Yes 10%  vs Gluten No 

10%  vs PPI Yes 10%  vs PPI No 

20%  vs 30% Yes 20%  vs 30% No 

20%  vs Gluten Yes 20%  vs Gluten No 

20%  vs PPI No 20%  vs PPI Yes 

30%  vs Gluten Yes 30%  vs Gluten No 

30%  vs PPI No 30%  vs PPI Yes 

Gluten  vs PPI Yes Gluten  vs PPI Yes 
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Table A7: Significant differences between the gumminess values (means) of each cheese sample 

type at different temperatures. Values obtained by TPA and statistical interpretation based on 

one-way ANOVA and Tukey post test on all data. 

 

Samples Significant Difference 

PBC at 5°C vs. 50°C No 

CC at 5°C vs. 50°C Yes 

0% at 5°C vs. 50°C No 

10% at 5°C vs. 50°C No 

20% at 5°C vs. 50°C No 

30% at 5°C vs. 50°C Yes 

Gluten at 5°C vs. 50°C No 

PPI at 5°C vs. 50°C No 
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Table A8: Significant differences between the gumminess values (means) of all cheese samples 

at the same temperature (5 or 50°C). Values obtained by TPA and statistical interpretation based 

on one-way ANOVA and Tukey post test.  

Samples (at 5°C)
 

Significant Difference  Samples (at 50°C) Significant Difference  

PBC  vs CC Yes PBC  vs CC No 

PBC  vs 0% No PBC  vs 0% No 

PBC  vs 10% No PBC  vs 10% No 

PBC  vs 20% No PBC  vs 20% No 

PBC  vs 30% Yes PBC  vs 30% No 

PBC  vs Gluten No PBC  vs Gluten Yes 

PBC  vs PPI No PBC  vs PPI No 

CC  vs 0% Yes CC  vs 0% No 

CC  vs 10% Yes CC  vs 10% No 

CC  vs 20% Yes CC  vs 20% No 

CC  vs 30% No CC  vs 30% No 

CC  vs Gluten Yes CC  vs Gluten Yes 

CC  vs PPI Yes CC  vs PPI No 

0%  vs 10% No 0%  vs 10% No 

0%  vs 20% No 0%  vs 20% No 

0%  vs 30% Yes 0%  vs 30% No 

0%  vs Gluten No 0%  vs Gluten Yes 

0%  vs PPI No 0%  vs PPI No 

10%  vs 20% No 10%  vs 20% No 

10%  vs 30% Yes 10%  vs 30% No 

10%  vs Gluten No 10%  vs Gluten Yes 

10%  vs PPI No 10%  vs PPI No 

20%  vs 30% Yes 20%  vs 30% No 

20%  vs Gluten No 20%  vs Gluten Yes 

20%  vs PPI No 20%  vs PPI No 

30%  vs Gluten Yes 30%  vs Gluten Yes 

30%  vs PPI Yes 30%  vs PPI No 

Gluten  vs PPI No Gluten  vs PPI Yes 

 


