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ABSTRACT 
 
 

MICROSTRUCTURE AND MECHANCIAL PROPERTIES OF 
ETHYLCELLULOSE OLEOGELS AND THEIR FAT SUBSTITUTION 

POTENTIAL IN THE MEAT INDUSTRY 
 
 
 
Alexander Karl Zetzl      Advisors: 
University of Guelph, 2013      Dr. Alejandro G. Marangoni 

Dr. Shai Barbut 
 
 
 
Texture profile analysis, small deformation rheology, and a back extrusion technique 

were utilized to identify and understand factors that affect ethylcellulose (EC) oleogel 

mechanical properties.  Oil type, polymer molecular weight, polymer concentration, and 

surfactant incorporation were determined to be important factors that could be used to 

modify mechanical properties.  Additionally, cryo-scanning electron microscopy was 

utilized to image the microstructure of EC oleogels, showing a continuous polymer 

network entrapping oil filled pores.  Significant differences in pore size (p < 0.05) were 

found in gels made with different vegetable oils, polymer concentrations, and when a 

surfactant was utilized in the oleogels however; the molecular weight of EC was not 

found to have a significant impact on average pore size.  Canola oil oleogels were added 

into comminuted meat products for the first time as a substitute for added animal fat, 

producing product that did not differ texturally from control products.  Surface plasmon 

resonance (SPR) and ultraviolet light spectrophotometry (ULS) were also utilized in an 

attempt to provide quantitative protein-lipid interaction data.  Neither technique was able 

to provide conclusive evidence that myosin-lipid interactions occur, signifying that other 

mechanisms may instead be responsible for processed meat product stability.
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FOREWORD 

Since the start of this project in 2009, the fats and oils industry has seen many changes in 

regards to the nutrition of lipids.  Saturated fats, which had been demonized for years, are 

in 2013 no longer considered as harmful as once believed.  Depending on what they are 

replaced with in the diet, they may actually have a positive impact on cardiovascular 

health1.  An understanding of the various benefits shown by mono and polyunsaturated 

fatty acids has also continued to develop over this time period.  Trans fatty acids in 

contrast, are still considered deleterious in regards to their effect on cardiovascular health.  

While the main focus initially was to reduce saturated fat in meat products, due to their 

negative effects on cardiovascular disease risk factors, at the end of the project the intent 

was to replace saturated fat in these products due to the added benefit that could be 

contributed by gelled vegetable oils (oleogels).  These benefits include serum cholesterol 

lowering properties and the potential for antioxidant or nutraceutical delivery.  Chapter 2 

was submitted to a peer reviewed journal in late 2011 (later published in 2012), a point at 

which the negative health aspects of saturated fat were still widely believed.  The other 

chapters were written after this point, and express the revised view on saturated fat.  

Additionally, Chapter 1, which is to be published as book chapter in 2014, represents an 

extensive review of two potential solutions to reduce trans and saturated fat, and also 

contains a concise yet detailed summary of some of the ethylcellulose oleogel work that 

was completed over the course of this project.  

 

This project was divided into several phases.  Firstly, it was necessary to determine and 

quantify the factors that affected oleogel mechanical properties.  It was hypothesized that 
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increased polymer molecular weight and concentration would significantly increase 

oleogel hardness.  It was also hypothesized that an increased level of unsaturation in the 

vegetable oil would also cause significant increases in oleogel hardness, due to a higher 

molar density of these highly unsaturated oils.  While two previous attempts had been 

made to image the oleogel polymer network structure, they were unable to provide the 

definitive micrographs required to understand these oleogels.  By modifying the 

techniques used by these two works, it was hypothesized that it would be possible to view 

the microstructure of these oleogels, by removing a small amount of oil from the surface, 

exposing the polymer network.  It was hypothesized that it would be possible to quantify 

this network in some way, forming a correlation between microstructure and oleogel 

mechanical properties. 

 

Once it was understood how oleogel mechanical properties could be modified, one 

formulation of oleogel was chosen to be incorporated into a comminuted meat product, as 

a 100% substitution for the added animal fat.  It was hypothesized that the oleogel would 

be a successful substitute for the animal fat, providing a texture that did not differ 

significantly from the control product.  It was believed that this would be accomplished 

by causing an increase in the fat globule size within the meat batters (compared to when 

an ungelled oil was used), thereby decreasing the surface area for protein-lipid 

interactions.  This would prevent the products from having a harder, chewier texture 

which is seen when an ungelled oil is used to make these types of products.  
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Finally, attempts were made to try and further understand the nature of protein-lipid 

interactions in meat systems.  This would be accomplished by using two separate model 

systems.  Using the surface plasmon resonance technique (SPR), monolayers of thiolated 

fatty acids of different chain lengths were created and put in contact with myosin 

solutions of various concentrations.  It was hypothesized that binding would occur 

between the highly purified protein found in muscle/meat, and the lipid surface.  

Additionally, preferential binding would occur between myosin and fatty acids of specific 

chain lengths, such as those commonly found in animal fat.  Following the experiments 

using SPR, ultraviolet light spectrophotometry was used in an attempt to provide 

additional information regarding myosin interactions with bulk lipids such as canola oil 

or solid beef fat.  Here it was believed that the state of the fat, liquid versus solid, as well 

as the fatty acid composition would affect the level of protein-lipid interactions.  If a 

greater understanding could be attained as to the nature of protein-lipid interactions, this 

would provide invaluable information about the mechanisms for comminuted meat 

product stability.   

  

1. Siri-Tarino PW, Sun Q, Hu FB, Krauss RM (2010b) Saturated fatty acids and risk 
of coronary heart disease: modulation by replacements nutrients. Curr. 
Atheroscler Rep. 12:384-390 
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CHAPTER 1 

Structured Emulsions and Edible Oleogels as Solutions to Trans Fat 
 

Alexander K. Zetzl and Alejandro G. Marangoni*  
*Department of Food Science, University of Guelph, Guelph, ON 

N1G2W1, Canada 
(In Press) In: Kodali DR (ed) Trans Fat Solutions. AOCS Press, Urbana 

 
1.1     Introduction and recent progress in regards to trans fat reduction 
 
Trans fatty acids were created and used by industry to fill a demand for functional fats 

that were solid at room temperature, and could withstand the oxidation stresses provided 

by temperatures in excess of 160 oC when frying (Kodali, 2005).  By simply changing the 

configuration of an unsaturation from cis to trans, a greater ease of packing can be 

achieved, due to more symmetrical molecules (Kodali, 2005).  This creates a 

corresponding increase in the melting points of these fatty acids, and increases their 

stability when subjected to high temperatures (Kodali, 2005).  When greater functionality 

was combined with what were believed to be health improvements over saturated fat, the 

widespread use of trans fats seemed to be ensured.  Many years later, the shocking truth 

about trans fat and its deleterious effects on cardiovascular disease were reported 

(Mensink and Katan, 1990; Willet et al., 1993; Judd et al., 1994).  In 2006, mandatory 

labeling of trans fatty acids became a requirement in the United States, in an attempt to 

force producers to reformulate products, and reduce our consumption of these harmful 

fatty acids (U.S. Food and Drug Administration, 2012). 

 

In December 2009, Health Canada released its final monitoring report which reported the 

level of trans fatty acids in certain Canadian foods, including French fries, desserts, 
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cookies, frozen appetizers, popcorn and snacks, and chicken products (Health Canada, 

2012).  The results were rather shocking, with only four of the 21 different product types 

tested meeting the required trans fat level.  Only 40% of cookies from small and 

medium-sized family and quick service restaurants met the requirements, while only 25% 

of margarines from cafeterias located in institutions met the trans requirements.  Though 

18 of the 21 categories had 50% or more of the tested products meet the necessary 

requirements, trans fats clearly remain a problem (Health Canada, 2012).  It is possible 

that for many of these products the producers were unable to effectively replace trans fats 

with a substitute, either due to lack of availability, poor functionality on the substitutes’ 

part, or cost.   

 

The small change in unsaturated fatty acid bond configuration from cis to trans has 

represented a large problem to the food industry with regards to its replacement.  This 

created a great challenge for both academic and industrial scientists: provide a solid-like 

structure similar to highly saturated or trans-containing triacylglycerols, keeping 

functionality, yet without having negative impacts on human health.  Other additional 

factors such as cost, availability, versatility, efficiency, and food grade status should also 

be considered when trying to find a replacement for trans fats (Co and Marangoni, 2012).  

A distinction can be made here; replacements that fulfill only some of these requirements 

should be considered as ‘substitutes’, while those that fulfill all of these requirements, 

and potentially provide additional benefits, can be deemed ‘solutions’ to trans fats.  

Many previously proposed substitutes for trans fatty acids have found their way into our 

diets however; their effectiveness as a solution to the issue can now be seen, well over 5 
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years after January 1, 2006, which was when the new labeling requirements were put into 

place (U.S. Food and Drug Administration, 2012).  This chapter focuses on structured 

emulsions and edible oleogels, two potential solutions to the trans fat dilemma however; 

to understand why these are potential solutions, background information in regards to 

how specific fatty acids affect our cardiovascular health is required. 

 

1.2 Effect of specific fatty acids on our cardiovascular health     
 

Cardiovascular disease (CVD) continues to be the number 1 cause of death and disability 

in the world, resulting in an estimated 17.3 million deaths in 2008, and a predicted 23.6 

million deaths in 2030 (WHO, 2012).  Blood serum cholesterol levels have been used for 

many years as an indicator for cardiovascular health, as a strong correlation was seen 

between high total serum cholesterol levels and CVD (LaRosa et al., 1990; Klag et al., 

1993).  Today, many different types of serum cholesterol have been identified, including 

the following: high-density lipoprotein (HDL), low-density lipoprotein (LDL), 

intermediate-density lipoprotein, very-low-density lipoprotein, and chylomicrons 

(LaRosa et al., 1990; Nordestgaard and Tybjærg-Hansen, 1992).  Of these different types 

of lipoprotein, LDL and HDL are by far the most utilized to report effects on 

cardiovascular health, with increased LDL levels having a negative effect, and increased 

HDL levels having a positive effect on cardiovascular health compared to baseline levels 

(LaRosa et al., 1990).  Typically, serum cholesterol levels are measured after the 

consumption of meals or diets containing a specific amount and type of fat or fatty acid.  

These levels are then compared to a control meal or diet, which is often carbohydrates or 

one specific fatty acid, such as oleic acid.  The work of Mensink and Katan in 1990 was 
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one such study that used oleic acid in their control diet, providing 10% of the subject’s 

daily energy (Mensink and Katan, 1990). 

 

Though many studies in the 1990’s looked only at total changes in serum cholesterol 

levels, or change in LDL, it has since been shown that it is much more advantageous to 

report both the change in LDL and HDL, or more specifically, as a cholesterol ratio, 

ΔTotal:HDL (Mensink et al., 2003).  The ratio is determined by adding the change for 

both LDL and HDL cholesterol, and comparing this to the change in HDL only.  If the 

reported ratio is positive or close to 0, this means that there was primarily an increase in 

LDL levels, while a negative ratio indicates a larger increase in HDL relative to LDL.  

With this ratio, it is very clear what specifically increased, and whether this indicates a 

negative, neutral, or positive effect on CVD.  The work of Mensink et al. in 2003 showed 

that cis polyunsaturated fatty acids had the greatest positive effect on CVD, with a 

ΔTotal:HDL ratio of approximately -0.032, while trans fatty acids showed the worst 

effect, resulting in a ratio of just over +0.02 (Mensink et al., 2003).  Saturated fatty acids 

showed a fairly neutral effect on the ΔTotal:HDL cholesterol ratio, while cis 

monounsaturated fatty acids showed a ratio of -0.026, also indicating a positive effect on 

cardiovascular health (Mensink et al., 2003).   

 

Trans fatty acids are considered to be the most deleterious type of fatty acids 

predominately due to their effect on this cholesterol ratio.  While trans fatty acids caused 

the greatest increase in LDL levels, it was also the only type of fatty acid to decrease 

HDL levels (Mensink et al., 2003).  This has been confirmed by many other groups, 
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including Mozaffarian and Clarke in 2009 (Mozaffarian and Clarke, 2009).  This group 

also showed impact on the ΔTotal:HDL ratio if trans fatty acids replaced poly, mono, or 

saturated fatty acids, on a basis of percent of calories replaced by trans fat (Mozaffarian 

and Clarke, 2009).  At the level of 1% replacement of calories, the values are very similar 

to the +0.02 reported by Mensink et al. in 2003.  However; when trans fat replaces 5% of 

calories formerly provided by polyunsaturated fatty acids, this value jumps to above 0.3, 

more than a tenfold increase (Mozaffarian and Clarke, 2009).  When trans fat replaced 5% 

of calories from monounsaturated and saturated fat, the ratios were approximately 0.27 

and 0.17 respectively (Mozaffarian and Clarke, 2009).     

 

As with cholesterol, the general term ‘saturated fat’ can be broken down into specific 

fatty acids, with two of the most heavily studied and prevalent in edible fats and oils 

being palmitic acid (C16) and stearic acid (C18).  The effect of these fatty acids on serum 

cholesterol has been shown to be significantly different, and they should not be grouped 

together (Mensink et al., 2003).  Stearic acid, which has been estimated to make up 3% of 

daily energy in the average American diet, has a slightly beneficial effect on serum 

cholesterol levels, with a ratio of -0.013 in the 2003 Mensink et al. study (Hunter et al., 

2010; Mensink et al., 2003).  Palmitic acid on the other hand, shows a more negative 

effect on cardiovascular health, with a ΔTotal:HDL ratio of +0.005, and was the most 

atherogenic saturated fatty acid studied (ΔTotal:HDL).  This is troubling as palmitic acid 

is the most heavily consumed saturated fatty acid in the United States, with 56.3% of 

total saturated fat intake, and resulting in 1.8-4.4% of daily energy for 14 European 

countries (Hunter et al., 2010).   
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Recently the true effect of saturated fatty acids on human health has come under debate 

(Siri-Tarino et al., 2010a; Siri-Tarino et al., 2010b).  Contrary to what serum cholesterol 

values may indicate, a meta-analysis study covering close to 350 000 subjects found no 

relationship between saturated fat consumption and increased risk of stroke or CVD (Siri-

Tarino et al., 2010a).  Though saturated fat may not be as damaging to health as once 

previously believed, it can still be concluded that they, individually or as a whole, do not 

have the same positive benefits that mono and especially polyunsaturated fatty acids 

possess.  When replacing 1% of energy formerly held by stearic acid with mono or 

polyunsaturated fatty acids, ΔTotal:HDL cholesterol can be lowered by 0.043 and 0.055 

respectively (Hunter et al., 2010).  An overwhelming amount of evidence has shown that 

polyunsaturated fatty acids possess the greatest cholesterol lowering effects of all other 

types of fatty acids (Mensink et al., 2003; Hunter et al., 2010; Kris-Etherton et al., 2004).  

Many oils from vegetable sources contain a high percentage of polyunsaturates, as shown 

in Table 1.  For the development of any solutions to trans fat, the inclusion of a high level 

of polyunsaturates should be a priority, while minimizing the level of saturated fat.  Both 

edible oleogels and structured emulsions have the potential to take advantage of 

polyunsaturated fatty acids, while possessing highly reduced levels of saturates, and zero 

trans fatty acids.  While either of these fairly new approaches for creating a solid-like fat 

can achieve a goal of zero trans fat, each has its own set of advantages and specific 

applications.     
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Table 1: Fatty acid composition (wt%) of common fats and oils from vegetable 

sources(Gunstone and Harwood, 2007) 

 Lauric Myristic Palmitic Stearic Oleic Linoleic Linolenic 
Oil Type C12 C14 C16 C18 C18:1 C18:2 C18:3 
Palm – 2 44 4 39 11 – 
Olive – – 13 3 75 8 1 
Canola – – 5 2 62 21 10 
Soybean – – 12 4 23 54 7 
Corn – – 11 2 26 60 1 
Flaxseed  – – 6 4 15 16 59 
 

2 Structured emulsions using monoglycerides 
 

Emulsions consist of at least two immiscible phases, with one phase being dispersed in 

the other as tiny droplets (McClements, 2010).  The most common type of emulsion is 

oil-in-water (O/W), with some examples including milk, cream, and mayonnaise 

(McClements, 2010).  It can be a challenge trying to differentiate between a structured 

emulsion, and a simple O/W or water-in-oil emulsion, as often they involve much of the 

same ingredients and production procedures.  For example, both commonly rely on a 

mixing or homogenization step to disperse one phase into the other, while they also both 

commonly use a minute amount of emulsifier to help stabilize the emulsion (McClements, 

2010).  Traditional emulsions are prone to physical instability (coalescence and phase 

separation), are not able to provide is a solid-like texture that is similar to hard-stock 

triacylglycerol molecules (McClements, 2010).  While mayonnaise certainly has structure, 

it is unlikely that it would ever be described as looking ‘shortening-like’.  With structured 

emulsions, products with a wide variety of textures can be created, including something 

that is similar to a traditional partially hydrogenated shortening (Zetzl and Marangoni, 

2011; Batte et al., 2007a).  Several varieties of structured emulsions have been listed in a 
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review by McClements in 2010 and include the following: multiple emulsions, solid lipid 

particles, filled hydrogel particles, and multilayer emulsions (McClements, 2010).  Here 

the focus will be on one variety of multilayer emulsions, as described by Marangoni in 

2007, which use monoglycerides to entrap multilayers of water around oil droplets 

(Marangoni et al., 2007; Marangoni, 2007). 

 

To understand more about this system, it is first important to describe how this type of 

emulsion is produced.  The system can be created by first heating a co-surfactant–

saturated monoglyceride–oil mixture above the Krafft temperature of the monoglycerides, 

until they have become fully dissolved in the oil.  This mixture is then added to water 

while briefly exposing the system to a gentle external shear field.  This leads to the 

formation of a multilayer lamellar monoglyceride structure in the liquid crystalline state, 

which surrounds the oil droplets.  Upon cooling below the Kraft temperature, the 

monoglycerides undergo a liquid-crystalline to crystalline phase transition and adopt a 

solid-like structure (Batte et al., 2007a,b).  The final product contains vegetable oil 

‘droplets’, surrounded by the hydrated, saturated, monoglyceride multilayers (Zetzl and 

Marangoni, 2011; Batte et al., 2007a; Marangoni et al., 2008).  These droplets can be 

easily observed when using freeze fracture cryo-scanning electron microscopy, as shown 

in Figure 1 (a and b).  By making adjustments regarding the charged co-surfactant ratio 

and/or pH, a semisolid material of high viscosity, similar to a shortening in appearance, 

can be formed (Batte et al., 2007a).  Structured emulsions such as those mentioned here 

are already available commercially.  One such product has been trademarked under the 

name Coasun™.  This shortening-like material contains no trans fatty acids, limited 
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saturated fatty acids, and is 30-40% structured water (Figure 1c) (Zetzl and Marangoni, 

2011).     
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Figure 1: a and b) Cryo-scanning electron micrographs of a structured oil-in-water 

emulsion, similar to the commercial product Coasun™, c) Structured emulsion Coasun™, 

which can possess a shortening-like texture through the use of a surfactant and careful 

control of pH.  Coasun™ can successfully be used for a variety of baking applications by 

replacing traditional fats high in saturated and trans fatty acids.  

 

The structure from the term ‘structured emulsion’ comes from the monoglycerides, which 

are only incorporated at a level of a few percent, yet are able to stabilize the emulsion, 

greatly reducing phase separation, while at the same time providing structure.  In fact, the 

monoglycerides could potentially be the only actual solid component in these structured 

emulsions at room temperature.  This structure can be seen when analyzing X-ray 

diffraction spectra in the small angle region, where the structured emulsion (4.5% 

monoglyceride and 35% water) will show diffraction peaks (001, 003, 005, 007), yet 

mayonnaise will not (Figure 2).  These peaks, which signify sizes of approximately 61 Å, 

18 Å, 13 Å, and 8 Å for 001, 003, 005, and 007 respectively, indicate that there is a 

lamellar crystalline structure in the long spacing which is not shown by a traditional O/W 

emulsion such as mayonnaise.  Three definitive peaks were also noted in the wide angle 

region for the structured emulsion sample, whereas the mayonnaise emulsion showed no 

definitive peaks.  Peaks in this region signify that there is subcell packing; specifically, 

the peaks indicate that the sample had converted from the metastable α-form to the more 

stable β-form.   
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Figure 2: Small and wide angle X-ray diffraction spectra for Coasun™ and Mayonnaise. 
 

 
Rheology can also be used to show the difference between an O/W emulsion 

(mayonnaise) and a structured emulsion (Coasun™), as shown in Figure 3.  When 

analyzing the storage modulus (G’) for the two different types of emulsions, at 10 Pa the 

structured emulsion has a G’ of 3022 Pa, which is more than 6x that of mayonnaise (461 

Pa).  This indicates a material that is stiffer, and more solid-like, which might be 

unexpected, considering that the Coasun™ product contains an additional 15% water 

compared to the mayonnaise.  The differences in the loss modulus (G’’) is also quite 

substantial, with the structured emulsion showing a loss modulus over 7x that of 

mayonnaise (424 vs 59 Pa). 
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Figure 3: Storage modulus (G’) and loss modulus (G’’) for the structured emulsion 

Coasun™, and a typical oil-in-water emulsion, mayonnaise, over a range of oscillatory 

stresses.  

 

In 2011, work was completed by Huschka et al. in an attempt to determine how similar 

this type of structured emulsion would behave to an actual interesterified vegetable 

shortening (Huschka et al., 2011).  The doughs containing structured emulsion showed a 

lower amount of water absorption compared to all other samples, including the 

interesterified soy oil, at lipid contents above 6% (Huschka et al., 2011).  This suggests 

the formation of a softer dough which had been ‘shortened’ (Huschka et al., 2011).  This 

prevention of cross-linkages between gluten molecules was especially noticeable in the 

dough samples using hard wheat flour, which contains a higher protein (gluten) content 

compared to soft wheat flour (Huschka et al., 2011).  Preventing gluten aggregation 

through the use of shortenings is beneficial for baked products which are not reliant on 

gluten for structure, such as cakes and tarts (Huschka et al., 2011).  Based on these results, 

it is likely that a structured emulsion (Coasun™) could pose as a viable substitute for 
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highly saturated and trans fatty acid rich shortenings in these types of products.  The 

same ingredients as Coasun™, though not heated and mixed together, were used as a 

control, and did not demonstrate these same shortening properties, signifying the 

importance of the specific structure of these emulsions, rather than simply the presence of 

the ingredients (Huschka et al., 2011).   

 

Other than a low saturated, and 0 trans fat content, additional physiological benefits have 

been discovered after consuming these multilayer structured emulsions.  The unique 

structure of Coasun™ also has shown the ability to help regulate blood lipid and insulin 

responses in humans, and lower postprandial triacylglycerol levels (Marangoni et al., 

2007; Rush et al., 2009).  Once again, these lowering effects were not demonstrated when 

the raw ingredients alone were consumed, or when the structure was destroyed by 

cooking (Rush et al., 2008).  Furthermore, there is potential for nutraceuticals such as 

phytosterols, omega-3 fatty acids, fat soluble antioxidants, and other compounds (which 

will be discussed further later in this chapter) to be incorporated into the water or oil 

component of these structured emulsions as an added nutritional benefit (Zetzl and 

Marangoni, 2011). 

 

Due to the increased incorporation level of water, the final product is fairly inexpensive, 

especially when its multitude of potential health benefits are taken into consideration.  

Though continued research is required as to how these structured emulsions behave in 

food systems, they may be one of the best solutions to the trans fat dilemma, especially in 
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the bakery industry where it’s shortening-like structure would be ideally suited (Lin and 

Appleby, 2012). 

 

3 Organogels 
 

Organogels, also known as oleogels, can be defined as an organic liquid entrapped within 

a thermo-reversible, three-dimensional gel network (Zetzl and Marangoni, 2011).  The 

process of forming an organogel is called organogelation.  Molecules capable of forming 

non polar aggregated molecular or crystal networks, with the ability of entrapping or 

structuring oil were certainly not unheard of in the scientific community and industry 

prior to the 1990’s however; it was not until the late 1990’s that the potential for these 

molecules to be used as a vegetable oil structurant and food ingredient began to be 

realized (Co and Marangoni, 2012).  As of 2012, there have been several reviews 

published regarding the many known organogelators, their properties, advantages, and 

disadvantages (Pernetti et al., 2007a; Bot et al., 2009; Rogers, 2009; Co and Marangoni, 

2012). 

 

The following are general categories of network-forming edible oil structurants that have 

been identified: Monoacylglycerols (MAGs), fatty acids, fatty alcohols, waxes, wax 

esters, sorbitan monostearate; as well as the following mixtures: fatty acids and fatty 

alcohols, lecithin and sorbitan tri-stearate, and phytosterols and oryzanol (Pernetti et al., 

2007a).  In addition, the following organogelators or mixtures thereof are well known for 

having an ability to structure edible oils: 12-hydroxystearic acid (Rogers et al., 2007; 

Terech and Weiss, 1997; Rogers et al., 2008a; Rogers et al., 2008b), ricinelaidic acid 
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(Wright and Marangoni, 2006), candelilla wax (Toro-Vazquez et al., 2007), rice bran wax 

(Dassanayake et al., 2009), sunflower wax (and other waxes) in soybean oil (Hwang et al., 

2012), several waxes in canola oil (Blake and Marangoni, 2013), mixtures of β-sitosterol 

and γ-oryzanol (Bot and Agterof, 2006), mixtures of stearic acid and stearyl alcohol 

(Gandolfo et al., 2003), and mixtures of lecithin and sorbitan tri-stearate (Pernetti et al., 

2007b), and more recently mixed ceramides and ethylcellulose (Rogers, 2011; Zetzl et al., 

2012). 

 

3.1     Waxes and Wax Organogels 

For decades waxes have played an important part outside of the food industry.  A wax 

can be defined as a fatty substance that contains long hydrocarbon chains with or without 

a functional group (Dassanayake et al., 2011).  It is unknown as to how far back their 

uses go however, the oil structuring ability and texture they provide to products such as 

lipstick, lip balms, and lotion bars is a necessity (Toro-Vazquez et al., 2007).  Previously, 

to structure oil effectively, waxes had to be used at levels close to or in excess of 5%, 

making them impractical for most food uses, as they would impart a waxy mouthfeel.  

Carnauba wax for example is only able to structure oil at levels in excess of 4% 

(Dassanayake et al., 2009).  More recent studies have shown the superior oil binding 

ability of certain waxes, which are able to gel oil at levels as low as 1% (Toro-Vazquez et 

al., 2007; Dassanayake et al., 2011; Toro-Vazquez et al., 2011; Blake and Marangoni, 

2013).  With wax incorporation levels of only a few percent of the fat phase, this may 

provide a texture and mouthfeel that is more acceptable to consumers. 
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Candelilla wax is one such wax that shows great potential as an organogelator.  Obtained 

from the leaves of a small shrub native to the southern United States and northern Mexico, 

candelilla wax consists of 49-50% n-alkanes with 29 to 33 carbons, and 20-29% esters of 

acids and alcohols with 28 to 34 carbons (Toro-Vazquez et al., 2007; Toro-Vazquez et al., 

2011).  Candelilla wax has been shown to structure safflower oil at levels as low as 1%, 

while actual gelation was not found to occur until concentrations were raised to 2% 

(Toro-Vazquez et al., 2007; Toro-Vazquez et al., 2011).  This wax appears to be limited 

by the type of crystals it forms, which are usually less than 10 μm in size and spherulitic 

in shape (Toro-Vazquez et al., 2011).  To effectively entrap oil, much longer and thinner 

crystals, such as those formed when using rice bran wax, are usually needed (Co and 

Marangoni, 2012).  Wax derived from rice (Oryza sativa) bran possesses long needle-like 

crystals in oil, ranging from 20-50 μm, and are very effective in entrapping oil within a 

crystalline matrix (Dassanayake et al., 2011; Co and Marangoni, 2012).  These crystalline 

strands are so effective in fact that they have been shown to gel oil as low as 1% w/w 

(Blake and Marangoni, 2013). 

 

With the large production levels of rice in eastern Asia, rice bran wax is very inexpensive, 

and was traditionally considered a waste product of the rice milling process (Dassanayake 

et al., 2011).  This means that it is largely available, and cost effective, with the 

possibility to greatly reduce the amount of saturated fatty acids, while eliminating any 

trans fatty acids.  Unfortunately, gels containing only 1% wax are very soft, and oily in 

appearance, meaning that higher levels would have to be used to produce a fat that is 

similar to lard or shortening in texture.  At such a high incorporation level, it is unknown 
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as to how noticeable and ‘waxy’ the mouthfeel of the fat would be, though this would 

certain have a negative effect in regards to consumer perception.   

 

Figure 4: Brightfield light micrographs of wax-oil gels consisting of 10% wax (w/w) in 

canola oil at a temperature of 25 oC.  The different waxes are labeled as follows: 

candelilla wax (CLX), carnauba wax – CRX, sunflower wax (SFX), and rice bran wax 

(RBX). 

 

In Figure 4 the structure of the aforementioned wax oleogels can be seen at a wax 

incorporation level of 10% (w/w) in canola oil.  These images give a better understanding 

as to why rice bran wax is able to gel oil at the lowest concentration compared to the 

other two waxes.  Carnauba wax, the wax with the highest critical gelator concentration, 
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formed large, open, dendritic clusters or aggregates, which are not very effective in 

entrapping oil.  Though the structure of candelilla wax is better for gelling oil compared 

to carnauba wax, it is only rice bran wax out of the three that forms very long, needle-like 

crystals, which are very conductive for forming gels (Co and Marangoni, 2012; Blake 

and Marangoni, 2013).   

 

Sunflower wax, a wax derived from sunflower seeds, has barely been mentioned in 

literature compared to these three other waxes, yet it has recently been shown to provide 

oil binding properties that are similar or even superior to rice bran wax (Hwang et al., 

2012; Blake and Marangoni, 2013).  As can be seen in Figure 4, sunflower wax has 

formed crystals that are in excess of 100 μm, allowing for more junction zones to be 

formed along each crystal strand, increasing the strength of the gel network (Hwang et al., 

2012; Blake and Marangoni, 2013).  Compositional purity has also been shown to have 

an effect on wax gelation.  Minor components in the waxes have the potential to act as 

impurities, impairing gelation and changing morphology in regards to crystal size and 

potentially shape (Blake and Marangoni, 2013).  While rice bran wax consists of over 90% 

esters, sunflower wax contains 97-100% esters, and contains the fewest minor 

components out of the four aforementioned waxes (Blake and Marangoni, 2013).  This 

high level of compositional purity also aids in the understanding as to why rice bran and 

sunflower wax are such good organogelators in comparison to other waxes.  Though low 

critical gelator concentrations can be achieved when using these two waxes, their ability 

to hold the oil in its gel state is fairly low, with % oil loss exceeding 50% when gels were 

made with 1% wax (w/w).  Oil loss was measured by placing gel samples inside a glass 
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funnel lined with Whatman #5 filter paper, and measuring the amount of oil collected in a 

beaker below the funnel for 24 hours.  In comparison, candelilla wax showed only a 25.8% 

oil loss at the 1% (w/w) incorporation level, and only 11.1% oil loss at the 2% (w/w) 

incorporation level (Blake and Marangoni, 2013).  Though oil loss values are dependent 

on the test conditions, these differences show that there are a variety of factors that 

should be taken into consideration when choosing a wax for organogelation purposes, not 

just the critical gelation concentration.   

 

Clearly, there is great potential in the field of waxes to structure oils, though many 

questions still remain, especially in regards to how these gels will behave in food systems.  

While they have the possibility to become a substitute or solution to trans fatty acids in 

the future, a significant amount of research and development must still take place in this 

field. 

3.2     Oleogels made using 12-hydroxystearic acid 

Similar to waxes, the low molecular weight organogelator 12-hydroxystearic acid also 

has the ability to gel vegetable oil at levels below 2% (w/w) (Hughes et al., 2011).  This 

molecule is derived from castor oil, and has been used for decades by industry in the 

production of lithium grease (Co and Marangoni, 2012).  Structurally, 12-hydroxystearic 

acid (12-HSA) is 18 carbons long and possesses a hydroxyl group at position 12 (Rogers 

and Marangoni, 2011).  Oleogels are formed by heating the 12-HSA-in-oil mixture to 

above the melting point of the 12-HSA, which occurs at approximately 76 oC (Co and 

Marangoni, 2012).  Upon cooling, 12-HSA fibers form throughout the oil, growing one-

dimensionally to hundreds of micrometers in length.  In Figure 5, a bright-dark striation 
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pattern can be seen on each of these fibrillar crystals.  This is caused by a helical twist of 

the 12-HSA fibers, causing them to pass in and out of birefringence under polarized light 

(Rogers and Marangoni, 2011; Co and Marangoni, 2012).  An extensive characterization 

of these oleogels has been previously described by Rogers and Marangoni in 2011, and 

Co and Marangoni in 2012, though it is perhaps the health implications of consuming 

such an oleogel that are of greatest interest to the food industry (Rogers and Marangoni, 

2011; Co and Marangoni, 2012). 

 

 

Figure 5: A polarized light micrograph showing the fibrillar crystals of 12-

hydroxystearic acid in canola oil at a concentration of 2.5% (w/w). 

 

In a review chapter by Hughes et al. in 2011, the results of a clinical trial were reported 

where subjects were fed standardized test meals which differed only by the fat source 

they contained, which were butter, margarine, canola oil, or gelled canola oil (using 12-

HSA) (Hughes et al., 2011).  After consumption of the test meals, blood samples were 

taken every hour for six hours and were analyzed for triacylglycerols, free fatty acids, 
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glucose, and insulin levels.  No significant differences were found between the treatments 

in regards to glucose or insulin levels however; the oleogel and canola oil meals 

significantly reduced the serum triacylglycerol response curves compared to those from 

the margarine and butter meals, for the majority of the measurements (Hughes et al., 

2011).  The oil gelled with 2% w/w 12-HSA also showed the lowest maximum serum 

free fatty acid levels compared to all other meals (though it was not significantly less than 

the meal containing canola oil) (Hughes et al., 2011).  These effects are added benefits 

that go beyond the fatty acid compositional benefits provided by all oleogels made with a 

high percentage of vegetable oil.  Though this study utilized 12-hydroxystearic acid, it is 

possible that, if consumed in a similar manner, oleogels made using other 

oraganogelators could show similar beneficial physiological effects.   

 

While 12-HSA is an exceptional organogelator, it unfortunately does not currently have 

full food grade status (Co and Marangoni, 2012).  Additionally, for any food systems 

where the shearing or mixing of these oleogels would be required, the use of 12-HSA as 

the organogelator would not be possible, as the long fibrillar crystals are very delicate 

and essentially shatter under these conditions.  This damage to the fibrillar network is 

non-recoverable, and results in a high percentage of oil loss.  It is therefore likely that 

while oleogels show a great deal of potential in food systems, it is probable that other 

organogelators, such as polymers, will be used in place of the fibrillar network forming 

12-HSA. 
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3.3     Ethylcellulose (Polymer) Oleogels 

For the purposes of creating a food grade oleogel, the use of a polymer such as 

ethylcellulose (EC) is highly novel, though this is rather surprising considering that its 

solubility properties were reported as early as 1937, over 75 years ago.  The work of W. 

Koch stated that “solubility in both polar and nonpolar organic solvents is best with 

ethylcellulose of substitutions between 2.4 and 2.5 ethoxy groups” (Koch, 1937).  At the 

time, this must have seemed like a trivial detail however, this means that EC can be used 

as an organogelator of food grade oils, as a common vegetable oil would classify as a 

nonpolar solvent.  It is likely that this detail was originally simply overlooked, as there 

was no need to create a substitute for trans, or saturated fats.  Not until the past decade 

has the potential of oleogels, and in particular polymer oleogels, become fully realized.  

Figure 6a shows an example of firm and stable oleogel made using only soybean oil and 

ethylcellulose, while 6b shows a laminate type pastry where an oleogel replaced 50% of 

the traditionally used fat (discussed further in the ‘Production considerations and food 

applications of ethylcellulose oleogels’ section).    
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Figure 6: a) Ethylcellulose oleogel consisting of 10% 45 cP ethylcellulose (w/w) and 90% 

soybean oil.  The oleogel remains stable and is very solid at room temperature, b) a 

laminate type pastry made with a 50% substitution of butter with an ethylcellulose 

oleogel. 

 

Ethylcellulose is a chemically modified version of the plant cell wall based polymer, 

cellulose.  Ethylcellulose differs from cellulose only by the substitution of hydroxyl 

groups for ethoxyl groups, with a maximum of three substitutions possible.  Solubility in 

water is achieved when the average substitution is between 1 and 1.5, while only in the 

narrow range of 2.4 - 2.5 substitutions, 47 – 48% ethoxy content, is solubility in oil 

possible (Zetzl and Marangoni, 2011; Zetzl et al., 2012).  Though solubility in oil was not 

a requirement of the commercial product, the 2.4 – 2.5 substitution level has been the 

standard substitution level used by industry since the 1930’s.  Compared to 

organogelators used in the past, ethylcellulose is rather inexpensive and can be produced 
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(and purchased) in large volumes.  This makes the large scale use of EC for 

organogelation both possible and feasible.   

 

Table 2: Glass transition and melting temperatures for ethylcellulose powder of different 

molecular weights, determined using a TA Instruments Q1000 differential scanning 

colorimeter with a temperature ramp of 5 oC / min.  Different letters indicate significant 

difference at a confidence level of 95% for three replicates using a Tukey post-test, while 

standard error is indicated after the ± symbol. 

Ethylcellulose Viscosity† 10 cP 45 cP 100 cP 
Ethylcellulose Molecular Weight* 24 kDa 57 kDa 74 kDa 
Tg Onset Temperature 125.0a ± 0.57 130.6ab ± 0.13 131.1b ± 2.02 
Tg Mid-Point Temperature (oC) 131.0bde ± 0.15 137.8c ± 0.33 136.1cd ± 2.79 
Tg Final Temperature (oC) 136.1ce ± 0.53 141.1cf ± 0.67 146.0f ± 0.05 
Melting Point (oC) 178.8g ± 0.35 185.8h ± 0.36 188.2h ± 0.91 
 
 
 
For solubility in oil to occur, the ethylcellulose must be heated above the glass transition 

temperature (Tg) which occurs at approximately 130 oC.  A variety of molecular weights 

are available, expressed as a cP value, with 10 – 100 cP being the range that is most 

practical for organogelation purposes.  Molecular weights can be calculated, but they are 

not provided by ethylcellulose suppliers (Zetzl et al., 2012).  Table 2 shows the melting 

point, as well as the onset, mid-point, and final temperature for the glass transition of 

three varieties of ethylcellulose, in addition to the matching cP values and calculated 

molecular weights.  Figure 7 shows a sample differential scanning thermograph of 10, 45, 

and 100 cP ethylcellulose powder, which can be used to determine the Tg and melting 

point of the polymer.  Though it is only the Tg that is needed to create a gel, the melting 

point for these varieties is useful information, because at temperatures above this point, it 
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is highly likely that the polymer will begin to break down/degrade.  By remaining within 

the functional range between the Tg and the melting temperature, the quality of the EC 

can be preserved while retaining its ability to make oleogels. 

 
 
Figure 7: Sample differential scanning calorimetry thermogram showing the glass 

transition and melting for 10, 45, and 100 cP ethylcellulose powder.  

 
 
A great deal is already known about the mechanical properties of EC oleogels.  Recent 

studies have shown that the mechanical strength of these gels is highly dependant on the 

fatty acid composition of the vegetable oils used in making the gels (Figure 8) (Zetzl et 

al., 2012; Laredo et al., 2011).  Oils such as canola, which contain a low comparative 

degree of unsaturation (approximately 60 % oleic acid, 18:1), produce soft gels, while 

flaxseed oil, which contains close to 60 % linolenic acid (18:3), produces substantially 



26 
 

harder gels (Zetzl et al., 2012; Laredo et al., 2011).  This increase in gel hardness 

corresponds to a statistically similar change in the elastic modulus of gel samples made 

with different vegetable oils.  It has been proposed that these differences are caused by a 

change in the molar density of the oils within the gels (Zetzl et al., 2012; Laredo et al., 

2011).  Essentially, oils with a higher degree of unsaturation are able to pack more tightly 

within the gel network, causing a firmer gel (Zetzl et al., 2012; Laredo et al., 2011).   

 

 

Figure 8: Texture profile analysis and back extrusion results for testing the mechanical 

properties of oleogels made with 10% ethylcellulose (w/w) in vegetable oil.  The texture 

profile analysis results show the effect of oil type on hardness, while the back extrusion 

results illustrate the differences in hardness due to ethylcellulose molecular weight. 

 

Even prior to gelation, a relationship can be seen regarding level of unsaturation and 

molar density.  At 25 oC, canola oil has a density of 0.9134 g/cm-3, soybean oil 0.9167 

g/cm-3, and flaxseed oil 0.9250 g/cm-3 (Laredo et al., 2011).  Attenuated total internal 

reflection infrared spectroscopy has been utilized to look at the differences between these 
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oils in their gelled state.  As the level of unsaturation increased, so did the intensity ratio 

between the band at 3007 cm-1 (=C-H stretching) and 2870 cm-1 (CH3 symmetric 

stretching).  This signifies an increasing difference in the level of =C-H stretching 

between the gels and the pure oils as unsaturation increases (Laredo et al., 2011).  In 

addition, Raman spectroscopy revealed a higher number of gauche conformers in the gels 

compared to the pure oils, with the fatty acid chains becoming more disordered or bent 

when they were in their gelled state (Laredo et al., 2011).  This supports the hypothesis 

that the linolenic acid molecules in flaxseed oil are more tightly packed within the gel 

network compared to the oleic acid molecules in canola oil.  It is possible that analysis of 

scanning electron and atomic force micrographs could provide additional evidence 

regarding the density of the gel network when using vegetable oils containing different 

unsaturation levels.  

 

The effect of polymer molecular weight has also been shown to have a significant impact 

on the mechanical properties of these polymer oleogels.  As previously mentioned, 

molecular weight is expressed as a cP value, with ethylcellulose of 10 cP possessing a 

lower molecular weight on average than 20, 45, or 100 cP.  Increases in molecular weight 

have been shown to produce gels that were significantly harder than low molecular 

weight varieties (Figure 8).  Compared to 10 cP, oleogels made with 45 cP are nearly 10x  

harder, while gels made using 100 cP ethylcellulose are more than 20x harder when using 

soybean oil (Zetzl et al., 2012).  As higher molecular weight varieties of ethylcellulose 

would contain longer polymer chains, it is hypothesized that these longer chains would be 

able to form a higher number of junction zones, improving network strength. 
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Polymer concentration is one additional factor that has a very significant effect on gel 

strength.  When using 45 cP ethylcellulose, critical gelator concentrations of 4% and 6% 

were determined when using soybean and canola oil respectively (Zetzl et al., 2012).  In 

addition, when the hardness values at different polymer concentrations were plotted, both 

canola oil and soybean oil followed a power-law function with a scaling factor of 

approximately 6, with an r2 value of 0.99 (Zetzl et al., 2012).   

 

3.4     Imaging the polymer network structure of ethylcellulose oleogels 

Attempting to image the polymer network structure of a polymer oleogel such as this has 

posed a great challenge.  Many organogelators display birefringence under polarized light, 

allowing networks or dispersions to be easily viewed using a polarized light microscope, 

as previously shown in Figure 5.  When EC in water or oil is viewed under polarized light 

prior to heating, some birefringence can be observed, as shown in Figure 9a.  Typically a 

glass should not show any birefringence under polarized light however, it appears that 

after the production process to the glassy state, crystallinity of some sort is still present in 

the ethylcellulose powder.  This crystallinity can also be seen when using small angle x-

ray scattering (SAXS), where 10 cP ethylcellulose powder produces a diffraction peak 

corresponding to a lattice parameter of 57.97 Å.  Though a diffraction peak is seen in the 

SAXS region, there are no identifiable peaks in the wide angle region.   
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Figure 9: a) polarized light micrograph of 10 cP ethylcellulose powder in water, b) a 

cryo-scanning electron micrograph of a canola oil organogel using 45 cP ethylcellulose, 

treated with 3.4 mL of isobutanol to remove surface oil. 

 

These results indicate that no crystalline packing of the ethylcellulose chains is occurring, 

yet it is possible that crystalline arrangements or bundles of ethylcellulose are forming, 

resulting in the diffraction peak in the small angle region.  In cellulose, individual 

cellulose chains interact via van der Waals and hydrogen bonding, forming microfibrils, 

which can be identified by a diffraction peak in the SAXS region (Müller et al., 1998).  

The exact position of the peak is highly variable, depending on the size and arrangement 

of the microfibrils, which is organism specific (Müller et al., 1998).  The mean diameter 

of microfibrils have been shown to range from 25 to 200 Å, depending on the source of 

the cellulose (Müller et al., 1998).  The 57.97 Å peak noted for ethylcellulose falls within 

this range and may indicate a similar grouping or bundling of ethylcellulose chains, 

which show birefringence under polarized light.  After oleogels are made through heating 
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of the ethylcellulose, any noted crystallinity disappears completely, as birefringence is no 

longer seen under polarized light, and no peaks are visible in the SAXS region.  This 

meant that techniques other than polarized light microscopy or powder XRD have to be 

utilized to try and view the microstructure of these polymer oleogels. 

 

Preliminary images taken using cryo-scanning electron microscopy using a freeze-

fracture technique did not reveal significant additional details in regards to the polymer 

network structure (Laredo et al., 2011).  The work of Dey et al., 2011 also shows cryo-

scanning electron micrographs of ethylcellulose oleogels (Dey et al., 2011).  These 

researchers submerged 0.2 g gel samples into 40 mL of solvent in an attempt to expose a 

polymer network structure however, yet again few clear structures were discernible (Dey 

et al., 2011).  Finally, in 2012, by using only a small amount of solvent in an attempt to 

wash away only oil at the surface of the oleogel, it was possible to uncover a view of the 

polymer network structure below, as shown in Figure 9b (Zetzl et al., 2012).  This image 

shows what is believed to be a continuous polymer network of ethylcellulose strands, 

surrounding pores which would normally be filled with vegetable oil.  Without the use of 

a solvent, the sample surface is completely smooth, as can be seen on the top and bottom 

portion of Figure 9b.  Through the analysis of cryo-scanning electron micrographs, it is 

possible that these images may reveal further details regarding ethylcellulose oleogels, 

including a possible connection between gel microstructure and mechanical properties. 

3.5     Production considerations and food applications of ethylcellulose oleogels 

The preparation method used to produce ethylcellulose oleogels has a significant effect 

on gel properties, in particular, the number of oxidation products found in the sample 
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(Gravelle et al., 2012).  An increase in the thiobarbituric acid (TBA) value can be seen 

with extended holding time above the glass transition temperature (Gravelle et al., 2012).  

This value, along with the peroxide value, can give a good indication as to the level of 

oxidation in a vegetable oil.  For canola oil oleogels, the TBA value increased from just 

over 0.08 to close to 0.13 after 90 minutes holding time above the Tg (Gravelle et al., 

2012).  The peroxide value of these gels also increased from approximately 2.5 meq/kg to 

approximately 14 meq/kg after 60 minutes (Gravelle et al., 2012).  It was suggested that a 

holding time of 20 minutes should be used, as any longer and the oil quality would no 

longer be acceptable based on the peroxide values (Gravelle et al., 2012).  In addition, an 

increase in the % total polar components was also noted as a function of holding time, 

increasing from 2.5% at 0 minutes to 4.0% and 6.5% after 60 and 120 minutes 

respectively (Gravelle et al., 2012).  The higher prevalence of these oxidation 

components caused a significant increase in the mechanical strength of the oleogels.  It is 

believed that as the polarity of the oil increases, it is able to form hydrogen bonds to the 

ethylcellulose, helping to increase the strength of the gel network (Gravelle et al., 2012). 

 

When heating a vegetable oil to temperatures in excess of 100 oC, oxidation will always 

be a factor.  As previously mentioned, to produce these gels, a temperature in excess of 

130 oC is required, above the glass transition temperature of the ethylcellulose powder.  

This causes not only oxidation of the oil, but also has the potential to degrade any 

surfactants used, in addition to degradation of the polymer itself.  It was therefore 

necessary to develop a standard procedure for the production of these gels, as described 

by Gravelle et al. in 2012, to improve reproducibility and reduce oxidation (Gravelle et 
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al., 2012).  By combining this improved production method with an antioxidant such as 

butylated hydroxytoluene (BHT), it is likely that the overall acceptance of the produced 

oleogels in regards to palatability would be greatly improved. 

 

3.6     Ethylcellulose oleogel use in food systems 

Something unique about ethylcellulose oleogels compared to most other oleogels, is that 

they have actually been used in real food systems as a replacement for more highly 

saturated animal fats.  A series of recent studies have discussed potential applications of 

these gels, including their use in cookies, comminuted meat products, creams for various 

fillings (predominately baked goods), and chocolate (Zetzl et al., 2012; Stortz et al., 2012; 

Stortz and Marangoni, 2011).  Figure 10 shows cooked ground and comminuted meat 

products which were made using 100% replacement of added animal fat with 

ethylcellulose oleogels.   

 

Figure 10: a) Breakfast sausages (a ground meat product) and b) frankfurters (a 

comminuted meat product), containing a 100% replacement of the traditionally added 

animal fat with an ethylcellulose oleogel. 
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This replacement significantly reduced the amount of saturated fat in these products.  

While non-gelled oil tends to leak out of the ground products, or make comminuted meat 

products significantly harder and chewier, gelling the oil prevents both of these problems.  

Oil is immobilized, and is not lost from breakfast sausages upon cutting, while cooked 

comminuted meat products made with gelled canola oil showed no significant differences 

in regards to chewiness and hardness, when compared to a beef fat control product (Zetzl 

et al., 2012).  This textural improvement compared to products made with un-gelled oil 

appears to be caused by an increase in the size of the fat/oil globules in the cooked meat 

batter.  As can be seen in Figure 11, the average fat globule size is greatly increased once 

the oil is in its gel form.  Though these globules are still smaller than those found in the 

beef fat products, this increase in size still has a great impact on product texture.  It is 

believed that the smaller globules in the canola oil product allow for a larger surface area 

to be coated by proteins, increasing the strength of the protein network (Zetzl et al., 2012).   
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Figure 11: Cooked comminuted meat batter micrographs with various fat sources; a) 

canola oil, b) canola oil oleogel, and c) beef fat. The white circular globules are fat 

globules (removed during the paraffin embedding process), while the dark surrounding 
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area is the protein network in which some small intact muscle fibers still exist. The scale 

bar is the same for all three images, and is 100 µm. 

 

Outside of meat systems, ethylcellulose oleogels have also very recently been used in the 

production of pastries, in particular, laminate type products, which are notorious for 

being difficult to produce with any fat other than butter.  The product shown in Figure 6b 

contains a 50% replacement of butter with an ethylcellulose oleogel, significantly 

reducing the amount of saturated fat, while still allowing the formation of lamination 

layers.  Creams for the purpose of fillings in the baking industry can also be made using 

ethylcellulose oleogels, reducing oil migration from the filling into the surrounding 

product and also improve the fatty acid profile of the cream.  Creams consisting of 60% 

gelled vegetable oil and 40% interesterified palm oil showed almost 0% oil leakage after 

12 days while creams made with ungelled oil showed close to 25% oil leakage (wt%/g 

sample) after 12 days (Stortz et al., 2012).     

 

Though the primary focus of these replacement experiments was to reduce the amount of 

saturated fat while retaining functionality, it may be very possible to use ethylcellulose 

oleogels as a method to reduce trans fat in similar products.  The baking industry in 

particular still has many items, including donuts, muffins, and cookies, which are high in 

saturated fat, and still contain trans fat.  If these gels are able to replace saturated fat in 

such a wide variety of products, while at the same time retaining product texture and 

palatability, it is possible they can be used in similar products to finally eliminate any 

trans fat which they still contain. 



36 
 

 

In North America ethylcellulose is currently approved for indirect food uses, such as use 

in inks to mark fruits and vegetables, and as a component of paper and paperboard that is 

in contact with fatty or water-based foods (Zetzl and Marangoni, 2011).  In Europe, 

ethylcellulose has already been approved for food uses since late 2006 (Zetzl and 

Marangoni, 2011).  Internationally, the Food and Agriculture Organization of the United 

Nations in collaboration with the World Health Organization has listed ethylcellulose as a 

food additive that may be used in a variety of foods under the conditions of good 

manufacturing practices as outlined in the Preamble of the Codex GSFA (FAO and WHO, 

2012).  Just some of the foods listed include processed comminuted meat, poultry and 

game products, fat spreads, fat emulsions, cheeses, bakery wares, and confectionery 

products (FAO and WHO, 2012).  Though EC may not yet have full food grade status 

worldwide, it is highly likely that such a development will occur in the near future.  

 

3.7     Using oleogels for nutraceutical delivery or encapsulation  

There have been recent discussions into how to make an oleogel, usually consisting of at 

least 90% vegetable oil, even healthier.  One of the easiest ways to do so would be to use 

the oleogel to encapsulate or deliver nutraceuticals.  Nutraceuticals, can be defined as “a 

food (or part of a food) that provides medical or health benefits, including the prevention 

and/or treatment of a disease” (Brower, 1998).  This could include something as common 

as fruits and vegetables, or an isolated compound such as lycopene, which has been 

shown to improve human health in some way.  For incorporation into an oleogel, it would 

be most advantageous to use a fairly purified compound, as it would not be hindered or 
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restricted by the food matrix where it was originally contained.  Compounds such as the 

omega-3 fatty acids, the carotenoids β-carotene and lycopene, phytosterols, coenzyme Q, 

and vitamin E have all been identified as potential compounds of interest for 

incorporation into oleogel systems (Zetzl and Marangoni, 2012).  These compounds are 

discussed in detail elsewhere; however, some of their benefits include decreased platelet 

aggregation, blood viscosity, and fibrinogen, antioxidant properties, as well as lower 

incidences of chronic disease, including cardiovascular disease and certain cancers, in 

particular, prostate, breast, and lung cancer (Zetzl and Marangoni, 2012).  Clearly, the 

addition of any one of these compounds to an oleogel would have a significant impact on 

its healthiness.  The availability / presence of dietary fat also has a significant impact on 

the absorption of most of the aforementioned molecules, as they are all at least partly fat 

soluble.   

 

The difficulty in incorporating any one of these nutraceutical compounds lies in trying to 

minimize their degradation.  Many of these compounds contain a large number of 

unsaturations, and would degrade very quickly if exposed to the high heat required to 

create an ethylcellulose oleogel for example.  By adding these compounds during the 

cooling process, just before gelation occurs, this could maximize the quality and 

effectiveness of any added nutraceuticals.  

 

3.8     Phytosterol-oryzanol mixtures for oraganogelation purposes 

Phytosterols are compounds of particular interest, as they not only possess cholesterol-

reducing properties, but also certain varieties can be used as organogelators (Bot and 
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Flöter, 2011).  Mixtures of β-sitosterol and γ-oryzanol in vegetable oil can be used to 

form optically transparent (when a 1:1 molar ratio of structurant is utilized) or hazy/semi-

opaque gels at incorporation levels as low as 2-4% total sterols at 5oC (Bot et al., 2009; 

Bot and Flöter, 2011).  It is proposed that these components are able to structure the 

vegetable oil by forming tubules, with a diameter of approximately 7.2 nm and a wall 

thickness of 0.8 nm (Bot and Flöter, 2011).  These tubules are able to aggregate and 

interact, effectively forming a network and entrapping the liquid oil (Co and Marangoni, 

2012).  The small size of these tubules, smaller than the wavelength of visible light, gives 

an explanation as to why they are able to form optically transparent gels (Bot and Flöter, 

2011).  Though these phytosterol-oryzanol mixtures are very effective at gelling oil when 

used together, this gelation does not take place when one of the components is excluded.  

Instead, sterol or sterol ester crystals are formed, and simply sediment to the bottom of 

the container without gelling or structuring the liquid oil (Co and Marangoni, 2012).   

 

The β-sitosterol and γ-oryzanol mixture in vegetable oil is one of the first oleogel systems 

which consists entirely of food grade or near-food grade materials (Bot and Flöter, 2011).  

This is a major step forward in the field of organogelation, as most organogelators to date 

have not been even given GRAS (generally recognized as safe) status or letters of no 

objection from governing bodies (Co and Marangoni, 2012).  An extensive summary of 

the β-sitosterol and γ-oryzanol system was completed by Bot and Flöter in 2011, 

providing a concise review of the work completed on these components as organogelators 

thus far (Bot and Flöter, 2011).      
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Though the prospect of phytosterol based oleogels appears very promising, they 

unfortunately suffer from one significant limitation in regards to food applications.  

When in the presence of water, the organogelation components face a significantly 

reduced ability to structure oil (Bot and Flöter, 2011).  In a system such as a baked good 

or meat emulsion, compatibility with water is a critical property.  As the gelling 

capabilities of β-sitosterol and γ-oryzanol are so greatly affected by water, is has been 

suggested that they will most likely only be effective gelators in more pure systems, 

rather than in complex food systems (Bot and Flöter, 2011).  In addition, the high cost of 

sterols and sterolesters further renders these organogelators applicable for only more 

specific applications, where a greater cost can be justified.  Therefore, even with the 

promising health benefits of such a nutraceutical organogelator, it is unlikely that we will 

be seeing a phytosterol-based oleogel on supermarket shelves in the near future. 

 

Even though clearly many technical challenges still exist, there has been great 

advancement in recent replacements for trans fatty acids, in particular, the development 

of structured emulsions using monoglycerides and edible oleogels.  The promise of 

incorporating additional nutraceuticals into these substitutes further increases their value, 

as they would become essentially free of unhealthy fatty acids, and would contain highly 

beneficial nutraceuticals.  Due to these factors, both structured emulsions and certain 

edible oleogels could be considered ‘solutions’ to the trans fat problem.   
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4     Conclusion 
 
Though many promising solutions to trans fatty acids have been proposed and are 

currently in use, development is still required to ensure that we are not just simply 

substituting trans fats with something that is equally, or similarly harmful.  We should 

attempt to develop solutions that not only provide all the requirements of a viable 

substitute, but also ideally contain components or ingredients that actually improve our 

cardiovascular health, such as phytosterols or polyunsaturated fatty acids.  With the 

development of many functional and comparatively healthy replacements over the past 

five years such as oleogels and structured emulsions using monoglycerides, it is possible 

that we may be able to overcome the trans fat problem in the near future.   
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Abstract 
 
Ethylcellulose has been recently shown to be an excellent organogelator for vegetable 

oils. The resulting gels maintain the fatty acid profile of the vegetable oil used, but posses 

a solid-like structure that can be useful for the replacement of saturated fats in food 

products.  Texture profile analysis was performed on 10% ethylcellulose oleogels with 90% 

canola, soybean, or flaxseed oil, to determine the effect of oil type on gel hardness.  The 

effect of polymer molecular weight was also studied using a back extrusion technique for 

canola, soybean, and a 50/50 w/w oil blend.  This technique was also used to asses gel 

strength of soybean and canola oil organogels with reduced polymer concentrations from 

4–10%.  Scanning electron microscopy was also used to provide a greater understanding 

of the gel’s microstructure.  In addition, comminuted meat products were made using 

canola oil oleogels to assess the possibility for replacement of the more highly saturated 

animal fat in such products.  When an oleogel was used instead of an ungelled oil, cooked 

product texture was more similar to the control products made with animal fat, partially 

due to an increase in fat globule size.  These results could potentially aid in the 
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design/manufacture of ethylcellulose oleogels with specific textural properties to replace 

saturated fat in a variety of food products. 

 

1 Introduction 
 

According to the World Health Organization, cardiovascular disease is still the number 

one leading cause of death worldwide.1  Much evidence exists in literature stating that 

saturated fat consumption may increase the risk of cardiovascular disease, while the 

consumption of monounsaturated and polyunsaturated fats decrease these risks.2  The 

latest nutritional guidelines by Canadian and U.S. government agencies have therefore 

recommended a decrease in dietary saturated fat with replacement from unsaturated 

sources.3,4  Specifically, the United States Department of Agriculture, the organization 

responsible for the nutritional guide and food pyramid in the United States, has 

recommended that solid fats should account for no more than 10% of the total daily 

calorie intake.3  The agency also recommended the reduction of trans fatty acids to as 

low as possible, as they have also been shown to have numerous deleterious effects on 

human health.2-4  Canada was the first country to require mandatory labeling of trans fats 

on food products, and continues to push for their elimination from our diets.4 

 
In an attempt to reduce the consumption of both saturated and trans fat, there have been 

great advances in recent years in regards to the nanostructuring of liquid oils into 

functional fats.5  This has presented a monumental challenge, as it is the saturated 

triacylglycerols that provide the solid structure and texture of fats.  Ice cream, cheese, 

meat products, salad dressings, as well as many other food products require saturated fat 

to provide structure and a creamy mouthfeel.6  Hardstock fat replacement with 
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unsaturated oils reduces, or in many cases eliminates, solid textural properties; therefore, 

novel structuring methods must be utilized to impart solid-like qualities to vegetable oils, 

thus improving functionality and health characteristics.   

 
Examples of the replacement of saturated fat with vegetable oils has been seen in the 

meat industry.  In a study by Youssef and Barbut (2009), beef fat was fully replaced with 

canola oil in comminuted meat products.7  Though the addition of the canola oil caused a 

significant reduction in the amount of saturated fat and cholesterol, the resulting 

comminuted meat products made with the oil were nearly 3x chewier compared to the 

control products made with beef fat at a protein content of 12%.7 It is probable that these 

products would most likely receive reduced consumer acceptance, due to their rubbery 

texture. 

 

Rather than substituting solid fats with liquid oils, it has generally been accepted by the 

food industry that modification or structuring of the oils is necessary to create a plastic fat 

which retains solid-like properties yet posseses a healthier fatty acid profile.  These 

structuring methods include the creation of structured emulsions, interesterification, and 

organogelation.5  Organogelation, where a compound is used to gel an organic liquid, is 

the most novel method and has been actively studied in the past decade.8-10  A variety of 

network forming structurants (organogelators) have been identified and include the 

following: Triacylglycerols (TAGs), Diacylglycerols (DAGs), Monoacylglycerols 

(MAGs), fatty acids, fatty alcohols, waxes, wax esters, sorbitan mono-stearate; as well as 

the following mixtures: fatty acids and fatty alcohols, lecithin and sorbitan tri-stearate, 

and phytosterols and oryzanol.8  More specifically, the following organogelators or 
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mixtures thereof are well-known for their ability to structure edible oils: 12-

hydroxystearic acid11-16, ricinelaidic acid17,18, candelilla wax19, mixtures of β-sitosterol 

and γ-oryzanol20, mixtures of stearic acid and stearyl alcohol21,22, mixtures of lecithin and 

sorbitan tri-stearate23, and more recently mixed ceramides and ethylcellulose5, 24.   

 

Of all the different potential organogelators, the use of polymers such as ethylcellulose to 

gel oil appears to be the most novel, the least studied, and holds the greatest potential for 

food applications.  Various polymers have been given GRAS status (generally recognized 

as safe) and are inexpensive compared to the more heavily studied low molecular weight 

organogelators.  The polymer ethylcellulose is derived from cellulose, a structural 

polysaccharide in plant cell walls, and the most abundant polymer on earth.25  

Ethylcellulose differs from cellulose only by the substitution of one or more of 

cellulose’s three hydroxyl groups.  The solubility of ethylcellulose in various solvents is 

highly dependent on the number of ethoxy-hydroxyl substitutions; with solubility in 

organic solvents only occurring where there are between 2.4 and 2.5 substitutions per 

glucose molecule.5,25,26  When added to liquid oils and heated above its glass transition 

temperature, which occurs at approximately 130 oC, ethylcellulose is able to effectively 

structure oil into optically transparent, thermoreversible gels at concentrations < 8%.    

 

The work of Laredo et al. (2011) represents the first work to try and understand the 

interactions that govern the formation of these types of gels.25  They reported that the gel 

network was stabilized by hydrogen bonding among the ethoxy and hydroxyl groups on 

the ethylcellulose stands.  Most of their work focused on a limited number of different gel 



50 
 

types, including the polymer concentrations 2, 10, and 33%.  For food applications levels 

around 10% are the most relevant as 2% is not high enough to form a gel network, while 

a level of 33% added ethylcellulose creates a rock-hard solid.  Many questions still 

remain, including the effect of different polymer types and concentrations on mechanical 

properties, the level of polymer needed to effectively form a gel, and the behaviour of 

polymer oleogels in food systems.  This last point is very important, as no paper currently 

discusses the use of any type of oleogel in a food system.  The objectives of this study 

were to examine other factors that affect the mechanical properties of the polymer 

organogels, and also show how these gels can be effectively incorporated in a 

comminuted meat product.  This should open the possibility for organogel substitution of 

saturated fat sources in a variety of food products. 

 

2  Materials and Methods 
 
2.1 Materials  
 
Three vegetable oils, 100% pure soya oil (President’s Choice®, Loblaws Inc., Toronto, 

Ontario, Canada), certified organic flax oil (Omega Nutrition Canada Inc. ®, Vancouver, 

British Columbia, Canada), and 100% pure canola oil (No Name®, Loblaws Inc., Toronto, 

Ontario, Canada) were obtained from the local supermarket and were then stored at -20 

oC.  One week prior to experimental use, the oils were thawed at 3 oC.  Three different 

varieties of ethylcellulose, 10, 45, and 100 cP (ETHOCEL Std. 10 Premium, ETHOCEL 

Std. 45 Premium, ETHOCEL Std. 100 Premium) were obtained from Dow Wolff 

Cellulosics through a local supplier (Univar Canada Ltd., Weston, Ontario, Canada). 
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Commercially ethylcellulose is available as a variety of molecular weights, including 10, 

45, and 100 cP.  The molecular weights are expressed as a centipoise viscosity value, as 

determined by making a 5% solution of ethylcellulose in a solvent (80% toluene and 20% 

ethanol), and measuring at 25 oC in a rotational viscometer.27   

   

Lean beef meat (20.68% protein, 71.82% moisture, and 7.50% fat)28 and beef fat (77.38% 

fat, 19.67% moisture, and 2.95% protein)28 were obtained from the University of Guelph 

abattoir. All visible connective tissue was removed from the meat. The meat and fat were 

separately chopped in a bowl chopper (Schneidmeister SMK 40, Berlin, Germany) at the 

low speed setting for 1 min to obtain a homogenous mass, and then frozen (−20 °C) in a 

polyethylene bags (1200 g/package) until used. 

 

2.2  Methods 

2.2.1  Fatty Acid Composition 

The fatty acid profiles of the various oils were determined using fatty acid methyl ester 

(FAME) gas liquid chromatography methods as described by Bannon et al.29, and a 

Shimadzu 8A gas chromatograph equipped with a glass column (1.5 m x 5 mm x 3 mm) 

packed with 10% Silar 9CP on 80/100 Chromasorb WHP.29 

2.2.2  Gel Preparation  

Samples were made in 600 mL Pyrex beakers in 275 g batches, consisting of 90% oil and 

10% ethylcellulose by weight.  After weighing, the beakers were placed on a hotplate 

where the mixtures were stirred continually at 300 rpm using a 65 mm long stir bar.  

Samples were heated to their required temperatures within 30 minutes.  Each 
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ethylcellulose viscosity required a different final temperature to ensure that the glass 

transition temperature had been reached.  Samples with 10 cp were heated to 145 oC, 

samples containing 45 cP were heated to 165 oC, and samples with 100 cP ethylcellulose 

were heated to 180 oC.  Faster heating rates were required to reach the higher 

temperatures within the 30 minute time period. 

 

Once the required temperatures were reached, the beakers were transferred to a cool hot 

plate where they continued to be stirred at 100 rpm until a temperature of 130 oC was 

reached.  At this point the stir bar was removed followed by gentle manual stirring using 

a glass stir rod to remove any air bubbles as much as possible.  After cooling to 120 oC 

each sample was poured into 5 glass tubes (140 mm long, 19 mm inner diameter) which 

were closed on the bottom end using a rubber stopper.  The tubes were cooled at 22 oC 

for 20 min before refrigerating at 3 oC.  After 24 h the samples were prepared for testing.  

All samples were tested in duplicates. 

2.2.3  Texture Profile Analysis (TPA) 

Sample preparation took place in the walk-in refrigerator and involved removing the gels 

from the glass tubes before they could be reduced to the required dimensions.  This was 

accomplished by gently pushing the gels out of the tubes using a custom sized rubber 

stopper that had almost the exact same diameter as the inside of the tube.  Once removed, 

the gel (~100 mm long) was placed into a metal cutting block where it was cut using a 

blade into its final sample size (15 mm x 15 mm x 10 mm).  It was common that the ends 

of the gel where damaged due to contraction from the cooling process (on the top), or the 

extraction process from the tubes (on the bottom).  These pieces were discarded.  
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Samples were placed on wax paper (to prevent oil migration) and transferred to a small 

refrigerator at 3 oC prior to testing.  Individual samples were then removed from the 

refrigerator and were tested immediately.     

 

Samples were compressed (50 %) in between two parallel plates using a Model TA.XT2 

texture analyzer (Stable Micro Systems, Texture Technologies Corp., Scarsdale, NY, 

USA) with a 30 Kg load cell and a crosshead speed of 1.5 mm/s.   

 

2.2.4  Back extrusion 

For this test, gels were made in 275 g batches using the procedure in 2.2.2.  When cooled 

to 120 oC, 30 mL of gel was poured into each of the five 50 mL polypropylene centrifuge 

tubes used (Fischer Scientific, Pittsburgh, PA, USA) instead of the glass tubes.  These 

tubes were cooled for 20 min at room temperature, which was enough time for the gels to 

pass below their gelation temperature, and were then refrigerated at 3 oC.  The samples 

were tested using the Model TA.XT2 texture analyzer with an attached back extrusion 

probe. 

 
 
The back extruder penetrated 30 mm into the sample at a speed of 1.5 mm/s.  Parameters 

were collected as: force at 1 mm penetration, gradient between 0.5 and 1 mm penetration, 

average force between 10 and 25 mm penetration, total work energy required to penetrate 

30 mm, and the force at maximum penetration.  Five tubes per treatment were measured 

in two separate replicates. 
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2.2.5  Cryo-Scanning Electron Microscopy 

Soybean oil oleogels containing 10% ethylcellulose (ETHOCEL Std. 45 Premium) were 

prepared following the procedure in section 2.2.2.  Molten samples were poured onto 

premium glass microscope slides (Fischer Scientific) to an average height of 1-2 mm and 

were cooled at room temperature for 20 min before moving into a walk-in refrigerator.  

After 24 h, 2 mL of spectrophotometric grade isobutanol (ACROS Organics, NJ, USA) 

was dropped over the sample using a disposable polyethylene transfer pipet (Fischer 

Scientific).  Samples of approximately 3 x 6 mm were prepared using a blade without 

damaging the sample surface. These were then glued to the surface of a copper holder 

designed for the Emitech K1250X Cryo-preparation unit (Ashford, Kent, UK) using 

Tissue-Tek O.C.T. Compound (Canemco Supplies, St. Laurent, Quebec, Canada).  The 

copper holder was plunged into a liquid nitrogen-slush bath at -210 oC to freeze the 

sample; followed by transfer to the cryogenic preparation system under vacuum.  Surface 

ice was removed by sublimation for 30 minutes at -80 oC.  Samples were then sputter 

coated with 30 nm of gold to make them conductive to electrons, followed by transferring 

to the cold SEM chamber (Hitachi S-570, Tokyo, Japan) under vacuum, where they were 

viewed at an accelerating voltage of 10 kV and a temperature no higher than -120 oC.  

Images were captured digitally using Quartz PCI imaging software version 8 (Quartz 

Imaging Corp., Vancouver, BC). 

    

2.2.6  Meat Batter Preparation 

All meat batters were formulated to contain 12% protein and 25% fat.  The lean meat 

contained 7.5% fat while the remainder of the 25% was provided by either beef fat, 
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canola oil, or a 10% ethylcellulose (cP 10) / 90% canola oil organogel.  The meat, and fat 

source were thawed and kept at 5 oC overnight before use.  Each of the three treatments 

was performed in triplicates. 

 

A general procedure use in our lab to prepare meat batters was employed.7  Briefly, lean 

meat was chopped using a small bowl chopper (Schneidmeister SMK 40) at the low 

speed setting for 30 s, followed by the addition of 2% salt and 0.25% sodium 

tripolyphosphate and 30 s of chopping at high speed.  This was followed by a 1.5 min 

break (to allow for protein extraction).  Next the fat source was added and chopped at the 

high speed setting for 1 min, followed by the addition of ice and an additional 4 min of 

chopping at the high-speed setting. Final batter temperatures for all treatments did not 

exceed 12 oC.  Each batter was vacuum-packed (Multivac Model A300/16, Sepp 

Haggenmüller KG, Wolfertschwenden, Germany) to remove trapped air, and then three 

35 g samples were stuffed into 50 mL polypropylene tubes (Fischer Scientific) which 

were centrifuged (Model 225, Fischer Scientific) at the low speed setting for 40 s to 

remove any remaining small air bubbles.  This was followed by cooking in a water-bath 

(Haake W-26, Haake, Berlin, Germany) from 25 to 72 oC within 1.5 h. A thermocouple 

unit (Fluke Co. Inc., Model # 52 K/J, Everett, WA) was used to monitor the core 

temperature of the samples.  

 

2.2.7  Meat Batter Texture Profile Analysis 

After an overnight storage at 5 oC, TPA parameters were determined using six cooked 

cores (each 16 mm diameter, 10 mm high) per treatment.  Including the three replicates, 
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18 sample cores were measured for each treatment.  Cores were compressed twice to 75% 

of their original height by the Model TA.XT2 texture analyzer attached with 

a 30 kg load cell at a crosshead speed of 1.5 mm/s. The following parameters were 

determined: hardness, springiness, cohesiveness, and chewiness.30 

 

2.2.8  Light Microscopy - Meat Batter  

Samples (approximately 2.0 x 2.0 x 0.5 cm) were cut from the centers of cooked meat 

batters, which were then treated and fixed following the procedure outlined by Youssef 

and Barbut.7  Specimens were observed using a light microscope (Model BX60, Olympus 

Optical Co, Ltd., Tokyo, Japan). Black and white pictures were captured by a 

computerized image analysis system (Image-Pro Plus, Version 5.1, Media Cybernetics 

Inc., Silver Spring, MD, USA) and saved as TIF files.  Brightness and contrast levels 

were adjusted manually in an attempt to improve the differentiation between the fat 

globules and the surrounding meat protein network.  Two hundred fat globules for each 

treatment were also counted manually in an attempt to quantify the fat globule size 

frequency distributions.  Graphpad Prism 5.0 (GraphPad, San Diego, CA, USA) was used 

to create the frequency distribution figures, while median values were attained from 

Prism’s summary statistics function.   

 

2.2.9  Statistical Analysis 

Statistical analysis was completed using Graphpad Prism 5.0 (GraphPad, San Diego, CA, 

USA).  A one-way ANOVA test was performed with a Tukey post-test using a 95% 

confidence level.  Data was also graphed using Graphpad with error bars indicating 
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standard error from the mean, and letters above each bar indicating significance to other 

treatments. 

  

3  Results and Discussion 

3.1  Fatty acid composition of the vegetable oils utilized 
 
The fatty acid composition of the oils used is presented in Table 1.  Canola oil has 

previously been shown to possess the lowest levels of saturated fat compared to all other 

conventionally used vegetable oils.31  Relative to soybean oil and flaxseed oil our gas 

chromatograph results confirm this to be the case.  While flaxseed oil contains the highest 

amount of saturated fatty acids, at 14.4%, it is also very rich in linolenic acid (18:3), over 

55%, and contains lower amounts of oleic (18:1) and linoleic (18:2) fatty acids compared 

to canola and soybean oil.  Soybean oil contains a fatty acid profile that is different from 

both canola and flaxseed oil, with a fairly high proportion of 18:2, which is more liable to 

oxidation than 18:1, but much more stable than 18:3.  Overall these three oils represent 

quite a range in composition, with each oil consisting of over 50% of a specific 

unsaturated fatty acid.     

 
 
Table 1: Fatty acid compositional profiles of sample oils 
 
Oil Type Saturated Monounsaturated Polyunsaturated 18:1 18:2 18:3 
Canola 5.7 62.5 31.8 62.5 19.8 12.0 

Soybean 14.4 21.6 64.0 21.6 53.4 10.6 
Flaxseed 8.1 19.7 72.2 19.7 16.1 56.1 
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3.2 Effect of fatty acid composition on oleogel mechanical properties 
 

Texture profile analysis has been used for many years to attain textural parameters of 

food products without the use of human subjects.  A wide variety of textural parameters 

including hardness, chewiness, cohesiveness, and springiness can be attained with results 

that are fairly accurate compared to those produced by test subjects.30  Texture profile 

analysis consists of a two part compression to a given compression distance or percentage.  

From the first compression it is also possible to attain the yield force, the point at which 

the sample begins to deform.  By dividing the yield force over the sample area, a stress 

value (σ) can be obtained.  The elastic modulus (E) can then be obtained by dividing the 

stress by the strain, which is defined as the change in sample height divided by the initial 

sample height.  Fig. 1shows a typical texture profile analysis deformation profile of an 

ethylcellulose gel, from which the stress, shear, and the elastic modulus can be attained.   

 

 
Figure 1: Typical texture profile analysis deformation profile for an ethylcellulose 

organogel sample 

 
 
When testing the mechanical properties of the gels, hardness values of 1.5, 2.1, and 6.1 N 

were measured for canola, soybean, and flaxseed oil gels respectively (Fig. 2).  The work 
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of Laredo et al. (2011) also showed the effect of fatty acid composition on the mechanical 

strength of ethylcellulose organogels using texture profile analysis.25  Our hardness 

values are in agreement with Laredo et al., with canola oil producing the softest samples, 

flaxseed oil producing the hardest gel samples, and soybean oil producing samples with 

an intermediate hardness.  Some differences are present however, as the hardness values 

reported by Laredo et al. are several orders of magnitude higher, ranging from over 400 

N for a canola oil gel, to close to 2500 N for a flaxseed oil gel.  These differences may be 

attributed to Laredo et al.’s larger sample size and different polymer molecular weight 

used to make the samples.  The samples were also compressed until failure, instead of to 

50%.  These factors combined would account for the big differences in force, yet produce 

similar relative differences between the samples.    

 
 Figure 2: First compression hardness and elastic modulus from texture profile analysis 

of 10% ethylcellulose organogels made with different vegetable oils. Error bars represent 

standard error from the mean while significance is indicated by the letters above the 

error bars. 

 
When looking at the elastic modulus values (Fig. 2) it can be seen that there is a smaller 

difference between the samples once stress and strain are considered however; there are 
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still the same significant differences between the samples.  One notable difference is that 

the flaxseed oil gels show an elastic modulus that is only double that of the other two oils, 

whereas there was approximately a threefold increase when hardness alone was 

considered.  The elastic modulus is more representative of the sample than hardness alone, 

as it incorporates several other factors including the sample size and % sample 

deformation.   

 

Laredo et al. attributed the differences in hardness to the different unsaturation levels in 

the three oils.  As seen in Table 1, the levels of 18:1 and 18:2 in canola oil and soybean 

oil differ quite substantially, yet their levels of 18:3 are quite similar.  Though there is a 

significant difference in hardness between the canola and soybean oil organogels, this 

difference is small relative to the substantially harder gels made using flaxseed oil.  

Compared to the other two oils, flaxseed oil contains a significantly larger amount of 

linolenic fatty acid (18:3), and it is believed that this is the main factor that contributes 

most greatly to increased gel strength.  The work of Laredo et al. proposed that the 

configuration of the 18:3 chains allows for the linolenic fatty acids to pack more tightly 

into the ethylcellulose network, effectively increasing the oil density, and contributing 

significantly to gel strength.25  Linoleic acid (18:2) is able to pack more tightly than oleic 

acid (18:1), but significantly less than linolenic acid (18:3).  These three oils provide an 

excellent example of the effect of the individual fatty acids on oleogel hardness.  Though 

18:2 may pack slightly more densely than 18:1 in the polymer network, it is not until 

there are three unsaturations that the packing increases greatly, substantially increasing 

the elastic modulus, as seen in Fig. 2.   
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Though flaxseed oil was used to demonstrate the impressive effect of linolenic acid on 

the increased mechanical strength of an ethylcellulose organogel, its use as an oleogel oil 

for food uses is fairly impractical.  Due specifically to the high levels of linolenic acid, 

flaxseed oil oxidizes very quickly compared to other vegetable oils; for this reason it is 

sold in opaque containers and is recommended to be kept at refrigeration temperatures at 

all times to preserve freshness.  Even the freshest flaxseed oil also possesses a mild 

grassy, hay-like smell which also would not be ideal for incorporation into many food 

products.  In addition, the cost of flaxseed oil is also several times more expensive 

compared to canola or soybean oil.  This is why flaxseed oil is omitted from all additional 

experiments in this paper, with a greater focus being on canola and soybean oil, two of 

the most heavily consumed vegetable oils worldwide. 

 

3.3 Effect of polymer molecular weight on oleogel mechanical properties 
 

When the 45 and 100 cP polymers were used to make the organogels, their increased gel 

strength made it impossible to remove the gels from the glass tubing without causing 

substantial sample deformation.  Instead, the back extrusion technique was utilized so 

that gels of high mechanical strength could be tested in the same container which they 

were gelled in.  Back extrusion is a technique whereby a cylindrical probe/rod is used to 

test the mechanical properties of a sample in a cylindrical shaped holder; the parameters 

of our system are shown in Fig. 3.   
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Figure 3: Back extrusion system parameters 
 
 
 

As explained by Steffe and Osorio, 1987, the “downward movement of the probe 

displaces material, causing it to be extruded in the direction opposite to that of the rod, 

i.e., backward; hence the name back extrusion.”32  While texture profile analysis requires 

samples to be relatively solid, the back extrusion technique can be used to test samples 

from very soft and liquid-like, to very hard and brittle, depending on the particular load 

cell used.  A sample back extrusion deformation profile is shown in Fig. 4. 
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 Figure 4: Typical back extrusion deformation profile for a canola oil organogel made 

with 10% ethylcellulose (10 cP).  

 
Force at maximum penetration was chosen to be the most suitable method for measuring 

gel hardness with the back extrusion technique.  Essentially at 30 mm the probe is 

experiencing a steady state plateau force which would be the same no matter how much 

further the probe had available to penetrate.  This is effectively shown in Fig. 4.  The 

effect of polymer molecular weight was studied using the 10, 45, and 100 cP 

ethylcellulose, the results of which are shown in Table 2 and Fig. 5,6.  Instead of using 

flaxseed oil as a third oil, a 50/50 w/w % blend of canola and soybean oil was tested for 

each polymer molecular weight.  Ideally an equal mixture of two oils would create a gel 

with an intermediate gel strength between the oils it consisted of.  Even though the force 

at maximum penetration measurement appears to be the most suitable and representative 

parameter collected, the work and mean force results in Table 2 display similar 

significant differences between samples.  While the differences in work represent the 

total area measured under the curve, the mean values represent only the intermediate 

penetration distances.  This shows that the differences between samples remain fairly 

constant throughout the 30 mm penetration.   
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Figure 5: Back extrusion force at maximum penetration distance (30 mm) for organogel 

samples of varying oil (C – canola oil; B – 50/50 canola-soybean blend; S – soybean oil) 

and polymer types (10, 45, and 100 cP ethylcellulose as indicated).  Error bars represent 

standard error from the mean while significance is indicated by the letters above the 

error bars.   

  
Figure 5 shows a clear trend in regards to the polymer molecular weight on gel strength.  

Canola oil, soybean oil, and the 50/50 blends showed a significant increase in hardness as 

the polymer molecular weight increased.  When looking at the difference between the 10 

cP gels and the 45 cP gels, canola oil displayed the smallest increase in force, yet this was 

still significant, and actually showed an increase from 8 to 33 N, more than a fourfold 

change in hardness.  Both the soybean oil and blended oil gels showed very similar 

results to one another, with an increased gel hardness of over ten times that of the 10 cP 

gels.  When comparing the 10 cP gels to the 100 cP gels, the gel strength is yet again 

substantially increased, with all oil types increasing by approximately 2000 %.  From 

these results it can clearly be shown that the increased gel hardness, due to increased 

polymer molecular weight, is not linear, and follows some other exponential or power 
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law function.  This behaviour appears to be different depending on the oil used to make 

the gels.   

 

A higher molecular weight polymer strand is longer and thus has the ability to form a 

greater number of junction zones with other polymer strands.  Not only would a greater 

amount of bonding occur among the polymer network, but there would also be a greater 

potential for polymer-solvent interactions.  Eventually a plateau force would be reached, 

once no additional bonding would take place.  However, this would occur at polymer 

concentrations far greater than 10%. 

   
 
Table 2: Measured back extrusion parameters for ethylcellulose organogels using three  
 
oil types and three polymer molecular weights 

 
Oil Type Ethylcellulose 

cP 
Total Work 

(N•mm) 
Mean Force from  
10 to 25 mm (N) 

Gradient between 0.5 
and 1 mm (N/mm) 

Canola 10 219.2a 7.8a 1.4a 

50/50 Blend 10 230.2a 8.0a 1.6a 

Soybean 10 242.3a 8.9a 1.7a 

Canola 45 657.7b 25.9b 1.7a 

50/50 Blend 45 1976.1c 79.3c 2.0a 

Soybean 45 2004.8c 80.6c 2.4a 

Canola 100 3300.0d 123.4d 6.6b 

50/50 Blend 100 4176.9e 151.9e 7.1bc 

Soybean 100 4568.2f 177.9f 9.3c 

 
 

Though there are very clear differences between the different samples when considering 

the overall data, such as the work and mean force, this is not the case when looking at the 

first moments of penetration.  As is shown in Fig. 6, the penetration force at 1 mm shows 

different results from those in Fig. 5.  Here it can be seen that there are no significant 
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differences between any of the oil types for both 10 cP and 45 cP at the first mm of 

penetration.  When the gels made with 100 cP were tested, they showed a significant 

increase in hardness for all three oil types tested.  It appears that while the gels made with  

10 cP and 45 cP flow almost immediately around the probe head, there is an initial barrier 

force that is experienced before the probe will move into the 100 cP gels.  The cP 100 

gels had a tough surface film that needed to be pierced before the probe could move into 

the sample.  The initial back extrusion slopes, measured between 0.5 and 1 mm 

penetration, are shown in Table 2 and are very similar to the results in Fig. 6.   

 
Figure 6:Back extrusion results at a penetration depth of 1 mm for organogel samples of 

varying oil (C – canola oil; B – 50/50 blend canola-soybean; S – soybean oil) and 

polymer types (10, 45, and 100 cP ethylcellulose as indicated).  Error bars represent 

standard error from the mean while significance is indicated by the letters above the 

error bars.   

 
 
In regards to the blended oil organogels, there are some examples where they produced 

the expected results of intermediate properties compared to the two control oils, canola 

and soybean.  This can be seen for all of the 100 cP values shown in Table 2.  However, 

most of the other measured values do not follow this trend.  The results in Figure 5 are a 
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good example of this.  When using the 10 cP ethylcellulose there is no significant 

hardness difference between any of the gels.  Using 45 cP however, the blended oil gel 

was significantly harder than the canola oil gel; while when using 100 cP, it is now not 

significantly different from the canola gel, and is significantly softer than the soybean gel. 

 

Essentially, there doesn’t appear to be any discernable clear trend, and the blended oil can 

display a hardness that is similar to either oil, or both oils, depending on which polymer 

is used.  If blended oils were to be used to make organogels in the future, much more 

work would be required in an attempt to identify the trends present.  

 

3.4 Effect of polymer concentration on oleogel mechanical properties 
 

Once a more thorough understanding of mechanical properties due to oil type and 

polymer molecular weight was achieved, the effect of reduced polymer concentrations on 

gel strength was determined using the back extrusion technique.  Here the usefulness of 

back extrusion can be appreciated, as the gels made with very low concentrations of 

polymer would be too soft to form stable self-standing samples for texture profile 

analysis use.  ETHOCEL std. 45 premium was used in combination with canola and 

soybean oil.  This polymer forms gels of intermediate hardness at the 10% level.  The 

gels made with the 10 cP ethylcellulose were already fairly close to the lower detection 

limits of our system, while the additional time and temperature required to fully plasticize 

the 100 cP polymers make its use fairly inefficient and impractical.   
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Soybean oil gels could be made using as little as 4% ethylcellulose, whereas canola oil 

gels required at least 6% ethylcellulose; below which the samples would flow and could 

be considered as a sol.  A sol can be defined as “a colloidal system of liquid character in 

which the dispersed are either solid nanoparticles or molecules (gelators)” as indicated by 

Shapiro (2011).33  In this case the dispersed particles are swollen ethylcellulose  particles, 

which have become swollen with solvent and thickened the mixture to some degree, but 

are not present in high enough concentration to gel the oil.  Four and six percent 45 cP 

ethylcellulose is effectively then the critical gelator concentration for soybean and canola 

oil, respectively.  Based on the knowledge from section 3.3 it can be hypothesized that 

for 10 cP ethylcellulose a higher critical gelator concentration would be needed, while 

100 cP would possess a lower critical gelator concentration. 

 

Even if oleogels could potentially be formed at concentrations lower than our reported 

critical gelator concentration, these samples were already at the lower detection limit of 

our system; and therefore, data for gels below 4% for soy, and 6% for canola could not be 

obtained.   

 

Overall, maximum penetration forces of 0.53, 4.08, 35.9, and 96.8 N were obtained for 

soybean gels made with 4, 6, 8, and 10% polymer, respectively.  Gels made with canola 

oil had maximum penetration values of 1.40, 8.22, and 31.7 N for 6, 8, and 10% 

ethylcellulose, respectively.  Similar to the graphs made with increasing polymer 

molecular weight, these results do not follow a linear relationship.  In fact, when the ln of 

the force is plotted against the ln of the volume fraction, as shown in Fig. 7, it can clearly 
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be seen that the data correlates very strongly to a power law function with a scaling factor 

close to 6 for both oil types.  The slopes in Fig. 7 were compared to one another and were 

found to be not significantly different, which is why a pooled value of the two is reported.  

This figure shows that the microstructure of the gels appears to be unaffected by a change 

from canola to soybean oil, though the hardness of each comparable gel at specific 

concentrations would be quite different; eg. 8.22 N vs 35.9 N at 8% ethylcellulose. 

 
Figure 7: Soybean and canola oil organogel scaling behaviour - ln of the force at 

maximum penetration plotted against the ln of the volume fraction.  From left to right the 

data points represent 4, 6, 8, and 10% ethylcellulose for soy, and 6, 8, and 10% for 

canola. 

 
 
Traditionally, polymers in a three dimensional system will posses a scaling factor 

between 2 and 3 for the relationship between the elastic modulus and the volume fraction 

of polymer in solution.34  Due to the shape of back extrusion probe heads, and the nature 

of the mechanical test, it is very difficult to determine elastic modulus values, because the 

area being deformed is constantly changing depending on how much the probe has 

penetrated into the sample, and due to significant edge effects.  In an attempt to find out 
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whether the scaling behaviour of this back-extrusion maximum force is the same as the 

one for the elastic modulus, we plotted the value of the slope of the force deformation 

curve in Figure 4 as a function of polymer concentration. To our surprise, the scaling 

behaviour of this elastic constant was not statistically different from the plot in Figure 7.    

Thus, the scaling behaviour of the steady-state penetration force in a back extrusion 

experiment is very similar to that of the elastic constant.   We believe, therefore, that the 

scaling exponents obtained by back extrusion can be compared to those determined using 

more traditional compression-extension geometries. 

 

3.5  Imaging oleogel microstructure using cryo-scanning electron microstructure 
 

Ethylcellulose oleogels were previously imaged by Laredo et al. using scanning electron 

microscopy.25  The samples used for their images contained 33% ethylcellulose, and 

would have had a texture that was entirely different from any of the samples tested in this 

paper.  These samples were also coated and imaged without modification, showing only 

the surface of the gel.  To attain a greater understanding of the microstructure of these 

gels, it was necessary to use a solvent in an attempt to remove surface oil, while leaving 

the structured polymer network intact as much as possible.  Without the solvent, the 

surface of the 10% ethylcellulose gels was very smooth, and almost featureless (Top left 

hand corner of Fig. 8B).  Upon adding isobutanol, generally considered to be a fairly non-

aggressive solvent, a much more detailed and intricate structure was exposed.  As can be 

seen by Fig. 8, the gel consists of an extensive polymer network, with thousands of small 

pockets or holes per square centimeter of sample where oil would be entrapped.  The 

holes were approximately 0.5-6 μm in length for the soybean oil sample, as shown in Fig. 
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8A.  Figure 8B provides a wider field of view, where areas of more extensive solvent 

extraction can be seen, causing the collapse of the structure.  The structures formed by 

the polymer appear to be very solid, but are most likely a bundle or grouping of several 

polymer strands, which, at lower magnification, appear solid.  If we were able to attain a 

higher resolution, it is possible that we would be able to identify individual ethylcellulose 

strands; it is also possible that we may not be able to identify these strands even with the 

higher magnification, due to tightly bound oil on the ethylcellulose bundles.  Though 

these pictures provide an interesting insight as to the potential structure that make up 

these types of oleogel, a greater understanding is needed as to how changes in polymer 

network structure affect gel mechanical properties.  

 
 

 
 
Figure 8:Cryo-scanning electron micrographs of a soybean oil organogel using cP 45  
 
ethylcellulose, treated with 2 mL of isobutanol to remove surface oil.   
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3.6  Substitution of traditionally added fat in comminuted meat products with 

highly unsaturated ethylcellulose oleogels 

The addition of an oleogel into a meat system is entirely novel.  Any potential food grade 

organogelators thus far have been far too expensive to serve any practical use in food 

products.  In comminuted meat products, the use of ethylcellulose would still allow for 

the products to be sold with acceptable profits margins. 

 

As mentioned in the introduction, past attempts to improve the fatty acid profile of these 

comminuted meat products have consisted of the simple replacement of added beef fat 

with a vegetable oil.7  Unfortunately this substitution heavily modifies the texture of these 

products, as is shown in Fig. 9.  When a vegetable oil is added to a meat batter and 

chopped, the oil is able to distribute itself quite effectively, forming thousands of very 

small fat globules of only a few micrometers in size.  The solubilized proteins then coat 

these small fat globules, forming a homogeneous protein network which is quite stable.  

Beef fat is quite hard when it is first chopped due to processing temperatures, and tends 

to have large fat globules, some over 100 μm in diameter.  These larger fat globules 

provide a much smaller surface area for protein adhesion compared to the emulsified oil 

droplets, and produce a product with a reduced hardness.7 

 

Figure 9 shows the texture profile analysis results for the three comminuted meat product 

treatments.  The first compression force, commonly referred to as the hardness, is greatly 

reduced once the canola oil is in the form of an organogel.  The canola oil organogel also 
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produced a product that was not statistically different in hardness from the beef fat 

control product.      

 
Figure 9: First compression hardness and chewiness of cooked meat batter samples 

using various fat sources. Error bars represent standard error from the mean while 

significance is indicated by the letters above the error bars. 

 
 
Chewiness can be defined as the energy required to chew a solid food to the point 

required for swallowing it.30  Chewiness is a compound factor of hardness, cohesiveness, 

and springiness, and would be a good comparison factor to use when looking at the 

cooked meat batters.30  For the canola oil treatment, the stronger protein network would 

understandably create a product that requires more energy to chew.  As chewiness is a 

compound factor of hardness, cohesiveness, and springiness, the difference in chewiness 

between the canola oil and the beef fat meat batters is quite substantial, at a value close to 

170%.  In contrast, the difference in hardness alone between these two batters was only 

58%; though this is still relatively quite substantial and noticeable by consumer sensory 

panels.  Essentially, the comminuted meat products made with canola oil instead of beef 
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fat require close to three times the energy to break down in the mouth; i.e., to the point of 

swallowing. 

 

The canola oil in the form of an oleogel creates a product that is not statistically different 

texturally from the beef fat control product.  In regards to both overall hardness and 

chewiness, considering that the binding of additional protein to the fat globule interface 

appears to greatly affect texture, it is possible that the texture of the organogel products 

may be explained by considering their microstructure (Fig. 10). 

 

The micrographs were made by fixing the surrounding protein matrix with formaldehyde 

and extracting the fat phase, though leaving the outline of the globules intact.  Overall, 

there is a very substantial difference in the size of the fat globules in each meat batter.  

The beef fat (A) batter shows the largest fat globules while the canola oil batter shows 

globules of the smallest size, both of which are expected.  It is novel to note however, 

that the formation of an oleogel has in fact resulted in increasing the canola oil average 

globule size quite substantially.  The canola oil oleogel appears to resist chopping in a 

similar manner to that of beef fat, and is not distributed or emulsified to micron sized 

canola oil droplets. 

 

In the study of comminuted (emulsified) meat batters it is commonly reported that a true 

emulsified batter contains fat globules that are 20 microns and smaller.  Van Den Oard 

and Visser (1973) stated that globules larger than this, such as those found in most 

commercial meat emulsions, are not small enough to form a true emulsion system and are 
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simply dispersed within the protein matrix rather than being truly emulsified.35  Figure 11 

shows the fat globule size frequency distribution for the batters in Figure 10.  The batter 

made with canola oil possesses >90% of its fat globules at a size of 20 microns or less, 

with a median value of 3 μm.  Based on traditional definitions, this product is truly an 

emulsified meat batter.  Though this may match the definition for an emulsified meat 

batter, consumers are used to eating products made with beef and pork fat, which may not 

match the definition for an emulsified product, but should remain a basis for acceptable 

texture in this type of product.   
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Figure 10: Cooked comminuted meat batter micrographs with various fat sources; A – 

Beef Fat, B – Canola Oil Oleogel, C – Canola Oil. The white circular globules are fat 

globules (note: removed during the paraffin embedding process), while the dark 

surrounding area is the protein network in which some small intact muscle fibers still 

exist.  The scale bar is 100 μm. 
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Though the products made with the canola oil organogel contain a large portion of fat 

globules that are less than 20 microns, some globules remain as large as 140 μm.  The 

median value of 7 μm for these products still shows that for the most part these batters are 

still emulsified however; it appears that only a small difference in the average fat globule 

size, or perhaps the presence of only a small percentage of larger globules, has a 

substantial effect on the hardness of the cooked meat batters.  Other than oleogel products 

containing globules of 6 μm in size, Fig. 11 a and c look quite similar.  This may mean 

that the most significant impact on texture still remains below 20 microns, as the globule 

distribution for canola oil alone (Figure 11 e) does not look like that of a and c, with a 

much larger skewing towards the smaller fat globule sizes.  With a median value for the 

beef fat products of 25 μm, and an increase in the amount of globules above 20 microns 

from 10% to 30% compared to the oleogel products, this supports further the hypothesis 

the greatest affect on texture may in fact be the increased presence of globules between 9 

and 24 microns, rather than the globules of >100 μm being of most significance.   
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Figure 11: Cooked comminuted meat batter fat globule frequency distributions; a, b – 

Beef fat; c, d – Canola oil oleogel; e – Canola oil.  

 
 

 

 



79 
 

4  Conclusions 

Oil type, polymer molecular weight, and polymer concentration were shown to have a 

significant impact on the mechanical properties of the ethylcellulose oleogels.  It should 

now be possible to create gels of similar mechanical strengths with a variety of 

ingredients, depending on availability and the intended product usage.  The polymer 

network has also been shown to be a highly interconnected structure filled with 0.5-6 μm 

holes which would be filled with entrapped oil.  Meat batters containing ethylcellulose 

oleogels greatly improved texture compared to products made with ungelled canola oil.  

The median fat globule size of the oleogel batters increased by more than 130%, and is a 

factor that is believed to be correlated strongly with texture.  This work will hopefully 

open the potential for the use of food grade polymer oleogels in a variety of meat systems 

in an attempt to improve the fatty acid profile of these products while retaining the 

texture associated historically with these products.    
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Abstract              

Small deformation rheology was used at a controlled strain of 0.05% and frequency from 

1-100 Hz to obtain G’, G’’, and tan(δ) values for ethylcellulose oleogels of various 

compositions.  Significant increases in G’ and G’’ where noted in oleogels made using 

100 cP ethylcellulose compared to 45 cP ethylcellulose, yet there were no significant 

differences in tan(δ) among oleogels made using the same type of vegetable oil.  For 

oleogels made using different concentrations of polymer, G’ showed a significant 

increase only when ethylcellulose increased from 13% to 14%.  When the surfactant 

sorbitan monostearate was incorporated at a level of 3.33%, a significant increase in tan(δ) 

was seen, indicating a decrease in elasticity of these oleogels.  Cryo-scanning electron 

microscopy was successfully utilized to image the underlying polymer network structure 

of ethylcellulose oleogels, with small oil pores of approximately 3.0-4.5 μm in size lying 

between the interconnected polymer network.  Decreases in pore sizes were seen with 

increasing polymer concentration, oil unsaturation, and high incorporation levels of 

surfactant.  No significant change in pore size was seen among gels made with different 

polymer molecular weights, signifying an alternate mechanism for changing oleogel 
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hardness.  Ethylcellulose xerogel micrographs were shown for the first time, and contain 

some regions with pore sizes similar to partially de-oiled oleogels.  

 

1     Introduction                   

Recently, there have been significant advances in the field of edible oil organogels, also 

known as oleogels.  For many years, the potential for oleogels made using food grade 

ingredients were discussed, yet no oleogels had actually been incorporated into food 

products (Pernetti et al., 2007; Bot et al., 2009; Rogers, 2009; Co and Marangoni, 2012).  

Additionally, existing organogelators were either extremely expensive, unsuitable for use 

in foods, or possessed a major flaw that would make their addition in food systems 

extremely challenging or impossible (Co and Marangoni, 2012; Hughes et al., 2011; Bot 

and Flöter, 2011).  The discovery of the polymer ethylcellulose (EC) as an organogelator 

was a step forward, as it is highly available, inexpensive relative to many highly purified 

molecules utilized in the past, and is also considered food grade or near-food grade, 

depending on the country or organization in question (Zetzl and Marangoni, in press).  

For example, the Food and Agriculture Organization of the United Nations, in 

collaboration with the World Health Organization, has listed EC as a food additive that 

may be used in a variety of foods under the conditions of good manufacturing practices, 

as outlined in the Preamble of the Codex GSFA (FAO and WHO, 2012).  This Preamble 

lists over 60 different food applications for EC, including confectionery products, fat 

spreads, fat emulsions, cheeses, poultry and game products, processed comminuted meat, 

and batters.  The effectiveness of EC oleogels has already been shown in a variety of 

different food products, including the following: chocolate, cookies, cream fillings, 
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comminuted meat products and ground meat products (Stortz and Marangoni, 2011; 

Stortz et al., 2012; Zetzl and Marangoni, in press).  In most of these products, oleogels 

were used as a substitute for the traditionally used fat source.  The primary goal of 

incorporating these oleogels was to mimic the functional properties of a solid fat, while 

reducing the level of saturated fat and eliminating any trans fatty acids (Stortz et al., 

2012; Zetzl and Marangoni, in press).  Overall, great improvements in the fatty acid 

profiles can be achieved, while maintaining overall textural and mechanical properties of 

the product.  Additionally, the possibility of using these oleogel systems for 

encapsulation or delivery of nutraceuticals has recently been discussed, and could greatly 

expand their applications (Zetzl and Marangoni, 2012). 

 

Outside of food systems, the mechanical properties of oleogels have been studied in great 

detail.  The texture profile analysis results of Laredo et al. (2011) demonstrated a 

relationship between the level of unsaturation in the solvent (vegetable oil) and the 

resulting hardness of the oleogel; specifically, oils with a higher degree of unsaturation 

produce harder oleogels (Laredo et al., 2011).  This finding has since been confirmed in 

subsequent studies (Dey et al., 2011; Zetzl et al., 2012).  Additionally, increasing 

polymer content and the use of higher molecular weight versions of EC have also been 

shown to strongly correlate with oleogel strength (hardness) (Dey et al., 2011; Zetzl et al., 

2012).   

 

In comparison to the studies on EC oleogel mechanical properties, there have been few 

attempts to reveal the underlying microstructure of the polymer network.  The first 
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reported images of EC oleogels were published by Laredo et al., using cryo-scanning 

electron microscopy (cryo-SEM; Laredo et al., 2011).  Oleogels were made using a high 

percentage of EC and were freeze-fractured in an attempt to reveal the internal polymer 

network.  By using a high concentration of gelator, it was believed that any polymer 

supramolecular structure would be easier to identify.  Unfortunately, these images did not 

exhibit any definitive features or structural elements which would provide more 

information about the polymer network within these gels.  

 

The work of Dey et al. also utilized cryo-SEM in an attempt to image EC oleogels.  This 

group however did not perform any freeze fracturing of the samples, and instead 

submerged the gel samples in a solvent mixture (0.2 g oleogel in 40 mL 90:10 vol/vol 2-

butanol/methanol) for 2 hours in an attempt to remove surface oil and expose the polymer 

network.  While they were able to recognize a relationship between gel strength and oil 

globule size, as well as polymer strand thickness (increased globule diameter and strand 

thickness with an increasing storage modulus), the large volume of solvent utilized likely 

had a significant effect on the structure and properties of the oleogel surface.  

Additionally the relationship was established using a small sample size of only 25 

measurements per treatment, using an unspecified number of micrographs.  While there 

appears to be a strong relationship between microstructure and the mechanical properties 

of these gels, the ingredient components used to make oleogels for each storage modulus 

were not listed.  It is hypothesized that several factors, such as the presence of a 

surfactant, polymer concentration, or changes in molecular weight, may cause an increase 
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in the storage modulus through different mechanisms.  If any differences are present, they 

are not immediately apparent. 

 

In a subsequent study, the technique of Dey et al. (2011), was modified so that only a 

small amount of solvent was dropped over the sample surface, as opposed to submerging 

the entire gel (Zetzl et al., 2012).  This modification allowed for the removal of surface 

oil from the oleogel, while minimizing any structural changes to the sample.  This work 

provided the first micrographs of what is believed to be the ethylcellulose network within 

EC oleogels.  These micrographs show a coral-like network of polymer strands or 

bundles, surrounding pores of varying sizes which would have been filled with liquid oil 

prior to solvent extraction (Zetzl et al., 2012).  Though this technique allows only the 

oleogel surface to be viewed, it is believed that this network is continuous throughout the 

samples, meaning that a portion of the internal structure is exposed in a near-native state.      

While the micrographs published in 2012 are a significant advancement compared to 

what was shown previously, it is still unclear as to how different ingredients (added 

surfactant, oil type, EC molecular weight or incorporation level) affect microstructure, or 

if it is even possible to see these changes using cryo-scanning electron microscopy.  The 

aim of this study was to determine if differences in the resulting polymer network could 

be observed using this technique when modifying the aforementioned components.  If 

any differences were visible, they were to be quantified in an attempt to establish a 

connection between oleogel microstructure and mechanical properties. 
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2     Materials and Methods 

2.1     Materials 

Three different vegetable oils were obtained from the local supermarket; 100% pure 

soybean oil (President’s Choice, Loblaws Inc., Toronto, Ontario, Canada), certified 

organic flax oil (Omega Nutrition Canada Inc., Vancouver, British Columbia, Canada), 

and 100% pure canola oil (No Name, Loblaws Inc., Toronto, Ontario, Canada).  All oils 

were stored at -20 oC and thawed at 3 °C one week prior to experimental use.  Two 

different varieties of EC, 45 cP, and 100 cP (ETHOCEL Std. 45 Premium, ETHOCEL 

Std. 100 Premium) were obtained from Dow Wolff Cellulosics through a local supplier 

(Univar Canada Ltd., Weston, Ontario, Canada).  Though the actual molecular weight of 

these varieties are not listed by the supplier, molecular weights of similar products were 

determined previously by Rowe, 1986 (Rowe, 1986).  By extrapolating from this data, 

approximate molecular weights for these specific products was determined by Zetzl et al., 

2012, as being 57 kDa and 74 kDa for 45 cP and 100 cP varieties respectively (Zetzl et 

al., 2012).  The surfactant sorbitan monostearate (SMS; GRINDSTED® SMS-M 

KOSHER) was obtained from Danisco USA Inc. (New Century, Kansas, USA), and was 

utilized in some of the oleogel formulations.  Spectrophotometric grade 2-methyl-1-

propanol (isobutanol) (ACROS Organics, Fair Lawn, New Jersey, USA) was the primary 

solvent used to remove to wash surface oil from the oleogels prior to imaging by cryo-

SEM, however, HPLC grade acetone (Fischer Scientific, Fair Lawn, New Jersey, USA) 

and HPLC grade hexane (Fischer Scientific) were also used.  
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2.2     Methods 

2.2.1     Gel Preparation for Rheology Testing 

For rheological testing, samples were made in 50 mL Pyrex beakers in 10 g batches.    

The standard oleogel treatments consisted of 10% EC (45 cP or 100 cP), and 90% (w/w) 

vegetable oil (canola, soybean, or flaxseed oil).  Two additional treatments were made 

with 10% 45 cP EC in canola oil, and either 1.66 or 3.33% (w/w) SMS, to establish the 

effect of the surfactant on oleogel mechanical properties.  Four treatments were also 

made using 11, 12, 13, and 14% (w/w) EC (45 cP) in canola oil, to determine the effect of 

polymer concentration on rheological behaviour.  To prepare the oleogels, a very similar 

procedure to that of Zetzl et al., 2012 was utilized.  While being stirred by a stir bar at 

300 rpm, solutions containing 45 cP EC where heated to 160 oC, while solutions 

containing 100 cP were heated to 175 oC, to ensure full dissolution of the EC in the oil.  

After heating to the peak temperatures, approximately 1 – 2 mL of the molten gel was 

poured onto a sandblasted base plate (Anton Paar, Graz, Styria, Austria) of a MCR 302 

modular compact rheometer (Anton Paar) set to 150 oC.  After a 5 min holding time, the 

sample was cooled to 25 oC at a rate of 12.5 oC/min.  Using a sandblasted 20 mm PP20/S 

top measuring plate (Anton Paar), a strain sweep was then performed from strains of 0.01 

– 10% (10 measurements per decade) using samples containing canola oil and 10% 45 or 

100 cP EC, to determine the linear viscoelastic range for the two molecular weights.  A 

strain of 0.05% was chosen for all subsequent samples, where frequency sweeps would 

be performed from 1 to 100 Hz.  The frequency sweeps were performed in triplicate for 

all sample treatments.  Storage modulus (G’), shear modulus (G’’), and tan(δ) (G’’/G’) 
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values were chosen at 50.1 Hz, as this area is still within the LVR (linear viscoelastic 

region).  

 

2.2.2     Gel Preparation and Imaging Using Scanning Electron Microscopy                                                        

Samples were made in 400 mL Pyrex beakers in 100 g batches.  The same treatments 

were used as those outlined in section 2.2.1.  To prepare the oleogels, a very similar 

procedure to that of Zetzl et al., 2012 was utilized.  Once the samples were heated above 

the EC glass transition temperature, they were cooled to 125 oC, and then poured directly 

onto glass microscope slides (Fischer Scientific, Pittsburgh, PA, USA) which were kept 

at ambient temperature.  Once set, the average height of the oleogels on the microscope 

slides was approximately 1 – 3 mm.  While not as precise as the temperature controlled 

rheometer, gel samples underwent a cooling rate similar to the 12.5 oC/min used in the 

rheology experiments.  Samples were allowed to cool for 30 minutes, after which they 

were refrigerated at 3 oC for a minimum of 24 hours.   

 

After storage, 2.2, 2.8, 3.4, or 4.0 mL of isobutanol was applied in a drop-wise fashion 

over the sample (which was approximately 5 cm2) using a 50 mL KIMAX® buret 

(Kimble Chase Life Science and Research Products, Vineland, New Jersey, USA).  

Through preliminary trials, this range in solvent volume was determined to be effective in 

removing a sufficient amount of oil from the oleogel surface.  Samples of approximately 

4x8 mm were prepared using a blade without damaging the sample surface.  Prior to 

imaging, each sample was glued to the surface of a copper holder designed for the 

Emitech K1250X Cryo-preparation unit (Ashford, Kent, UK) using Tissue-Tek O.C.T. 
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Compound (Canemco Supplies, St. Laurent, Quebec, Canada).  The copper holder was 

plunged into a liquid nitrogen-slush bath at -210 oC to freeze the sample and was then 

transferred to the cryogenic preparation system under vacuum. Surface ice was removed 

by sublimation for 30 min at -80 oC.  Samples were then sputter coated with 30 nm of 

gold-palladium or platinum, followed by transferring to the cryo-SEM chamber (Hitachi 

S-570, Tokyo, Japan) under vacuum, where they were viewed under an accelerating 

voltage of 10 kV and a temperature no higher than -120 oC.  Digital images were 

captured using Quartz PCI imaging software version 8 (Quartz Imaging Corp., 

Vancouver, British Columbia, Canada).  The size of 200 pores for each sample treatment 

was measured manually using the measure function of ImageJ version 1.47 

(http://imagej.nih.gov/ij/, USA).  GraphPad Prism 5.0 (GraphPad, San Diego, California, 

USA) was used for graphing and statistical analysis (see statistical analysis section 

below). 

 

2.2.3     Xerogel Creation and Imaging Using Scanning Electron Microscopy               

Canola oil oleogels containing 10 wt% 45 cP EC were prepared in 100 g batches using 

the procedure previously developed in our laboratory (Gravelle et al., 2012).  Each 

molten gel was split into two aliquots of approximately 45 mL which were poured into an 

open-ended cylindrical glass tube (height: 14.5 cm, diameter: 1.9 cm) lined with 

aluminum foil and plugged at the base with a #3 rubber stopper and allowed to cool to 

room temperature (Gravelle et al., 2013). 

 

http://imagej.nih.gov/ij/�
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Extraction of the lipid phase was performed following the AOCS Rapid Determination of 

Oil/Fat Utilizing High-Temperature Solvent Extraction method (AOCS official method 

Am 5-04).  After cooling and storage, gels were removed from the vessel and prepared 

for lipid extraction.  A small cross-section (approximately 1.0 – 1.5 g) was removed from 

the center of the gel, and carefully wrapped in a 110 mm diameter #54 Whatman 

cellulose filter paper.  The sample was then placed in a cellulose thimble which was 

plugged at the top and bottom with glass wool.  Each thimble was placed in a Soxhlet 

extraction chamber which was connected to a Soxhlet apparatus containing petroleum 

ether (Fisher Scientific) as the solvent.  The extraction procedure was performed for 

approximately 5 h.  After lipid extraction was completed, the EC network was recovered 

from the filter paper. 

 

Samples were freeze-fractured in liquid nitrogen prior to imaging to expose the internal 

structure.  A piece of the EC network was mounted on a pin stub and sputter coated with 

30 nm of gold-palladium and then transferred to the SEM Hitachi S-570 specimen 

chamber.  The chamber was placed under vacuum, and images were obtained under an 

accelerating voltage of 10 kV at ambient temperature.  Digital images were obtained 

using Quartz PCI imaging software, version 8. 

 

2.2.4     Statistical Analysis                                                                                                                  

Statistical analysis was completed using GraphPad Prism 5.0 (GraphPad, San Diego, CA, 

USA). For the rheology results, a one-way ANOVA test was performed with a Tukey 

post-test using a 95% confidence level.  For the pore sizes, a lower and upper confidence 
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interval of the mean (95%) was determined automatically by GraphPad Prism and was 

used to identify any significant differences between samples.  Data was also graphed 

using GraphPad with error bars indicating standard error from the mean. 

 

3     Results and Discussion 

3.1     Rheological investigation of EC oleogels 

3.1.1     Oleogel Rheological Properties                                                                                              

While some information exists regarding the mechanical properties of EC oleogels under 

large deformations, almost no small deformation rheology work has been published.  This 

technique can be an important tool in understanding the structure of solids or gels, with 

very small levels of stress or strain, before the internal structures are irreversibly 

damaged.  Figure 1 shows an example of the collected frequency sweep results for a 

soybean oil oleogel made using 10% w/w 45 cP EC. 

 

Figure 1: Storage modulus and loss modulus for a soybean oil oleogel (90% oil and 10% 

w/w 45 cP EC) over a frequency range from 1-100 Hz.  
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 Previous work involving texture profile analysis showed a strong correlation between the 

type of oil used and resulting oleogel hardness (ie. hardness values of 1.5, 2.1, and 6.1 N 

being reported for canola oil, soybean oil, and flaxseed oil oleogels, respectively) (Zetzl 

et al., 2012).  As can be seen in Figure 2, small deformation rheology shows that no 

significant differences in mechanical properties are evident when these oleogels are not 

stressed beyond their yield point.  Similar results were previously reported when the back 

extrusion technique was utilized; when the force at a penetration depth of only 1 mm was 

measured, there were no significant differences between samples made with canola oil or 

soybean oil (Zetzl et al., 2012).  When considering the small deformation rheology 

results presented in Figure 2a, there were no significant differences in G’ or G’’ (not 

shown) amongst the three oil types, however; flaxseed oil oleogels did possess a 

significantly higher tan(δ) value (0.2108 compared to 0.1600 and 0.1482 for soybean oil 

and canola oil, respectively).  The tangent of the phase angle is a ratio of the two moduli, 

G”/G’, and can be used to describe the viscoelastic behaviour of a material (Peyronel and 

Campos, 2012).  A higher tan(δ) for the flaxseed oil oleogels indicates that these gels 

exhibit more mechanical damping compared to the canola and soybean oil oleogels.  
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Figure 2: a) Effect of oil type (fatty acid composition) of 10% 45 cP EC oleogels on the 

storage modulus (G’), measured in kPa. b) Effect of oil type (fatty acid composition) of 

10% 100 cP EC oleogels on the storage modulus, measured in kPa.  When looking at a) 

and b) together, the effect of EC molecular weight on G’ can be seen. 

 

When examining the G’ values for gels made with 100 cP EC (Figure 2b), it can clearly 

be seen that they are significantly stiffer than those made with 45 cP, with an average 

storage modulus increase of approximately 225 kPa.  This near 100% increase in G’ is 

considerably less than the nearly 5-fold increase in hardness previously shown for canola 

oil oleogels (when considering the mean force results from back extrusion), but very 

close to the 2.2-fold increase in hardness exhibited by soybean oil oleogels (Zetzl et al., 

2012).  While the G’ values of 45 cP oleogel samples are overall significantly lower than 

those made with 100 cP EC, the 100 cP samples display identical significant differences 

amongst each other as seen with the 45 cP samples.  Once again, only the tan(δ) of 

flaxseed oil oleogels was significantly different (0.2056 compared to 0.1429 and 0.1451 

for soybean oil and canola oil respectively); additionally, all of the G’ and G’’ values 

were not significantly different from one another.   
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It has been previously reported that it should not be expected for small deformation 

techniques to correlate strongly to large deformation techniques, which involve high 

levels of strain or test the sample to the point of failure (Mohsenin and Mittal, 1977).  

The similarities seen between the small deformation rheology work here and the 

previously reported results from back extrusion at a penetration depth of 1mm however, 

show that some similarities can be seen across different techniques (Zetzl et al., 2012). 

 

Though the G’ values for the 100 cP EC oleogels were significantly higher than those 

made with 45 cP EC, the tan(δ) values were statistically similar within each oil type.  

This indicates that the two molecular weights of EC produce gels with a statistically 

similar level of elasticity, even though their hardness’ vary quite substantially.  This is an 

interesting point, as it appears that this similarity can also be seen when viewing the 

oleogel microstructure, and will be discussed in further detail in section 3.2.5.   

 

Thus far, determining the role of the surfactant SMS in EC oleogels has proven to be a 

great challenge.  Previous work has shown that various surfactants have a significant 

effect on oleogel mechanical properties; in particular, the larger the surfactant head group, 

the higher the G’ (Dey et al., 2011).  Additionally, of the surfactants tested, SMS was 

found to produce gels with the highest G’, while glycerol monooleate produced the 

weakest gels (Dey et al., 2011).  To produce solid gels with minimal syneresis, SMS has 

been found to be the most effective surfactant in preliminary trials, with typical addition 

levels ranging from 1-5%.  For the purposes of this investigation, two EC-SMS ratios 
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were chosen, 6:1 and 3:1 as shown in Figure 3a.  While no significant differences were 

seen between the G’ or G’’ values, the tan(δ) value significantly increased when the 

surfactant inclusion level was increased to 3.33% w/w (3:1).  It is hypothesized that 

surfactant molecules act as a plasticizing agent within the gel matrix by lowering the 

polymer glass transition temperature.  This resulted in a reduction of elastic behaviour 

and increased viscous behaviour, as can be seen by the higher tan(δ) value.  While it is 

clear that surfactants such as SMS can be used to modify EC oleogel properties, 

additional work is required to determine where exactly the SMS is interacting with the 

polymer, and what specific functional role it plays in EC oleogels. 

 
Figure 3: a) Various ratios of EC to SMS and its effect on the tangent of the phase angle 

(tan(δ)).  b) Effect of EC polymer concentration on the storage modulus, G’, measured in 

kPa.  In both figures, all oleogels were made using canola oil and the 45 cP variety of EC.    

 

Previous work has shown a strong correlation between oleogel hardness and polymer 

concentration (Zetzl et al., 2012).  More specifically, both soybean oil and canola oil 

oleogel hardness was found to follow a power law function, with a scaling factor close to 

6 when the polymer concentration ranged from the critical gelator concentration (4 or 6% 
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w/w) to 10% (Zetzl et al., 2012).  While gels made with low concentrations could easily 

be measured using a rheometer, it was quickly determined that for SEM imaging 

purposes, a concentration of at least 10% EC was needed.  Below this concentration, the 

gels were too soft and could not be transferred onto the copper holder without 

experiencing significant structural damage.  As matching treatments were chosen for 

small deformation rheology and imaging, polymer concentrations of 10-14% were chosen 

instead of 4-10%.  Perhaps unexpectedly, significant differences were not seen when 

comparing the G’ values of these high polymer concentration samples, as shown in 

Figure 3b.  Only when the EC concentration is increased to 14%, is there a significant 

increase in G’.  While large differences in mechanical properties may exist between these 

gels when large deformation rheology is applied, they do not appear when the gels are 

stressed below their yield point.  It should be noted that all of the gel samples were also 

measured immediately after they were cooled to 25 oC, as it was not possible to wait 12-

24 hours (the typical storage time utilized) before measuring each sample.  Attempts were 

made to try and produce gel pucks/disks which could be stored for this period of time 

however; it was not possible to produce gels of the required thickness (approximately 3 

mm), which possessed the smooth, flat surfaces needed to perform rheological work.  

Therefore, the effect of storage or setting time on small deformation mechanical 

properties of the oleogels remains unknown.  If there is some resulting effect, it is likely 

only one of several factors contributing to such differences. 

 

3.1.2     Differences between small and large deformation rheology                                             

Overall, higher G’ values compared to G’’ values in the linear viscoelastic region indicate 
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that EC oleogels are more elastic in nature than they are viscous.  Small deformation 

rheology has provided a different insight into the mechanical properties of EC oleogels 

compared to most of the previously reported large deformation work, with few significant 

differences existing between samples.  The much lower stress level placed on the samples, 

far below the yield stress values, is likely the highest contributing factor to these 

differences.  The previously reported back extrusion hardness values at a 1 mm 

penetration distance, which are also still below the yield stress point, showed similar 

significant differences compared to those shown in Figure 2 (Zetzl et al., 2012).  As the 

stress increased to beyond the yield point, where the gel began to flow in a near-steady 

state, the results differed greatly from those collected by small deformation rheology.  

This seems to support the hypothesis that it is the large difference in stress used for each 

technique which causes such a large discrepancy in the level of significance.  The results 

from both small and large deformation rheology are of great importance, as they show 

both the fundamental properties of the substance and also indicate how it might behave 

during high stress/shear conditions, such as might commonly be experienced in a food 

product.  

 

3.2     Microstructural investigation of EC oleogels by cryo-SEM 

3.2.1     Imaging oleogel microstructure using scanning electron microscopy                                

With regards to imaging the microstructure of EC oleogels, several challenges need to be 

overcome.  Previous attempts to view oleogel microstructure have included the use of 

polarized light microscopy and cryo-SEM.  While polarized light microscopy has been 

shown to be an effective tool in imaging the network of other oleogels, such as the self-



100 
 

assembled fibrillar network formed by 12-hydroxystearic acid, no birefringence can be 

seen when viewing oleogels made with EC under polarized light (Co and Marangoni, 

2012; Zetzl and Marangoni, in press).  While the powder form of EC does exhibit some 

birefringence which is believed to be due to close-packed grouping or bundling of EC 

chains/fibres, this disappears permanently once the EC is heated to above its glass 

transition temperature (Zetzl and Marangoni, in press).  For this reason, and due to the 

inherent resolution limitations of light microscopy, alternative imaging techniques were 

required to visualize the EC network within an oleogel. 

 

The use of solvent to expose the internal polymer network (Dey et al., 2011) was 

modified to provide a more consistent and effective result.  A range in solvent, from 2.2 – 

3.4 mL was utilized over an approximate area of 5 cm2, as this was determined to be the 

most effective range, whereby too little solvent was not effective in removing enough oil 

from the surface, and too much solvent would completely wash away or damage the 

structures present.  This was potentially a problem encountered by Dey et al. (2011), 

where the amount of solvent used was nearly ten times greater than was used in the 

present work.  The use of solvent was, however, a necessity, as the surface of the gels 

appeared extremely smooth and nearly featureless under cryo-SEM when no solvent was 

utilized. 

 

Once the solvent level was optimized, the majority of micrographs collected were quite 

similar based on their initial appearance.  Under low magnification, it is possible to view 

smooth areas which appear to have been untouched by solvent, while regions affected by 
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the solvent are also clearly visible (Figure 4a).  However, it is unclear as to why the entire 

surface of the oleogels is not affected uniformly.  It was initially thought that perhaps 

these areas, or all of the visible structures present, were artifacts resulting from the use of 

isobutanol to wash the gels.  To address this possibility, additional samples were prepared 

using either acetone or hexane as the washing solvent to confirm the structures seen were 

not simply artifacts.  When acetone was used, very similar micrographs were obtained, 

compared to those where isobutanol was the solvent.  In contrast, the use of hexane 

produced images similar to those when low levels (< 2.2 mL) of isobutanol were 

employed.  While these results provide evidence that the non-uniform surface is likely 

not an artifact caused by isobutanol specifically, the mechanism behind it is as of yet 

unknown.  It is possible that oil migrated to the surface in certain areas more quickly than 

others, causing differences in the level of oil extraction.  It might be also possible that the 

gels themselves consist of two different areas, the section where the polymer network is 

exposed, and another which the surface oil is not washed away by the solvent and 

therefore appears smooth.  When the samples are prepared for imaging, solvent is dripped 

over the surface (which lies at a 45° angle) and is allowed to run off immediately, 

minimizing the exposure time.  Due to both the brief exposure time and surface tension of 

the solvent, this method would likely not be very effective in removing oil from the 

surface, but was necessary to keep the internal structure of the gels intact.  While one or a 

combination of these factors may be affecting the observed surface morphology, further 

work must be completed in this area to provide more conclusive evidence.  
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Despite the incomplete removal of surface oil, there are distinct regions present where the 

solvent appears to have been effective in extracting a layer of oil from the surface of the 

oleogel, and has left the EC network partially exposed.  For the majority of the 

micrographs presented, small, fairly regularly shaped holes (henceforth referred to as 

pores) can be seen, surrounded by what is believed to be the EC network (Figure 4b).  

The thickness of these structures indicates they are likely supramolecular structures of EC, 

rather than individual polymer strands.  However, they also appear to be surrounded by 

some bound oil, resulting in the smooth appearance of the polymer network. 

Figure 4: Cryo-scanning electron micrographs of an oleogel made using 10% 45 cP EC 

in soybean oil with a) 2.2 mL of isobutanol dripped over the surface to extract surface oil.  

Large featureless areas can be noted, such as the top left and bottom right corners, while 

between these, the oil extraction process was able to reveal the polymer network. b) 2.8 

mL of isobutanol dripped over the surface, showing hundreds of similarly shaped round 
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pores, where oil would have been found within the polymer network.  Due to the different 

solvent level, this is a different sample from that shown in ‘a)’. 

 

In a small selection of the micrographs, the level of solvent appeared to be truly 

optimized, as a higher level of oil extraction appears to have taken place without 

destroying/removing the EC network.  Figure 5a shows some areas where the level of 

extraction was so effective, that the polymer network reached a point where the structures 

could no longer support their own weight and collapsed.  These sections were then 

subsequently washed away, which is why the surface height is lower in these areas.  The 

oil bound to the surface of the EC may provide a great deal of support, as upon its 

removal, the EC network is unable to support itself and is washed away by the solvent.  It 

is these areas, however, which provide what is believed to be the most accurate 

representation of the EC network within the oleogels (Figure 5b,c).  Atomic force 

micrographs have also been attained by our group, and while not shown here, they 

exhibited very similar structures, and lead us to conclude that the presented micrographs 

provide a fairly accurate representation of the native oleogel polymer network. 

 

While the images shown in Figure 5 are an improvement, even on those reported in Zetzl 

et al., 2012, due to the thickness of the polymer bundles throughout the network (with as 

little oil bound as possible), several issues arise when attempting to use these images for 

comparative purposes (Zetzl et al., 2012).  Firstly, images with such a highly optimized 

level of extraction represent only a small fraction of all micrographs collected.  

Additionally, of these micrographs, there are only certain locations on the samples which 
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contained these highly extracted areas, rather than the entire sample surface being 

uniformly de-oiled.  Finally, once the structures have started to collapse, it is either very 

difficult or not possible to determine the pore sizes of these samples.  This is because it is 

unclear where the edges of the pores would have been, as can be seen in Figure 5c.   

 

Rather than attempting to quantify and characterize the pores from these ‘highly 

optimized’ regions, it was decided that the average pore sizes should be quantified in all 

other exposed areas of the samples.  These other areas contained very uniformly shaped 

pores, did not contain any collapsed regions, and would provide a more accurate 

comparison between gels of different compositions.  Average pore diameters were 

measured, as this was deemed to be more consistent than trying to measure the size of the 

EC fibre bundles; depending on where the measurements were taken, the thickness of 

each fibre/bundle differed quite significantly. 
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Figure 5: Cryo-scanning electron micrographs of an oleogel made using 14% 45 cP EC 

in canola oil, with 3.4 mL of isobutanol added over the surface to remove surface oil. a) 
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A lower magnification where collapsed regions of the network, which were subsequently 

washed away by the solvent, are clearly visible. b, c) Higher magnifications showing the 

EC polymer network when the amount of solvent is optimized so that as little frozen oil as 

possible is attached to the polymer strands. 

 

3.2.2     Effect of oil unsaturation level on oleogel microstructure                                                   

Once the average pore size was determined for each sample, several relationships became 

apparent.  First, a strong correlation can be seen when looking at the effect of oil 

unsaturation level on average pore size.  When both molecular weight and added solvent 

level were fixed, canola oil oleogels were observed to have larger pores compared to 

those made with other oils, with a mean diameter of 4.4 μm.  As shown in Figure 6a, this 

is significantly larger than the 3.3 μm found in the soybean oil oleogels, and the 3.0 μm 

in flaxseed oil oleogels.  These differences can even be seen when simply comparing two 

micrographs, such as Figure 6b and 6c, where the pores of the soybean oil oleogel in (c) 

are visibly smaller compared to those in the canola oil oleogel (b).  It should be noted that 

the fine white lines which can be seen throughout the micrograph in 6b are believed to be 

an artifact produced by the sublimation of water from the surface of the oleogel, and was 

noted in several micrographs at random. 
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Figure 6: a) Effect of oil unsaturation level on average oleogel pore size. b) Cryo-

scanning electron micrograph of a canola oil oleogel with 10% 45 cP EC and 2.8 mL of 

added isobutanol to remove surface oil. c) Cryo-scanning electron micrograph of a 
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soybean oil oleogel with 10% 45 cP EC and 2.8 mL of added isobutanol to remove 

surface oil.  A decrease in the pore diameters can be noted when comparing c to b.   

 

The difference in pore size seems to provide further support for a previous hypothesis, 

where it was believed that the additional unsaturations possessed by the polyunsaturated 

fatty acids allowed for a tighter packing of the hydrocarbon chains, and thus a higher 

molar density (Laredo et al., 2011).  While a greater molar density alone could cause an 

increase in gel hardness, with a greater number of fatty acid chains packed in the same 

volume, there are likely additional mechanisms which contribute to this difference.  

When looking at the microstructure, a larger number of smaller pores indicate that a 

larger surface area may be available for interactions with the EC chains.  It is possible 

that the increased surface area may lead to thinner polymer strands, which are each able 

to form a greater number of hydrogen bonds amongst each other, and potentially the oil.   

 

It has been shown that hydrogen bonding amongst the EC chains is the primary force of 

stability for EC oleogels (Laredo et al., 2011).  For this reason, a greater number of 

overlapping branch points between polymer chains could plausibly increase gel strength.  

Additionally, if individual strands of EC are organized together in larger bundles, the 

inter-strand interactions within these bundles would not likely contribute to overall 

oleogel strength to the same degree as the increased number of tie points associated with 

thinner bundles.  This change in bundle thickness may be one of the key mechanisms 

which provides oleogels of different compositions with such varying mechanical 

strengths.   
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3.2.3     Effect of polymer concentration on oleogel microstructure                                                           

As found with the level of oil unsaturation, the amount of polymer used to make the 

oleogels also has a strong impact on the average pore size.  As shown in Figure 7a, when 

the level of polymer is increased, the average pore size decreases in a linear fashion (r2 = 

0.994).  It is interesting to note that while the pore size follows a linear trend, the effect of 

increasing polymer concentration on oleogel large deformation hardness has previously 

been shown to follow a power law function (Zetzl et al., 2012).  Similarly, the small 

deformation rheology results in Figure 3b show that the storage moduli for these samples 

do not follow a linear trend, but rather are better fit by an exponential or power law 

function.  While a canola oil oleogel with 14% EC possesses a G’ that is much higher 

than that of a flaxseed oil oleogel made with 10% EC, the size of their pores is not 

significantly different (2.9 µm and 3.0 µm in diameter for the canola and flaxseed 

oleogels respectively).  This indicates that while smaller pores may comparatively mean a 

harder oleogel, it does not seem that pore size can be directly correlated to gel strength in 

an absolute fashion, i.e., other factors also come into play. 
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Figure 7: a) Effect of polymer concentration on average oleogel pore size (diameter).  All 

oleogels were made using 45 cP EC in canola oil, with 2.8 mL of isobutanol dropped 

over the samples to remove surface oil. b) Effect of the added surfactant, SMS (reported 

as wt%), and solvent level (mL) on average oil pore size.  Again, all oleogels were made 

using 45 cP EC in canola oil. 

 

3.2.4     Effect of the surfactant SMS on oleogel microstructure                                         

When considering the effect of increasing levels of the surfactant SMS on pore size, the 

results are much less clear compared to the two previous factors.  Based on Figure 7b, 

there appears to be an overall decrease in pore size as the level of surfactant is increased 

from 1.66% to 3.33% however; this depends on the level of solvent added.  When 2.2 mL 
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of isobutanol was used, this trend appears to be quite clear. However when the solvent 

level is increased to 2.8 mL, there appears to instead be an increase when moving to the 

higher level of SMS.  It is unclear if artifacts are caused at one specific solvent level and 

are affecting the reported pore size values.  Overall however, a decrease in the average 

pore size is observed when some level of surfactant is present in the oleogels, as 

compared to those containing no surfactant.  As with the small deformation rheology 

results involving SMS, further microscopy work is needed to try to fully understand the 

effect that SMS has on EC oleogel pore sizes.  

 

3.2.5     Effect of polymer molecular weight on oleogel microstructure                                                           

It has thus far been shown that generally, harder oleogels contain smaller pores.  Based 

on this finding, it could be predicted that the size of these pores is simply based on the 

ease at which the solvent is able to remove oil from the surface.  For softer gels, oil is less 

tightly bound and can be extracted more easily, resulting in larger pores, while for harder 

gels the opposite is true.  Though this is plausible based on the evidence presented thus 

far, the effect of molecular weight on oleogel pore sizes appears to provide evidence that 

this is not the case.   

 

Molecular weight, which is expressed by EC suppliers as a standard average viscosity 

value, has been shown to greatly affect oleogel hardness.  This can be seen in Figure 2, 

where a large increase in G’ is shown between (a) and (b), and has also been shown 

previously (Zetzl et al., 2012; Dey et al., 2011).  Based on the results with the previous 

samples, it was predicted that the 100 cP variety of EC, which produces firmer oleogels, 
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would contain smaller pores on average, compared to those made with 45 cP EC.  

However, Figure 8 demonstrates that this is not the case.  In fact, for all three oil types, 

there is no significant difference in pore size when comparing the 45 cP oleogels to the 

100 cP oleogels.  In Figure 8 (b) and (c), it can be seen visually that there are no 

substantial differences in pore size when a canola oil oleogel is made with 45 cP (b) or 

100 cP (c) EC.  This perhaps signifies that polymer length/size adds an additional factor 

other than changes in pore size which contributes to the changes in oleogel hardness.  

There may be a similar effect as previously discussed, with longer fibres of EC being able 

to form a greater number of hydrogen bonds or tie points per fibre, resulting in a more 

inter-connected network, however; there may not be any thinning of the EC bundles 

which could explain why the pore size remains consistent.  In section 3.1.1 it was 

mentioned that there was no significant difference in the tan(δ) values between the 45 cP 

and 100 cP oleogels made with the same type of vegetable oil.  Even though gel hardness 

changes substantially between the two varieties of EC, the elasticity of the gels is 

preserved during small deformation testing.  Future microstructural and rheological work 

will be required, possibly with additional molecular weight varieties of EC, to further 

understand this relationship.  
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Figure 8: a) Effect of EC viscosity (molecular weight) on average pore size.  For each 

sample, C, S, and F represent canola oil, soybean oil, and flaxseed oil, respectively, 
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while the number beside these letters represents the polymer molecular weight. b) 45cP 

EC in canola oil.  c) 100cP EC in canola oil.  In all images, 2.8 ml of isobutanol was 

dripped over the surface of the sample to remove surface oil. 

 

3.2.6     Scanning electron micrograph reproducibility                                                                        

The reproducibility of the cryo-SEM results was initially unknown.  It was possible that 

minute changes in each original gel, or the way in which solvent was dripped over the 

surface, could have a very significant impact on the oleogel pore sizes.  Due to the 

lengthy time required to prepare and image each oleogel sample, only a small number of 

samples could be measured over the course of a day.  This meant that it was not feasible 

to measure all samples in triplicate, as would be standard practice for statistical analysis.  

Therefore, to gauge the reproducibility of the oleogel micrographs, a select set of 

formulations were chosen to be replicated, as shown in Table 1.  These samples represent 

a selection from all the different treatments, such as oil unsaturation level, polymer 

concentration and polymer molecular weight.  Statistical analysis was performed on the 

original and replicate samples and overall, no significant differences could be detected 

between the original pore sizes collected and the replicate pore sizes, showing a fairly 

high level of reproducibility between samples.  
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Table 1: Comparison of average pore sizes between replicates of selected EC oleogel 

samples containing a range of compositions. 

Oil type Molecular 
weight 

Surfactant Level of added 
solvent (mL) 

Pore size of initial 
sample (μm) 

Replicate pore 
size (μm) 

Canola 10 % 45 cP - 2.8 4.4a ± 0.14  4.2ab ± 0.06 
Canola 13% 45 cP - 2.8 3.2beg ± 0.04  3.2bf ± 0.06 
Canola 10% 45 cP 1.67% SMS 2.2 4.0c ± 0.15  3.7c ± 0.07  
Canola 10% 45 cP 1.67% SMS 2.8 3.0d ± 0.07   3.0de ± 0.06  
Canola 10% 45 cP 3.33% SMS 2.8 3.3fgh ± 0.07  3.3fh ± 0.05  

Soybean 10% 45 cP - 2.8 3.3h ± 0.05  3.3h ± 0.05  
Soybean  10% 100 cP - 2.8 3.3beh ± 0.15 3.4h ± 0.05 

 
 
 
3.3     Imaging EC oleogel xerogels using scanning electron microscopy                                

To the best of our knowledge, this is the first attempt and reporting of imaged EC oleogel 

xerogels.  High resolution images of EC fibres/bundles can clearly be distinguished in the 

absence of any bound surface oil.  These fibres can be seen to have sub-micron 

thicknesses, sharper edges and obvious kinks along the fibres in contrast to the smooth 

bundles observed by cryo-SEM.  Gaps between neighbouring fibres can also be seen to 

be on the order of one micron.  However, it is well known that the process of removing 

the continuous liquid phase often has a significant effect on the native structure of the gel 

matrix.  In contrast to the regular pore structures evident in the cryo-SEM images, it 

appears that the internal structure of the EC network exposed by freeze-fracture is by and 

large made up of a pocket-less web of entangled EC fibres (Figure 9a).  It was also 

observed that the de-oiled samples were notably smaller than prior to the deoiling process, 

likely indicating the EC network gradually condensed or collapsed during lipid extraction.  

In all samples imaged, the majority of the exposed internal network is made up of this 

dense array of entangled fibres. 
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Figure 9:  Scanning electron micrographs of a de-oiled EC oleogel (EC xerogel) which 

was prepared with 10 % 100 cP EC in canola oil.  a) Representative image of an oleogel 

in which no discernible porous structures are present.  b) Higher magnification of a) 

which highlights the sharp edges and kinks in the EC bundles in the absence of any 

bound oil.  c) Image from a region of the oleogel which appears to have retained a small 
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amount of oil and contains semi-spherical pocketed features, most of which are ≤ 3 μm in 

diameter.  d) Higher magnification of (c) highlighting the pore structures. 

 

Certain sections of the EC matrix however, were seen to have pocketed areas resembling 

those imaged by cryo-SEM (Figure 9b, c, d).  These features seemed to be present in 

areas where the exposed face had not fractured so as to produce a flat surface, but had 

instead exposed an irregular surface such as a hemispherical outcropping.  These areas 

also appeared to have retained a small amount of residual oil as it was noted that there are 

sections of relatively smooth surfaces with fewer and smaller gaps between EC fibres.  It 

appears that this oil may have become entrapped within the EC matrix as it gradually 

contracted and became increasingly dense, which may have made it impossible for the 

solvent to access all the oil in these regions.  It is believed that these pore-like structures 

are not artifacts because they were observed in these types of outcroppings in several 

samples prepared with both different viscosities and different concentrations of EC.  We 

therefore propose that as these regions were able to retain a small amount of oil, they also 

quite possibly would have been able to retain some of their native structure. 

 

It can be seen in Figure 9c that many closely spaced pockets could be found clustered in 

one area.   However, due to the scarcity of these regions, combined with the difficulty of 

judging both the pocket boundaries, as well as what structures could be defined as a 

pocket, the average pore size was not analyzed.  Despite this, by a simple visual 

inspection, the size of the pockets appear to be comparable to those characterized with 

only the surface oil removed.  The majority of the pockets seen in the xerogel samples are 
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approximately 3 μm in diameter or smaller, which is quite close to the average pore size 

of the corresponding canola oil oleogels characterized in Figure 8a.  Although the 

average pocket size may be smaller than that seen in the partially de-oiled samples, this 

may be due to the contraction of the EC network as the oil was removed.  For these 

reasons, it is believed that the pores found in these isolated regions are the same pores in 

which vegetable oil was entrapped before de-oiling.  Due to the presence of a minor 

amount of oil, these regions may not represent the true structure of the xerogel, however 

they give important insight into the native structure of the EC scaffolding within the 

context of an oleogel.  They also lend support to the characterization of the pore size in 

the gels which had only the surface oil removed.  Finally, this observation also supports 

previous studies which have suggested that the EC entraps droplets of oil within a 

polymer network, while providing a scaffolding to support the structure of the gel 

(Laredo et al., 2011). 

 

4     Conclusion                                                                                                                                                  

While no significant differences in G’ or G’’ were found for oleogels made using 

different types of vegetable oils at a low shear strain of 0.05%, G’ and G’’ increased 

significantly when the EC polymer variety (molecular weight) was changed from 45 cP 

to 100 cP.  Additionally, there was a significant increase in G’ when polymer 

concentration was increased from 13% to 14%.  The added presence of the surfactant 

SMS caused an increase in the tan(δ), indicating a decrease in elasticity when the 

surfactant level is increased to 3.33%.  Overall less significant differences were found 

among samples compared to previously reported large deformation rheology results.  
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Using scanning electron microscopy, it was possible to view the underlying polymer 

network structure of EC oleogels.  The polymer network surrounds small oil pores of 

approximately 3.0-4.5 μm in size, with oleogels of different compositions showing 

significant differences in average pore size.  As the level of oil unsaturation increase, 

pore size was shown to decrease.   By increasing the polymer concentration from 10 to 

14%, a linear decrease in pore size was observed.  The addition of the surfactant SMS 

resulted in an overall decrease in pore size, while oleogels of significantly different 

textural properties, made with two different polymer molecular weights, showed no 

significant difference in pore size.  This suggests that there are multiple factors 

contributing to oleogel mechanical strength rather than purely pore size.  Finally, SEM 

micrographs of EC oleogel xerogels were reported for the first time and regions 

containing pores similar in size to the partially de-oiled oleogels were observed.       
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Abstract            

Surface plasmon resonance was utilized to obtain binding curves and dissociation 

constants for the interaction between purified myosin and thiolated fatty acid chains of 

various lengths, from 4 to 18 carbons, and the unsaturated fatty acid, cis-9-octadecene-1-

thiol.  Results showed that there were no significant differences in binding between 

myosin and any of the fatty acid chains.  However, myosin appears to have an affinity for 

gold that is greater than its affinity to any of the fatty acids, and not significantly different 

than the affinity bovine serum albumin has for gold. When very high concentrations of 

thiols were used to coat the gold covered slides, this physically disrupted the binding of 

myosin to gold, causing the dissociation constant for these samples to increase 

significantly.  The addition of the disulfide bond breaker, DL-dithiothreitol, to the protein 

solutions had no significant effect on binding, signifying that the physisorption of polar 

groups onto the gold surface may be the mechanism for association.  The binding 

between myosin and gold is a specific interaction which could indicate that myosin has a 

more general affinity for Group 1B transition metals, possibly signifying a physiological 

purpose.   
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Introduction 

Proteins and lipids are two of the most heavily studied components of food.  They are 

predominantly responsible for the texture, mouthfeel, and taste of a large variety of food 

products, including meat, cheese, ice cream, and baked goods (Lucca and Tepper, 1994; 

Kinsella, 1982).  These two important constituents have been extensively studied together, 

as part of a whole food product, or separately, in purified forms however; the detailed 

interactions between proteins and lipids in most food systems are not well understood.  It 

is these interactions however, which are responsible for the stability of many oil in water 

emulsions, including milk, frozen emulsions such as ice cream, and meat emulsions 

(Dalgleish, 1997; Dickinson, 2001; Goff et al., 1989; Goff, 1997; Hansen, 1960; Barbut, 

1995; Youssef and Barbut, 2009).   The proteins in these products adsorb at the oil/water 

interface, stabilizing the emulsion and hence the resulting product.  Though this process 

is of vital importance, the degree of interaction or binding between proteins and lipids is, 

for the most part, unknown (Meng et al., 2005). 

 

Comminuted meat products are one type of food where protein-lipid interactions are 

essential.  Comminuted meat products are processed products that are very finely 

chopped or emulsified, and usually contain at a minimum, meat proteins (myofibrillar, 

stromal), fat, water or ice, and salt/phosphates (Barbut, 1995).  A typical composition for 

these products is 20-35% fat, 50-60% water, and a relatively small amount of protein, 

only 10-15% of the formulation (Barbut, 1995).  Comminuted meat products are 

predominantly stabilized by salt-soluble myofibrillar proteins, including the protein 

myosin.  Myosin, which is one of two primary proteins that make up muscle, is 
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solubilized by salt and then forms a network that surrounds and stabilizes water and fat 

alike in these products.  Myosin is believed to be the reason why products like 

frankfurters, bologna, and other comminuted meat products can be made with fat contents 

in excess of 20 %, with little to no fat separation during cooking (Barbut, 1995).  Based 

on what is known of emulsions, the fat in a meat batter is stabilized by interfacial protein 

films, which form around the fat globules.  This protein film at the water-lipid interface 

stabilizes the emulsion and reduces the propensity for coalescence (Galluzzo and 

Regenstein, 1978; Gordon and Barbut, 1992; Barbut, 1995; Zetzl et al., 2012).  Though 

the stabilizing ability of myosin is of vital importance to emulsion type meat products, 

the reasoning behind its ability to do so, and the exact interactions that take place, 

especially at the nanoscale, are not fully understood. 

 

A large number of fats and oils, both from vegetable and animal sources, consist of three 

primary fatty acids as follows: palmitic acid, stearic acid, and oleic acid.  These three 

fatty acids are responsible for at least 85% of the composition of cocoa butter, olive oil, 

palm oil, beef tallow, and mutton tallow, while lard contains over 80% palmitic, stearic, 

and oleic acids (Gunstone, 2004).  As these fatty acids play such a large role in the 

composition of many common fats, it is possible that over thousands of years, native 

animal proteins such as myosin may have developed a preferential association for these 

three fatty acids which they do not display for the less commonly encountered short chain 

fatty acids.  Such preferential selection to commonly encountered or essential fatty acids 

can be seen in the human placenta, heart, and liver tissues where fatty acid binding 

proteins bind, transport, or interact with long chain polyunsaturated fatty acids, long 



125 
 

chain fatty acids, and heterogeneous ligands respectively (Dutta-Roy, 2000).  As palmitic, 

stearic, and oleic acid are such vital components of animal fat, and this fat is distributed 

between muscle fibres (marbling seen in meat), it is hypothesized that a greater level of 

binding would be seen between myosin and these fatty acids compared to all others.  

Oleic acid, the only fatty acid of the three to possess an unsaturation, may also display 

additional differences in binding compared to the saturated palmitic and stearic acid.  

Though previous work has shown a preferential binding of other proteins to these specific 

longer chain fatty acids, it is only recently that equipment has become available with the 

required sensitivity to view fat and protein interactions on the nano scale (Ockner et al., 

1972; DeBono et al., 1996; Jung et al., 1998).      

 

Great advances in laser and detector technology have allowed for advanced techniques 

such as surface plasmon resonance (SPR) to be used for the study of minute changes at an 

interface on the nanometer scale (Pattnaik, 2005).  Already SPR has been used for over a 

decade to quantify such changes, and could provide a different type of insight into such 

reactions compared to Raman spectroscopy (DeBono et al., 1996; Jung et al., 1998).  The 

most commonly used detection scheme for SPR is the Kretschmann configuration, which 

is shown in Figure 1a.  When using this system, a parallel polarized light source (laser) 

passes through a prism, and reflects off the back side of a metal surface (gold or silver are 

commonly used), and into a detector (Pattnaik, 2005).  Reflectivity scans are usually 

attained by continuously collecting data while the laser and detector arm scan from 35o – 

60o.  At a specific angle called the resonance angle, light is absorbed by the electrons in 

the metal film, causing them to resonate, as long as the metal is sufficiently thin (<100 
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nm) (DeBono et al., 1996; Jung et al., 1998).  These resonating electrons are also known 

as surface plasmons, and are sensitive to their surrounding environment.  As a photon is 

required to create a surface plasmon, an intensity loss in the reflected beam occurs at the 

resonance angle, due to a reduced number of photons, and can be viewed as an intensity 

minimum in the SPR curve (Jung et al., 1998; Pattnaik, 2005).  The position and shape of 

the minimum can be used to convey information about the surface of the metal, including 

the layer thickness of attached molecules, as the plasmons produce an evanescent wave 

that penetrates 200-300 nm below the surface of the metal (Pattnaik, 2005).  A sample 

curve, displaying this intensity minimum, is shown in Figure 1b.  As a greater level of 

substrate binds to the surface, the average surface height would increase, and would be 

signified by a shift to the right (to a greater angle) of the SPR curve minima (resonance 

angle).  Similarly, if protein or gold were to be removed from the sample surface, this 

would be indicated by a negative shift in the spectrum minimum.   
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Figure 1a) The specific Kretschmann configuration used to collect the surface plasmon 

renonance spectrums. b) Two typical surface plasmon resonance spectrums (reflectivity 

scans), where both show an intensity minima at the resonance angle, which occur at 

approximately 54-55o.  A shift in the resonance angle can also be seen when comparing 

the two curves, due to higher levels of bound myosin protein at the surface for the 175 

μg/mL sample (in red).   
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Surface plasmon resonance can easily be used to monitor the binding between free 

analyte molecules in solution, and probe molecules that are linked or bound to the sample 

surface.  In addition, association and dissociation constants, as well as the binding affinity 

for the system can all be determined using SPR.  As it uses a direct method of detection, 

the technique avoids the drawback of needing labels for the various analytes.  The real-

time collection of data at the interface surface is also a great advantage, as any changes 

can be detected almost immediately.  Overall, surface plasmon resonance has become a 

very important and powerful technique for measuring a variety of interactions, including 

DNA-DNA, DNA-protein, and lipid-protein (Pattnaik, 2005).   

 

The goal of this study was to use surface plasmon resonance in an attempt to measure the 

dissociation constant (Kd) for the interaction between the purified protein myosin and 

thiolated fatty acid chains of various lengths, which are a model system for 

triacylglycerols.  The use of the specific protein myosin would inherently provide the 

greatest impact for the meat industry however; fat-protein interactions take place in a 

variety of food products (Karel, 1973; Alzagtat and Alli, 2002).  

 

Materials and Methods                

All SPR slides were prepared in the Department of Physics and Chemistry at the 

University of Guelph.  Precision flat slides of SF-10 glass (GWC Technologies Inc., 

Madison, WI, USA) with dimensions of (18.0 ± 0.1 mm)2 x 1.02 ± 0.01 mm were used as 

the substrate for the vacuum deposition of a layer of titanium (3 ± 1 nm thick to help with 
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the gold adhesion) and gold (45-46 nm), using a custom-built vacuum evaporator system 

(base vacuum of 3 × 10−7 Torr). 

 

Prior to the deposition of gold, the glass slides were extensively cleaned according to a 

protocol developed by Dr. Oleh Tanchak: slides were first rinsed in anhydrous ethanol 

(Commercial Alcohols, Brampton, ON, Canada), then were placed into a boiling mixture 

(1:1) of fresh ethanol and ACS-certified chloroform (Fischer Scientific, Fair Lawn, NJ, 

USA), followed by sonication for 15 min at approximately 40 oC.  Following the 

sonication, the slides were again rinsed in fresh ethanol and then Milli-Q water 

excessively, after which they were sonicated for 5 min in 2% Hellmanex II in water 

(Hellma GmbH and Co., Müllheim, Baden-Württemberg, Germany).  Slides were rinsed 

again in Milli-Q water to ensure all Hellmanex is removed, and were sonicated in the 

Milli-Q water for 5 min.  The slides were then rinsed with ethanol a final time, followed 

by dying using a stream of dry argon; following this extensive cleaning procedure the 

slides were immediately placed into the vacuum chamber of the deposition system.  

 

Once the slides were coated with titanium and gold, they were submerged in one of seven 

thiol solutions with different carbon chain lengths for 24 hr; 1-butanethiol, 1-hexanethiol, 

1-octanethiol, 1-decanethiol, 1-hexadecanethiol, 1-octadecanethiol, and cis-9-octadecene-

1-thiol (Sigma-Aldrich, St. Louis, MO, USA) were the thiolated fat solutions used.  A 

concentration of 1 mM in anhydrous ethanol was used to make the thiol solutions.  After 

soaking for 24 hr, the slides were rinsed thoroughly with ethanol, followed by a thorough 

rinse with Milli-Q water and drying with argon.  This was completed in triplicate for each 
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fatty acid chain length.  Three additional treatments were made using a higher 

concentration of thiolated fatty acid in anhydrous ethanol as follows: 1-octadecanethiol 

(30 mM), cis-9-octadecene-1-thiol (50 mM), and 1-butanethiol (100 mM).  These 

solutions represent the approximate solubility limit for each thiolated fatty acid in ethanol.  

While the unconcentrated solutions did not face solubility challenges, these high 

concentrated solutions required up to a half hour sonication in a water bath (Branson 

Ultrasonics Corporation, Danbury, CT, USA) at 30 oC.   

 

After the slides were prepared, they could then be used to assemble the flow cell (GWC 

Technologies Inc., Madison, WI, USA).  A slide was placed, gold coated side down, on 

top of a clean rubber O-ring.  A drop of hydrogenated terphenyl diiodomethane matching 

fluid (nD
25 °C – 1.720 ± 0.0005, R.P. Cargille Laboratories Inc., Cedar Grove, NJ, USA) 

was then placed on top of the slide, followed by an SF-10 glass prism (which was 

thoroughly cleaned using anhydrous ethanol and lens cleaning tissue, Thorlabs Inc., 

Newton, NJ, USA).  The cell was tightened using a Teflon piece that was placed on top 

of the prism.  Below the gold slide, the Teflon input-output part of the flow cell was 

screwed into place.  Tub PEEK polymer tubing (Upchurch Scientific, Oak Harbor, WA, 

USA) was attached to each inlet to allow for easy injection and removal of the sample 

fluids from the flow cell.  Once attached, a 5 mL Milli-Q water-filled syringe (Becton 

Dickinson and Company, Franklin Lakes, NJ, USA) was attached to the input, and was 

used to wash 5 mL of water through the cell.  This was followed by a washing of 5 mL of 

anhydrous ethanol, followed by another 5 mL of water to ensure that the slide was as free 
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of contaminants as possible, and that there was no air trapped in the flow cell.  Fresh 

syringes were used for each fluid.    

 

Once the flow cell was assembled, it was then attached to the mount between the two 

arms of the Multiskop machine (Optrel GbR, Sinzing, Bavaria, Germany).  The machine 

consisted of a 4 mW helium-neon laser (JDS Uniphase, Manteca, CA, USA), which had a 

10 mW maximum output at 632.8 nm, and a photodiode amplifier detector (Optrel GbR).  

To attain a baseline curve for the myosin solutions, 3 mL of 0.6 molar KCl (Fisher 

Scientific, Fair Lawn, NJ, U.S.A.) in Milli-Q water was injected through the system, 

before attaining a reflectivity scan from 35o to 60o.  The KCl solution was used as a 

baseline, as this is the fluid found in the concentrated protein solution, and is a typical 

KCl concentration to solubilise myosin (Holzer and Lowey, 1959).  

 

The protein used in the experiments was calcium activated myosin from porcine heart 

(Sigma-Aldrich, St. Louis, MO, USA), which arrived as a 7 mg/mL in glycerol/0.6 M 

KCl solution.  To remove the glycerol, 2 mL of concentrated myosin solution was added 

to dialysis tubing (nominal MWCO 12000 – 14000, Fischer Scientific, Whitby, ON), 

along with 2 mL of 0.6 M KCl, which was placed in 1 L of 0.6 molar KCl in Milli-Q 

water.  The KCl solution was continuously stirred using a stir bar at low speed and 

replaced twice over 12 hr (4oC storage temperature over this entire period).  Before use, 

the protein concentration of the remaining myosin solution was calculated using an 

absorbance value from a Ultrospec 3100 pro spectrophotometer (Biochrom Ltd., 

Cambridge, UK) at 280 nm, a calculated myosin extinction coefficient of                     
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242 760 M-1cm-1, and a calculated molecular weight of 514.3088 kDa (Alliance for 

Cellular Signaling, 2012).  Though the molecular weight was listed by the supplier as 

being ~480 kDa, this was only a rough approximation.  To compare, the molecular 

weight was estimated by assuming that the myosin consisted of one cardiac muscle alpha 

heavy chain (223.576 kDa), one cardiac muscle beta heavy chain (222.890 kDa), and four 

light chains (16.961 kDa), resulting in a total of 514.3088 kDa (Alliance for Cellular 

Signaling, 2012).  For calculating the protein concentrations, this value was used, as it 

was deemed to be more precise.  The extinction coefficient was not provided by the 

supplier, and was estimated in the same way as the molecular weight, resulting in a final 

value of 242 760 M-1cm-1.  In addition, during both preparation and testing, myosin 

solutions were always kept at refrigeration temperatures or on ice to reduce any potential 

microbial growth.   

 

After attaining the baseline curve, 3 mL of protein solution was injected into the system.  

Initially a concentration of only 0.001 µg myosin / mL KCl solution was used.  

Reflectivity scan curves were attained every 5 min for a total of 30 min to ensure that an 

equilibrium had been attained.  After the 30 min had elapsed, the system was washed 

with 3 mL of 0.6 M KCl solution.  Resonance angles (intensity minima) were manually 

selected by examining the collected data points in a .txt file.  Resonance angles from the 

KCl baseline curves were subtracted from the KCl wash curves, revealing any shift in the 

curve and change in surface thickness (no change in surface thickness would result in a 

total angle shift of 0).  For the next protein concentration, the KCl wash would then 
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become the new baseline.  Subsequent protein solutions of concentrations 0.1, 10, 20, 40, 

100, 175, 350, and 500 µg / mL were injected, followed again by KCl washes.   

 

Twelve blank slides (coated with gold but devoid of any fatty acids) were also utilized in 

addition to the aforementioned slides.  As the data for each sample was collected in 

triplicate, these slides were used for four different samples.  The slides were cleaned and 

prepared in the exact same manner as the fatty acid coated slides, minus the step 

involving 24 hr in a thiol solution.  Firstly, three slides were used to attain a baseline for 

the entire system.  Milli-Q water was added to nine flasks, each representing one protein 

concentration.  Milli-Q water was then injected through the system as if it were a protein 

solution, while the movement of the resonance angle was monitored over the same period 

of time as the procedure described above (referred to as “Blank with H2O” in Figure 2a).  

Three more slides were used to determine the level of binding and the nature of binding 

between myosin and the gold surface when no fatty acids were present (labeled as “Blank 

with Myosin” in Figures 2 and 3).  Another three blank slides were utilized in a similar 

manner except now, 1 mM DL-dithiothreitol (Sigma-Aldrich, St. Louis, MO, USA) was 

added to each of the myosin solutions in an attempt to determine the binding mechanism 

between myosin and the gold surface.  Afterwards, in an attempt to see if any protein-

lipid interaction could be seen, the data for the slides coated in 30-100 mM thiol solutions 

was then collected, following the same procedure that was utilized for all of the previous 

slides.  These myosin solutions did not contain any DL-dithiothreitol.   
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After investigating the binding mechanism between myosin and the surface, for 

comparison purposes, the protein albumin from bovine serum (lyphophilized powder, 

essentially fatty acid and globulin free, Sigma-Aldrich, St. Louis, MO, USA), was used in 

place of the myosin.  Bovine serum albumin (BSA) solutions were made by adding the 

powdered protein to Milli-Q water at the same concentrations as the myosin solutions 

(0.001, 0.1, 10, 20, 40, 100, 175, 350, and 500 µg / mL).  The final three blank gold-

coated slides were utilized to collect a baseline curve for BSA when no fatty acids were 

present (labeled as “Blank with BSA” in Figure 3), while three additional slides were 

soaked in 1 mM 1-hexadecanethiol to see the effect of the added fatty acid on binding.  

To collect the data, an identical procedure was then followed as used previously, except 

BSA was substituted for myosin, and Milli-Q water was used as a control solution instead 

of 0.6 M KCl.  

 

The resonance angle was determined for all protein concentrations, and the average angle 

shifts for each fatty acid were plotted using GraphPad Prism 5.0 (GraphPad, San Diego, 

CA, USA).  Average dissociation constants (using a one-site binding with hill slope), 

standard errors, and confidence values at the 95 % level for each thiolated fatty acid were 

also determined using GraphPad Prism 5.0.  To determine a value for protein layer 

thickness (in nanometers) attached to the gold surfaces, the Optrel GBR Surface Plasmon 

data evaluation and simulation program (Version 3.0 Beta) was utilized.  The refractive 

index (and absorption coefficient where necessary) for 5 layers was attained, SF-10 glass, 

gold, titanium, protein (myosin or BSA) and Milli-Q water or a 0.6 M KCl solution.  

Refractive index and absorption coefficient values for gold, titanium, and SF-10 glass 
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were obtained from the website www.luxpop.com, using a wavelength of 632.8 nm and a 

temperature of 22 oC (Luxpop Inc., 2012).  For bovine serum albumin, the refractive 

index of protein solutions from 0–25% in Milli-Q water were measured using a J357 

automatic refractometer (Rudolf Research Analytical, Hackettstown, NJ, USA) at 22 oC 

and a wavelength of 589.3 nm.  Results were then fitted with a linear regression with an 

r2 of 0.998, where refractive index = 1.332 + 0.001648(percent myosin).  By 

extrapolating from this, a refractive index of 1.4968 for pure bovine serum albumin 

protein could be attained.  Though this was using a wavelength of 589 nm instead of 

632.8 nm, the resulting value was already lower than those attained in the literature, so no 

attempts were made to further lower or adjust this value to compensate for the difference 

in wavelength, in the hopes of preventing an artificially low refractive index value 

(McMeekin et al., 1964; Barer and Tkacyzk, 1954).  Due to the extreme expense and 

availability of purified myosin protein, protein solutions of a maximum of only 1% could 

potentially be made.  As this was not sufficient for predicting a refractive index value, an 

estimation had to be made using values found in the literature.  The specific refractive 

increment of most protein solutions has been shown to be approximately 0.0018, meaning 

that the refractive index of the solution increases by 0.0018 for every 1% w/v increase in 

protein (McMeekin et al., 1954; Ross and Billing, 1957).  For a ‘solution’ containing 100% 

protein, this results in a 0.18 increase in the refractive index, which was measured as 

being 1.33836 for a 0.6 M KCl solution in Milli-Q water, resulting in a final refractive 

index of 1.51836 for myosin.  By setting the protein layer to 0 nm, the original position of 

the resonance angle could be determined in the simulation program.  The size of the 

protein layer was then increased until the total angle shift matched those determined for 
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each sample.  The protein layer thickness at this point was then recorded for each sample 

treatment.         

 

Results and Discussion                                       

To establish any relationships between the binding of fatty acids and the protein myosin, 

gold slides first needed to be submerged in a thiol solution for 24 hr.  It has been 

previously shown that ordered alkyl thiol monolayers are formed spontaneously by self-

assembly when gold is exposed to a thiolated fatty acid solution, with a thiol 

concentration of 1 mM being effective in creating these monolayers (DeBono et al., 1996; 

Jung et al., 1998).  At concentrations in excess of 1 mM, thiolated fatty acid multilayers 

could form, changing the properties of the surface (this would play an important part in a 

later stage of the experiment).  Once a monolayer of thiolated fatty acids was bound to 

the gold slides, they could each be individually used to assemble the Kretschmann 

configuration (Figure 1a).  

 

The first experimental challenge was to determine the concentration of myosin in 0.6M 

KCl which should be used in an attempt to bind to the thiolated fatty acid sample surfaces.  

Historically, an approximate protein level of 1000-5000 μg/m2, or 0.1-0.5 μg/cm2 can be 

expected to saturate a sample surface (Feijter et al., 1978; Hunt and Dalgleish, 1994).  

The size of the gold surface exposed to the sample solutions was approximately 1.33 cm2, 

while the size of the flow cell was indicated by the supplier to be 20 μL.  Therefore, it 

was predicted that a myosin concentration between 6.65 μg/mL and 33.25 μg/mL would 

be required to saturate the surface.   
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Contrary to our hypothesis, no binding was noted whatsoever until a myosin 

concentration of 10 μg/mL was used.  Even at this concentration, the angle shift for 

almost all of the samples was below 0.03°, as shown in Figure 2a.  When the myosin 

concentration was increased to 20 μg/mL, a much larger angle increase was noted, 

approximately 0.24° on average. Between 20 and 200 μg/mL, the level of myosin bound 

to the sample surfaces increased significantly (P<0.05) however, above a concentration of 

200 μg/mL, the rate of myosin binding decreased substantially, leading to saturation of 

the sample surface at a myosin concentration of approximately 500 μg/mL.  This is 

certainly far greater than the 6.65-33.25 μg/mL predicted to saturate the surface.  Though 

the size of the flow cell may not be exactly 20 μL as indicated by the manufacturer, the 

size of the cell would have to be 15-75x greater to account for this concentration level, 

and is not a logical explanation.  One explanation may be due to the structure of the 

myosin protein itself, or the size of the molecule.  Though this raises an important 

question in the field of surface chemistry, the focus of this paper was to determine if it 

was possible to note specific differences in binding between myosin and the various 

thiolated fatty acids.  Therefore, due to the time requirement of the current project, these 

other surface chemistry questions were not answered here, but simply were identified for 

future work.   
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Figure 2a) Average angle shift of the SPR resonance angle, showing the binding of 

myosin to thiolated fatty acid monolayers of various chain lengths and unsaturation 

levels.  The ‘H2O Blank’ points represent the baseline for the machine when only Milli-Q 

water is injected through the system. b) Average angle shift of the SPR resonance angle, 

showing the binding of myosin to thiolated fatty acid multilayers of various chain lengths 

and unsaturation levels (SL = Solublity Limit, as thiols at their solubility limit were used 

to coat these slides).  In addition, dithiothreitol was added to 0.6 M KCl in Milli-Q water 
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(to a final concentration of 1 mM) to show the effect of a disulfide bond breaker on 

binding.   

   

Based on Figure 2a it can be seen that all of the slides which were coated with thiolated 

fatty acids at the 1 mM level showed a near identical average binding curve.  Regression 

lines and error bars have been omitted from this figure to allow for ease of viewing 

however, there were no significant differences among the sample points at each 

concentration.  Also, the dissociation constants for these samples, shown in Table 1, were 

not significantly different regardless of fatty acid chain length.  There were also no 

significant differences between the unsaturated oleic acid compared to the saturated fatty 

acid chains.   

 

Previous work has shown that fatty acid binding proteins isolated from the cytosol of rat 

jejunal mucosa showed preferred binding to the fatty acid anions oleate (18:1) and 

palmitate (16:0), though not stearate (18:0).  In addition, high levels of binding were 

noted when using linoleate (18:2) (Ockner et al., 1972).  Unfortunately, a thiolated form 

of 18:2 was not available for this experiment; however, it is likely that there would also 

be no significant differences compared to the other fatty acids.  Though the work of 

Ockner et al. did not show a very high binding affinity for stearate (with only 4.4% 

bound), this was still much higher than the binding of laurate or octanoate, which showed 

binding levels of less than 1% (Ockner et al., 1972).  Overall, it could be concluded from 

their study that there was a preferential level of binding for palmitate, stearate, and oleate, 

the three most highly concentrated fatty acids in most animal fats; while the relative 
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amounts of bound fatty acids was also substantially higher for the unsaturated fatty acids 

compared to the saturated ones (Ockner et al., 1972).  Additionally, DeBono et al. (1996) 

stated that are differences in monolayer packing of alkyl thiols when they are more than 

10 carbons in length.  Over 10 carbons in length, a densely packed crystalline-like 

monolayer is formed, with all-trans alkyl chains tilting 20-30o from the surface normal 

(DeBono et al., 1996; Ulman et al., 1989).  Based on the work of Ockner et al., reported 

differences in the packing of thiolated fatty acids greater than 10 carbons in length, and 

the high prevalence of long chain fatty acids in nature, it was expected that there would 

be a chain length specific interaction between the fatty acids and the myosin.  It was also 

hypothesized that the unsaturated oleic acid would show a dissociation constant that 

would be significantly different from that of stearic acid.  The lack of significant 

differences between these samples may be explained by a phenomenon that was noted 

when using a blank slide, which was covered by gold but contained no thiolated fatty acid.  

   

Even when no thiolated fatty acid was present on the blank, myosin still bound to the 

surface with the same binding curve as the fatty acid covered slides, and possessed a KD 

that was statistically similar to these samples, as seen in Figure 2a and Table 1.  It should 

be noted, that Milli-Q water (labeled as Blank with H2O in Figure 2a) was injected 

through the system without the presence of myosin, resulting in no shift in the position of 

the SPR curve minima after several hours.  Though no results for it are shown in this 

paper, solutions containing 0.6 M KCl in Milli-Q water without myosin were also 

injected in the same manner with an identical result, no shift in the resonance angle over 
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time.  As the resonance angle remained constant when using water or a KCl solution 

without protein, this indicates that myosin is in fact binding to the gold surface.   

 

Specific gold binding proteins are not unheard of.  For decades, low molecular weight 

cytosolic proteins, found in the kidneys and liver, have been studied for their metal 

sequestering abilities.  Known as ‘metallothioneins’, these proteins have been found to be 

at least partly responsible for the sequestering and intracellular localization of gold 

(Sharma and McQueen, 1980).  Metallothioneins are present in the cytosol in such low 

concentrations that they are very difficult to identify however; it has been established that 

they have a low molecular weight (approximately 6.5 kDa), and contain a high cysteine 

content; 20 out of 61 total amino acids (Schmitz et al., 1980).  For many years, gold salts 

were used to treat rheumatoid arthritis, though little was known of the mode of 

therapeutic action, giving incentive to research in this field (Sharma and McQueen, 1980).  

Even today, chronic toxicity reactions in the skin caused by gold treatments continue to 

be poorly understood.  Gold toxicity coupled with the ever rising cost of gold has limited 

the practicality for such a treatment against arthritis.  Work in this area has practically 

stopped.   

 

Other than the specific metallothionein group, many other much more common proteins 

have shown an affinity for gold (specifically colloidal gold suspensions), and include 

myoglobin, insulin, lactoferrin, catalase, ferritin, low-density lipoprotein, and bovine 

serum albumin (De Roe et al., 1987).  These proteins range in molecular weight from 

approximately 6 to 450 kDa, and possess a wide variety of compositions and 
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conformational structures.  Rather than interacting in a similar manner to the very 

specific metallothioneins, it is more likely that the binding between myosin and gold is 

similar to the mechanism that these other common proteins demonstrate. 

 

When referring to colloidal gold suspensions, it was generally believed that a negative 

charge on the gold particles stabilized the system through electrostatic repulsion (De Roe 

et al., 1987).  Molecules such as proteins would then associate with these gold particles 

through electrostatic interactions.  While it could therefore be inferred that myosin-gold 

interactions are electrostatic in nature, there are several works which have shown this not 

to be the case.  Glazman (1966) reported that these colloidal gold suspensions were 

stabilized by forces that are ‘non-electric’ in nature.  Additionally the work of De Roe et 

al. (1987) showed that the association between a variety of proteins and colloidal gold 

particles was not closely related to their isoelectric point.  The dissociation constants 

were also not affected by pH.  Neutral polymers such as yeast mannan or 

polyethyleneglycol were also found to prevent the flocculation of the gold particles, 

without providing any sort of aid in regards to charge (De Roe et al., 1987).  While a 

colloidal gold suspension may possess a stronger charge compared to a gold coated 

surface, the evidence pointing against an electrostatic association means that myosin is 

likely interacting with gold through another means. 

 

The work of Schmitz et al. (1980) proposed three potential configurations for 

metallothioneins binding to gold thiomalate, all were non-electrostatic in nature, yet 

involved sulfur groups.  Though one of these configurations may explain the myosin-gold 
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association, more recent work has proposed a different mechanism of binding between 

gold and gold binding proteins (Braun et al., 2002).  Of all the gold binding protein 

sequences studied, none contained the amino acid cysteine, which forms covalent bonds 

with gold (Braun et al., 2002).  Methionine was found to be present in the sequences, but 

it was unclear as to whether methionine could form a covalent bond to gold in a similar 

manner to cysteine.  Instead of binding through the formation of covalent bonds, it was 

proposed that physisorption of the polar amino acids serine and threonine (which were 

both found at high concentrations in the protein sequences) onto the gold surface may be 

responsible for the noted binding (Braun et al., 2002). 

 

In an attempt to answer this question, and gain further insight between the binding of 

myosin and gold, DL-dithiothreitol, a powerful reducing agent for disulfide bonds, was 

added at a concentration of 1 mM to the myosin solutions.  Dithiothreitol has been shown 

to disrupt disulphide bonds and preserve sulfhydryls when used at a concentration of 1 

mM (Scopes, 1994).  As these tests were completed using blank slides devoid of fatty 

acids, the disruption of fatty acid – gold bonds was not an issue.  As seen in Figure 2b 

and Table 1, the samples tested using DL-dithiothreitol in the myosin solutions showed 

no significant differences in binding compared to the blank samples where no 

dithiothreitol was present.  The dissociation constant of 29.68 was also not significantly 

different from any of the 1 mM thiolated fatty acid samples.  These results show that the 

presence of a sulfhydryl reducing agent had no effect on the dissociation constant or rate 

of binding, signifying that myosin binds to gold through a means other than a sulfur-gold 



144 
 

coordination complex, possibly through the physisorption of polar groups onto the gold 

surface, as suggested by Braun et al. (Braun et al., 2002).   

 

The results of this paper do not conclusively indicate that there are no differences in 

binding due to fatty acid chain lengths or unsaturation levels, simply any differences that 

do exist are insignificant in comparison to the protein’s affinity for gold.  To see if it was 

possible to view a fatty acid-protein interaction in addition to the gold-protein interaction, 

near-supersaturated solutions of the fatty acids were used to soak the slides.  This would 

ensure that not only would the gold surface be completely covered, but there might in fact 

be multilayers of the thiol on the surface.  Such high levels from 50-100 mM are never 

used in surface chemistry studies, with many experiments being in the 10-1000 µM range, 

yet these high levels were used to try and demonstrate what would happen in an extreme 

case (DeBono et al., 1996).  The three treatments that were chosen, contained the largest 

differences among our samples, from small chain to long chain fatty acid, and also 

compared saturated to unsaturated.  It was predicted that if any trends could be identified, 

additional binding and differences in affinity among the fatty acids, these three thiolated 

fatty acids would provide a good indication of this.   

 

All of the samples which contained an excess amount of fatty acid showed a decreased 

binding at lower protein concentrations, leading to a larger KD value, though not 

significantly so for the slides covered in 1-octadecanethiol (Figure 2b and Table 1).  As 

the thickness in the fatty acid layer increased, so did the KD, with the visibly thickest 

layer caused by 18:1 at a concentration of 50 mM having the highest KD.  Based on the 
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binding curves in Figure 2b, it can be seen that higher concentrations of myosin are 

needed before binding is noted for these samples.  This is due to a greater coverage of the 

gold surface, making it more difficult for the myosin to interact and bind to the gold.  

Though the 1-butanethiol solution was the most highly concentrated, at 100 mM, this 

thiol solution was more readily soluble in anhydrous ethanol compared to the other two 

fatty acids.  The improved solubility due to the fatty acid chain length most likely 

attributed to a significantly higher KD compared to the 1 mM samples, yet one that was 

significantly lower than the 50 mM 18:1 sample.   

 

While the addition of 1 mM DTT would have been a chemical disruption (if the myosin 

were interacting via a sulfur-gold coordination complex), the fatty acid multilayers 

constitute a physical disruption, making it more difficult for myosin to reach the gold 

surface.  The additional fatty acid layers caused a binding lag phase that was only 

overcome once higher protein concentrations were used.  The final angle shift for 

treatments with high levels of fatty acid were not significantly different from the 1mM 

fatty acid slides, suggesting that a lack of binding sites on the gold’s surface was not an 

issue for the myosin, further confirming that the method of association is not a 

coordination complex.   

 

Albumin (specifically from bovine serum, BSA) is a heavily studied protein in the field 

of surface chemistry.  Albumin possesses a variety of important physiological purposes 

within the blood including transport of hormones, fatty acids, and metal ions (Bal et al., 

1998; Ni Dhubhghaill et al., 1991).  It has been shown to posses several specific metal 
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binding sites, and has an affinity for gold (De Roe et al., 1987; Ni Dhubhghaill et al., 

1992; Bal et al., 1998; Pan et al., 2007).  In human patients treated with gold antiarthritic 

drugs, over 80% of the gold in the blood serum was shown to be bound/carried by 

albumin (Finkelstein et al., 1976; Blodgett et al., 1984; Ni Dhubhghaill et al., 1992).  

Albumin, specifically from bovine serum, has also been shown to possess a greater 

affinity for specific fatty acids (Spector et al., 1969).  Bovine serum albumin was found 

to bind most tightly to palmitate, while different levels of binding were also seen between 

oleate, linoleate, stearate, myristate, and laurate (Spector et al., 1969).  Additionally, there 

are numerous studies where BSA has been used in combination with SPR (Lyon et al., 

1998; Jung et al., 1998; Lyon et al., 1999).  Due to these factors, BSA was an ideal 

protein to be used as a comparison to myosin in this study.  It was important to see how a 

protein which has a known affinity for gold would interact with the system, and to 

identify if it was possible to see any additional interaction due to a fatty acid monolayer 

bound to the gold surface.    

 

Firstly, blank (gold-coated) slides were utilized to attain a baseline curve for BSA and its 

interaction with gold (Blank with BSA in Figure 3).  Secondly, gold slides were soaked 

in 1 mM 1-hexadecanethiol, to coat the surface in a 16 carbon monolayer.  As BSA was 

shown by Spector et al. to have the highest affinity for palmitate (C16) compared to a 

variety of other fatty acids, it was believed that if additional binding due to any fatty acid 

was noted, it would be strongest when the surface was coated with 1-hexadecanethiol 

(Spector et al., 1969).  The results for these two treatments can be seen in Table 1 and in 

Figure 3, where the myosin blank can also be seen for comparison purposes.   
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Table 1: Average dissociation constant (KD) values for the binding of myosin or bovine 

serum albumin to gold coated glass slides.  Certain slides were additionally covered by a 

monolayer of thiolated fatty acids (of various chain lengths and unsaturation levels).  

Values reported represent the averages and standard error of 3 replicates.  Values with 

the same superscript in each column are not significantly different from each other 

(P>0.05). 

Sample surface and protein used Concentration of thiol 
solution to prepare 
gold slides (mM) 

KD values 
 

Thickness of 
attached 

Protein (nm) 
Gold slide with Myosin (Blank) 0 29.81a ± 2.118 2.7a 

Gold slide with Myosin and 1 mM 
DTT 0 29.68a ± 1.673 

2.7a 

Gold slide with C4:0 and Myosin 1 26.21a ± 3.393 2.7a 
Gold slide with C6:0 and Myosin 1 31.28a ± 2.280 2.7a 
Gold slide with C10:0 and Myosin 1 29.92a ± 2.302 2.7a 
Gold slide with C16:0 and Myosin 1 28.14a ± 1.006 2.7a 
Gold slide with C18:0 and Myosin 1 29.52a ± 2.142 2.7a 
Gold slide with C18:1 and Myosin 1 29.35a ± 3.665 2.7a 
Gold slide with C18:0 and Myosin  30 56.09ab ± 13.88 2.8a 
Gold slide with C18:1 and Myosin 50 313.3c ± 28.97 2.7a 
Gold slide with C4:0 and Myosin 100 61.26b ± 7.934 2.45b 

Gold slide with BSA (Blank) 0 29.26a ± 5.576 1.0c 
Gold slide with C16 and BSA 1  30.70ab ± 9.802 1.5c 
 

The values in Table 1 show that both the BSA blank and samples covered in the thiolated 

C16 had the same dissociation constant as the myosin blank, and all other treatments that 

used 1 mM fatty acid to coat the surface.  Initially, there appeared to be a different in the 

total angle shift, as the blank slide caused a shift of 0.214o, and the slide covered in C16 

showed a 0.321o shift, however; at a confidence level of P<0.05, these values still were 

not significantly different from one another. 
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Figure 3: Average angle shift of the SPR resonance angle, showing the binding of myosin 

or bovine serum albumin to the gold coated surface over a range of protein 

concentrations.  An additional set of data points represent the binding of bovine serum 

albumin to a gold-coated surface that was covered with a monolayer of 1-

hexadecanethiol molecules. Values represent the average and standard error of 3 

replicates.  

 

Using a fitting program and the total angle shift values, it is possible to predict the 

thickness of the protein layer attached to the surface, as shown in Table 1.  For nearly all 

of the samples involving myosin, a protein layer thickness of 2.7 nm was estimated, as 

per the fitting program.  The only exceptions where when 1 mM C18 coated the surface, 

resulting in a protein layer thickness of 2.8 nm, and a thickness of 2.45 nm when 100 mM 

C4 covered the surface.  The only thickness that was significantly different from the 
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others was the 2.45 nm, where a high level of thiol on the surface caused a physical 

disruption, preventing the myosin from associating with the gold to the same degree. 

 

It was unexpected that a large protein such as myosin, with a molecular weight in the 

thousands of Daltons, would form such a thin layer on the surface.  While it is possible 

that the myosin molecules spread out greatly, flattening themselves against the surface, 

there are likely other contributing factors causing such a small thickness value.  When the 

laser hits the surface and reflects into the detector, the intensity value it registers is an 

average of the entire surface area covered by the laser.  This means that while the protein 

thickness in some areas may be much higher than 2-3 nm, on average it is only 2.7 nm for 

most of the treatments.  If this is the case, this indicates that large areas of the surface 

would not be covered in protein, while in other locations protein would be fairly heavily 

concentrated.  Several explanations could be hypothesized, but the true reasoning behind 

the thin layer of protein is as of yet, unknown. 

 

Compared to the samples involving myosin, the samples where BSA was injected 

showed an even smaller layer thickness, 1 nm for the blank gold coated slide, and 1.5 nm 

when the slide was coated with the C16 thiol.  While it may appear that based on this 

there is a smaller number of BSA protein molecules attached to the surface, this 

discrepancy is likely due to the great size difference between BSA and myosin, with 

myosin being close to 450 kDa larger.  Though having a nanometer value for protein 

layer thickness is valuable, this number was predicted using several estimated refractive 

index numbers.  This value was therefore deemed to be less precise compared to the total 
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angle shift and KD values, which is why these are discussed throughout most of this paper 

rather than the layer thickness values.  

 

The discovery of a main structural protein having such strong gold binding properties 

was indeed unexpected, especially considering that myosin has such a high molecular 

weight (calculated to be 514.3 kDa) compared to traditionally studied metallothioneins, 

or compared to BSA.  While many other proteins will interact with gold to some degree, 

myosin’s binding affinity is so strong that all other interactions (including potential 

protein-lipid interactions) are completely overshadowed by it.  Even BSA, a protein that 

is largely responsible for metal ion transport in the blood, did not show a stronger affinity 

for gold, signified by statistically similar KD values. Myosin’s powerful gold binding 

ability possibly indicates some sort of biological purpose, though it may not be an affinity 

for gold that is needed, but rather the gold may represent a wider affinity for other 

transition metals.   

 

Myosin with a molecular weight of 244.5 kDa has been identified within human 

erythrocytes (Fowler et al., 1985).  This is approximately half of the 514.3 kDa value 

calculated in this paper, as only one heavy chain and two light chains were identified by 

the Fowler group (Fowler et al., 1985).  Approximately 6000 copies of the myosin are 

present in each red blood cell, with less than half bound to isolated membrane 

preparations.  Contrary to animal muscle, myosin is not the major structural component 

of erythrocytes, though another sarcoplastic protein, actin, is a major component of the 

red cell membrane cytoskeleton (Matovcik et al., 1986).  It has been estimated that 
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myosin makes up only 1/1000 by weight of the protein in the adult red cell membrane 

(Matovcik et al., 1986).  As this myosin is not playing a major role in cytoskeletal or 

membrane structure, the obvious question is what purpose “soluble” myosin serves in 

these cells.  It has been proposed that the presence of myosin suggests the existence of a 

complete contractile system, which includes actin, and tropomyosin, though there may be 

additional physiological purposes which take advantage of myosin’s gold (and possibly 

transition metal) binding ability (Matovcik et al., 1986).  It is likely not a coincidence that 

myosin is a component of the cells which are responsible for the transport and allocation 

of metals within the animal body.  The presence of myosin in such small quantities also 

does not undermine its potentially vital purpose, as both fatty acid binding and gold 

binding proteins are only found at very low concentrations (Ockner et al., 1972; 

Furahashi and Hotamisligil, 2008; Sharma and McQueen, 1980; Schmitz et al., 1980).  

Clearly, further study is required to answer these questions. 

 

Conclusions                                    

The initial purpose of this paper was to attempt to determine the interactions between 

myosin and neutral lipid surfaces.  Using the surface plasmon resonance technique this 

was not possible due to the discovery of an unexpected and strong interaction between 

myosin and the gold surface.  No significant differences were observed between thiolated 

fatty acid samples, regardless of chain length or unsaturation level, due to this myosin-

gold interaction phenomenon.  Highly concentrated fatty acid thiol solutions were used to 

coat the gold, causing a physical disruption of this interaction, while the addition of 1 

mM DL-dithiothreitol showed that myosin was interacting with gold in a manner 
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different from thiol-gold binding.  The protein albumin from bovine serum was used for 

comparison purposes, and showed an affinity for gold that was not significantly different 

from that of myosin’s.  Though gold would not be encountered often within human or 

animal bodies, myosin’s affinity for gold may possibly signify a wider affinity for 

transition metals.  The presence of myosin within muscle as well as erythrocytes may 

indicate some sort of physiological purpose for this gold or transition metal binding 

ability.  
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Abstract 

Purified myosin and bovine serum albumin protein solutions of various concentrations 

were added to centrifuge tubes, and put in contact with various oil and fat surfaces of 

fixed area for 1 hr in a reciprocating bath.  Half of each solution was then removed, and 

the absorbance was measured at 278 nm.  Almost no significant decreases in absorbance 

were seen, regardless of the fat source or the protein utilized, signifying no binding of 

protein at the lipid interface.  When bovine serum albumin sample solutions were raised 

from 20 oC to 52.5 oC, there were no significant changes in absorbance compared to 

control solutions, indicating that partially denaturing the protein did not enhance 

interfacial binding.  It remains unclear as to if interactions between these proteins and 

lipids occur or not.  If they do occur, these interactions were not detectable with the 

utilized instrumentation and conditions.      
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1    Introduction 

Comminuted meat products (CMPs) are a finely chopped or emulsified type of product, 

in which a high percentage of fat is entrapped within a protein network.  Many common 

commercial products can be considered CMPs, including frankfurters, liver sausage, and 

bologna (Barbut, 1995).  Typically, CMPs contain in excess of 20% fat, and usually 

require this high level of fat to achieve consumer acceptance (Youssef and Barbut, 2009).  

The size of the fat globules is quite small, with beef fat frankfurters (25% total fat) 

possessing a median globule size of 25 µm (Zetzl et al., 2012).  Two theories currently 

exist in regards to the mechanism for fat stability in these products, the physical 

entrapment (gelation) theory and the emulsion theory (Barbut, 1995).   

 

The physical entrapment theory is the more recently developed of the two, and is based 

on the belief that small fat globules dispersed within a meat batter are physically held in 

place by the protein network before and after cooking (Lee, 1985).  While there is much 

evidence that this is happening to a certain degree, the physical entrapment theory is not 

able to fully explain some of the phenomena that occur in CMPs, such as the universal 

formation of interfacial protein films (IPFs) around fat globules in raw meat batters made 

using a variety of chloride salts (Gordon and Barbut, 1991).  The existence of IPFs and 

their importance in these products are the foundation for the emulsion theory. 

 

Emulsion theory was first reported in 1960 by L.J. Hansen, 15 years before the physical 

entrapment theory was introduced (Hansen, 1960).  Using microscopy techniques, it was 

noticed that comminuted meat products highly resembled traditional oil-in-water 
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emulsions, with the continuous phase consisting of water, protein, and salt, surrounding 

the added animal fat (Borchert et al., 1967).  This theory relies on the formation of 

interfacial protein films around the surface of the fat globules; the IPFs are believed to be 

of vital importance in stabilizing these globules during cooking (Gordon and Barbut, 

1991).  These films have been imaged surrounding several different types of animal fat, 

using a variety of techniques, including cryo-scanning electron microscopy and 

transmission electron microscopy (Borchert et al., 1967; Gordon and Barbut, 1991).  

While their existence has been confirmed several times, it remains unclear what their 

functional role is, and how responsible these films are for the stabilization of fats during 

the cooking phase, when the fat would be in its liquid state.  Additionally, there have 

been no attempts to try and quantify the level of interactions between a layer of salt 

soluble protein like myosin and an animal fat.  Myosin has been shown to be one of the 

major proteins involved in interfacial protein formation, making up the largest component 

by weight in these films, and has also been shown to be a good emulsifier in model 

systems (Barbut, 1995; Galluzzo and Regenstein, 1978; Schut, 1978).  If an interaction 

between a layer of purified myosin and an animal fat surface could be quantified, this 

would provide a great insight as to what the primary stabilizing factor is for the fat in 

CMPs.   

 

2    Materials and Methods 

2.1    Materials 

Fresh beef belly and pork belly fat where used to represent traditional fat sources in 

comminuted meat products, and were obtained from the University of Guelph abattoir. 
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All visible connective tissue was removed from the meat, followed by manual cutting 

into 5 cm cubes.  A small amount of the beef fat cubes were placed into a Crush Master™ 

blender (Black & Decker, Towson, Maryland, USA), and blended for 3 seconds.  This 

was repeated until all the cubes had been blended.  Afterwards, the pork fat cubes were 

blended following the same procedure.  Separately, the two types of blended fat were 

placed onto metal baking trays, covered in aluminum foil.  Trays were placed in a 

convection oven for 2.5 hrs at 90 oC at which point most of the liquid fat had been 

released from the cellular structure.  The melted fat was collected in a Pyrex bowl by first 

passing it through two stainless steel sieves (Fischer Scientific, Pittsburgh, PA, USA) 

with apertures of 1.18 mm and 850 µm.  The fat was then twice filtered through 

Whatman No. 4 filter paper (Whatman International Ltd., Maidstone, Kent, UK), 

resulting in a purified fat.  Twenty mL of fat was then poured into each 50 mL 

polypropylene centrifuge tube (Fischer Scientific) which were then stored at 20 oC until 

use over the next few days.  

 

The myosin used was calcium activated myosin derived from porcine heart (Sigma-

Aldrich, St. Louis, MO, USA), which arrived as a 6.5 mg/mL in glycerol/0.6 M KCl 

solution.  Glycerol was removed by adding 2 mL of concentrated myosin solution and 2 

mL of 0.6 M KCl (Fischer Scientific) in Milli-Q water to dialysis tubing (nominal 

MWCO 12000 – 14000, Fischer Scientific, Whitby, ON), which was then placed in 1 L 

of 0.6 molar KCl in Milli-Q water.  The KCl solution was continuously stirred using a stir 

bar at low speed and replaced twice over 12 hr (4 oC storage temperature over this entire 

period).  After the removal of the glycerol, the protein concentration of the remaining 
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myosin solution was calculated using an absorbance value from a Ultrospec 3100 pro 

spectrophotometer (Biochrom Ltd., Cambridge, UK) at 278 nm, a calculated myosin 

extinction coefficient of 242 760 M-1cm-1, and a calculated molecular weight of 514.3088 

kDa (Alliance for Cellular Signaling, 2012).  While the molecular weight was listed by 

the supplier as being ~480 kDa, this was only a rough approximation.  As it was deemed 

to be more precise, the molecular weight was estimated by assuming that the myosin 

consisted of one cardiac muscle alpha heavy chain (223.576 kDa), one cardiac muscle 

beta heavy chain (222.890 kDa), and four light chains (16.961 kDa), resulting in a total of 

514.3088 kDa (Alliance for Cellular Signaling, 2012).  The extinction coefficient was not 

provided by the supplier, and was estimated in the same way as the molecular weight, 

resulting in a final value of 242 760 M-1cm-1.  Using these values, the protein 

concentration of the stock solution was determined and was then kept at 4 oC until the 

start of the experiments.  

 

Due to the extreme cost of the purified myosin there were obvious limitations.  Albumin 

from bovine serum (BSA) is available in a highly purified form at a fraction of the cost of 

myosin.  For this reason, BSA (lyphophilized powder, essentially fatty acid and globulin 

free, Sigma-Aldrich, St. Louis, Missouri, USA) was chosen as an alternate protein to 

myosin.  The BSA could then be used in a greater number of treatments at higher protein 

concentrations, while at the same time validating the myosin results.    
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The vegetable oil used was 100% pure canola oil (No Name®, Loblaws Inc., Toronto, 

Ontario, Canada), which was obtained from a local supermarket and stored at 3 oC before 

experimental use. 

 

2.2  Methods 

2.2.1   Control measurements 

It was unclear if there would be any interaction with the control solution (0.6 M KCl in 

Milli-Q water) and the polypropylene centrifuge tubes or the fat sources, so several 

controls were prepared.  Control #1 consisted of 5 mL of the control solution in one of 

the centrifuge tubes, which was then capped.  This was then placed in a reciprocal 

shaking bath (Model 2872, Thermo Fisher Scientific, Marietta, Ohio, USA) at 20 oC and 

30 rpm for 1 hr.  A 2.5 mL aliquot was then removed from the solution using a 1 mL 

pipette (PIPETMAN P1000, Gilson, Villiers-le-Bel, Val-d'Oise, France) and placed in a 

quartz glass cuvette (Hellma, Müllheim, Baden-Württemberg, Germany).  Absorbance 

was then measured at 278 nm using the same Ultrospec 3100 pro spectrophotometer used 

previously.  This was compared to the absorbance value of the control solution to see if 

there were any differences, indicating an interaction with the polypropylene centrifuge 

tube.  Control #2 consisted of 5 mL of the control solution above rendered beef fat, to 

determine if the control solution would interact with the fat on its own.  After the 5 mL of 

0.6 M KCl in Milli-Q water was carefully added over the solid beef fat, the tube was 

capped and placed in the reciprocal shaking bath at 20 oC and 30 rpm for 1 hr.  Taking 

care not to disturb the lipid-water interface, 2.5 mL of solution was removed from the 

liquid layer.  Again, absorbance was measured at 278 nm and compared to control 
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solution that had not been added to the centrifuge tube.  Control #3 was identical to 

Control #2 except pork fat was used in place of beef fat.  Control #4 involved another 5 

mL of control solution being added to a centrifuge tube.  Afterwards, 5 mL of canola oil 

was carefully added over the control solution, using a pipette.  This tube was capped, and 

placed in a reciprocal shaking bath at 20 oC and 30 rpm for 1 hr.  Afterwards 2.5 mL of 

the bottom liquid was carefully removed using a pipette, attempting to remove as little oil 

as possible.  Absorbance was then measured at 278 nm to see if any differences compared 

to the control solution could be seen.  This process was repeated in duplicate for each of 

the three controls.  Each cuvette was measured three times, resulting in a total of 6 

measurements per control treatment.  

 

2.2.2    Myosin Treatments       

Once the protein concentration of the myosin stock solution was determined, subsequent 

protein solutions of concentrations 0.2, 1, 2, 4, 10, 20, 50, and 100 μg/mL where made by 

adding the appropriate amount of myosin stock solution to 0.6 M KCl in Milli-Q.  To 

improve the accuracy of the lower concentration solutions (0.2-4 μg/mL), these were 

made by diluting the 100 μg/mL solution in 0.6 M KCl in Milli-Q.  For the first sample 

treatment, 5 mL of each protein solution was added to a different centrifuge tube, which 

was then capped.  Tubes were placed in a reciprocal shaking bath at 20 oC and 30 rpm for 

1 hr.  A few minutes before the 1 hr was complete, absorbance of the stock protein 

solutions was measured at 278 nm, with the 0.6 M KCl in Milli-Q water used as a blank.  

Once the 1 hr time had elapsed, 2.5 mL of each sample liquid removed using a pipette.  

Using the same 0.6 M KCl in Milli-Q water blank, absorbance of the sample solutions 
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was measured and compared to the values attained for the stock myosin solutions.  For 

the second treatment involving myosin, the above procedure was repeated, except this 

time each centrifuge tube contained approximately 20 mL of purified beef fat.  Great care 

was taken to ensure that the surface of the beef fat was not disturbed when the 2.5 mL 

sample solutions were removed.  Again the absorbance of the sample solutions was 

compared to the myosin stock solutions to see if there were any changes in absorbance.  

The third and final treatment involving myosin was similar to the samples in 2.2.1 which 

were prepared using canola oil.  Each centrifuge tube was filled with 5 mL of myosin 

solution (each tube with a different concentration from 0.2 – 100 μg/mL).  Afterwards, 5 

mL of canola oil was carefully added on top using a pipette, attempting to avoid mixing 

of the two layers as much as possible.  Once the tubes were capped, they were placed in 

the reciprocal shaking bath at 20 oC and 30 rpm for 1 hr.  A 2.5 mL aliquot was then 

carefully removed from the bottom of each tube using a pipette, attempting to disturb the 

oil layer as little as possible.   Absorbance values were measured at 278 nm and 

compared to those of the stock solutions.  All of the above was performed in duplicate.  

Each cuvette (filled with sample or stock solution) was measured three times, resulting in 

6 measurements.        

 

2.2.3    Treatments Using Bovine Serum Albumin 

The BSA arrived as highly purified dried flakes, and could be added directly to 0.6 M 

KCl in Milli-Q to make the sample solutions.  Solutions with concentrations of 0.2, 1, 2, 

4, 10, 20, 50, 100, 500, and 1000 μg/mL were made in this way.  The 500 and 1000 

μg/mL solutions were added to see the effect of what would traditionally be considered as 
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highly concentrated solutions for surface chemistry studies.  It was possible that 

interactions might only be seen at high concentrations however, the cost of these 

solutions if myosin were to be used would have been extraordinary.  Due to the minimal 

cost of BSA in comparison, it was possible that it could be used as a substitute to see if 

any changes were visible above 100 μg/mL. 

 

Three treatments were the same as those outlined in section 2.2.2, except BSA solutions 

were used in place of myosin solutions.  These involved BSA solutions above beef fat, 

below canola oil, and BSA solutions on their own in the centrifuge tubes, all at 20 oC.   

An additional treatment was added where pork fat was used in place of the beef fat, yet 

all other parts of the procedure remained identical.  All of these treatments were 

completed in duplicate, with 6 total measurements per sample.  In total, there were 5 

different treatments involving BSA, the 4 treatments listed above, and one additional 

treatment, outlined in section 2.2.4.   

 

2.2.4    Measuring the Denaturation of BSA Using Differential Scanning 

Calorimetry     

When a protein is heated, it becomes more mobile and unfolds until eventually it 

denatures entirely.  If a protein is heated to the point where it is partially denatured, it is 

possible that additional regions could be made available for interactions.  It was therefore 

necessary to try and determine the denaturation temperature for one of the proteins, of 

which BSA was chosen simply due to cost.  A 10% solution of BSA in Milli-Q water was 

made to be tested.  As BSA is a water soluble protein, the KCl salt was not necessary and 
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was omitted.  Approximately 10 mg of BSA solution was added to a hermetic alodined 

pan (TA Instruments, New Castle, Delaware, USA) and sealed before placing in a Q2000 

differential scanning calorimeter (TA Instruments).   The sample was kept isothermally at 

5 oC for 5 minutes, followed by heating to 90 oC using a ramp of 10 oC / min.  This was 

completed in triplicate.  Transitions were measured using Universal Analysis 2000 

Version 4.5A (TA instruments) while the heat flow curves were combined and graphed 

using GraphPad Prism 5 (GraphPad, San Diego, California, USA).  As it was determined 

that BSA denatured between 50 and 60 oC, a temperature of 52.5 oC was chosen for one 

final treatment.  After 5 mL of BSA solution (different concentrations) was added to each 

centrifuge tube, 5 mL of oil was slowly added above each protein solution.  Tubes were 

then capped and placed in a bath at 52.5 oC instead of 20 oC.  After 1 hr at this 

temperature (30 rpm), 2.5 mL of protein solution was removed from each tube while they 

still sat in the bath.  The removed liquid was placed in empty centrifuge tubes which were 

capped to prevent evaporation of the sample.  After approximately 30 min the samples 

were at room temperature and their absorbance was measured following an identical 

procedure to that described in sections 2.2.1 – 2.2.3.  

 

2.2.5 Statistical Analysis 

Standard error and mean absorbance values were calculated using GraphPad Prism 5.0 

(GraphPad, San Diego, CA, USA).  A two-way ANOVA with a Bonferroni post-test was 

then used at a confidence level of 95% to compare the absorbance values at each protein 

level and determine significance.  Figures were also made using GraphPad Prism. 
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3    Results  

3.1    Absorbance values of control solutions and preliminary tests involving protein 

Prior to beginning the main experiments, it was necessary to determine at what 

wavelength the proteins caused an absorbance peak.  Typically an absorbance maximum 

is seen at 280 nm, however, this could vary due to equipment or the specific proteins 

utilized.  Myosin and BSA solutions with a concentration of 100 µg/mL protein were 

measured in the Ultrospec 3100 pro spectrophotometer from 200 to 350 nm using a scan 

step of 0.5 nm and a scan speed of 125 nm/min.  After subtracting a background scan of 

0.6 M KCl in Milli-Q water (not shown), the true absorbance levels of these proteins can 

be seen, as shown Figure 1.  There is a difference in the total level of absorbance seen, 

signifying that BSA likely contains a higher content of tyrosine and/or tryptophan 

compared to that of myosin, as these are the amino acids that are primarily responsible 

for absorbance at this wavelength (Aitken and Learmonth, 2002).  By analyzing the 

individual data points, it was determined that a maximum absorbance value was attained 

at 278 nm for both proteins, so this wavelength was utilized for all future measurements.   
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Figure 1: BSA and Myosin solution (100 µg/mL) absorbance scans showing an 

absorbance peak at 278 nm 

 

After determining that a wavelength of 278 nm would be used for all of the absorbance 

measurements, the data for the 4 control treatments (as outlined in 2.2.1) needed to be 

collected before any actual sample treatments involving protein could be completed.  

This was to ensure that no reactions were occurring between the base solution (0.6 M 

KCl in Milli-Q water) and any other parts of the system, including the different fat 

sources and the walls of the centrifuge tubes.  The results of this work are shown in Table 

1; here it can be seen that all of the solutions, base and sample solutions, had a corrected 

absorbance of 0, with a standard error of 0.  This indicates that when the KCl base 

solution is exposed to the polypropylene centrifuge tubes, beef fat, pork fat, or canola oil 

for 1 hr at 20 oC, there is no change or effect on absorbance values.  By showing that it 

had no effect on absorbance on its own, it would be clear that any subsequent changes in 

absorbance would be due to the added protein, and not the KCl.        
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Table 1: Mean absorbance at 278 nm for 4 different control treatments, as outlined in 

section 2.2.1.  Standard error for all samples was 0.  Significance at a confidence level of 

95% is indicated by the superscripts. 

Sample Description Protein 
Concentration 

0.6 M KCl  Base Solution 
Absorbance @ 278 nm 

Sample Absorbance 
@ 278 nm 

Control #1 - 0.00a 0.00a 
Control #2 - 0.00a 0.00a 
Control #3 - 0.00a 0.00a 
Control #4 - 0.00a 0.00a 

 
 
 
3.2    Absorbance values of myosin solutions 
 
Following the testing of the 4 control solutions, samples with added protein could then be 

measured.  The absorbances of the three different myosin stock-sample pairs were 

attained, and are shown in Table 2.  At each protein concentration, the absorbance values 

for the three stock solutions showed no significant differences.  This indicates that the 

level of error is low when measuring absorbance of the same solution over multiple days.  

There were also no significant changes between #1 Stock and #1 Sample, indicating that 

when the myosin solutions are in centrifuge tubes in the absence of a fat or oil, 

absorbance does not change.   
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Table 2: Mean absorbance values at 20 oC for myosin stock and sample solutions of 

various concentrations.  The different stock solutions were identical except they were 

measured on different days.  Sample #1 represents myosin solutions on their own in 

centrifuge tubes, Sample #2 represents myosin solutions above beef fat, while Sample #3 

represents myosin solutions below canola oil.  Standard error for all samples was           

≤ 0.001.  Significance at a confidence level of 95% is indicated by the superscripts. 

     
Sample Name 

Myosin Concentrations (µg/mL) 
0.2 1 2 4 10 20 50 100 

 
#1 Stock 0.000a 0.000a 0.001a 0.002a 0.005b 0.007c 0.021d 0.046e 

#1 Sample 0.000a 0.000a 0.001a 0.001a 0.005b 0.008c 0.021d 0.046e 

#2 Stock 0.000a 0.001a 0.001a 0.001a 0.005b 0.008c 0.021d 0.046e 

#2 Sample 0.004b 0.005b 0.002a 0.005b 0.009c 0.013f 0.025g 0.048h 

#3 Stock 0.000a 0.000a 0.001a 0.002a 0.005b 0.007c 0.021d 0.047e 

#3 Sample 0.004b 0.005b 0.003b 0.001a 0.007c 0.007c 0.019i 0.041j 

 
 
 
When looking at the results from the Stock-Sample pairs #2 and #3, it is much more 

difficult to discern what is happening; while some significant differences exist, the only 

significant decreases in absorbance are seen for pair #3 at protein concentrations of 50 

and 100 µg/mL.  It is possible that this could indicate specific binding of the protein at 

the interface however; additional samples at higher concentrations would likely be 

needed to confirm this.  Other than these two samples which show a decrease in 

absorbance, the vast majority of samples show no significant differences, or show a 

significant increase in absorbance.  The presence of any oily residue in the cuvettes did 

cause an artificial increase in absorbance, and even though attempts were made to prevent 

and correct for this wherever possible, this may be responsible for the increase seen by 
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many of the samples.  Sample #1 tubes did not have any fat source in them, and therefore 

there was no source for this type of contamination.     

 

3.3    Absorbance values of BSA solutions 
 
The protein albumin from bovine serum was used for comparison purposes, to verify the 

results collected using myosin, and also to provide additional treatments where myosin 

could not be used, due to cost.  Other than being a one of the primary proteins found in 

bovine blood, bovine serum albumin is also one of the five major components of whey, 

which have been previously incorporated into comminuted meat products with some 

success (Youssef and Barbut, 2011).  As its use in comminuted meat products has been 

shown, this suggests that BSA could potentially be a substitute for myosin in real 

products, and further supports the use of BSA as a comparative protein to myosin in this 

work.  Table 3 shows the mean absorbance values for the 4 different Stock-Sample 

treatments involving BSA. 
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Table 3: Mean absorbance values at 20 oC for BSA stock and sample solutions of various 

concentrations.  The different stock solutions were identical except they were measured 

on different days.  Sample #1 represents BSA solutions on their own in centrifuge tubes, 

Sample #2 represents BSA solutions above beef fat, Sample #3 represents BSA solutions 

above pork fat, while Sample #4 represents BSA solutions below canola oil.  Except for 

those marked with superscripts, there were no significant differences among samples at 

each concentration at a confidence level of 95%.  Standard errors were omitted for ease 

of viewing. 

 
Sample Name 

BSA Concentrations (µg/mL) 
0.2 1 2 4 10 20 50 100 500 1000 

 
#1 BSA Stock 0.001 0.001 0.001 0.003 0.007 0.012 0.031 0.060 0.300a 0.632def 

#1 BSA Sample 0.001 0.001 0.002 0.005 0.008 0.013 0.030 0.060 0.300a 0.635def 

#2 BSA Stock 0.000 0.001 0.002 0.004 0.009 0.014 0.032 0.061 0.296a 0.620def 

#2 BSA Sample 0.001 0.001 0.002 0.004 0.009 0.033 0.033 0.061 0.304a 0.633def 

#3 BSA Stock 0.001 0.000 0.001 0.010 0.013 0.014 0.034 0.063 0.294a 0.610e 
#3 BSA Sample 0.001 0.001 0.001 0.010 0.013 0.014 0.035 0.064 0.255b 0.615def 

#4 BSA Stock  0.001 0.001 0.001 0.002 0.006 0.010 0.030 0.058 0.292a 0.622def 

#4 BSA Sample 0.001 0.000 0.001 0.001 0.006 0.012 0.030 0.058 0.415c 0.646f 

 
 
 
As seen in Table 3, for protein concentrations between 0.2 and 100 µg/mL, there were no 

significant differences among any of the different samples when looking at each protein 

concentration individually.  Even the additional treatment involving pork fat showed no 

significant differences compared to the BSA stock solutions.  The overall lack of 

significant differences provides support for the hypothesis that the various changes seen 

amongst the myosin samples was likely due to error or contamination, possibly from the 

fat/oil source.  For the two sets of highly concentration samples (500 and 1000 µg/mL), it 

is possible that similar errors are present. BSA Sample #3 which contained pork fat 
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showed a significant decrease in absorbance compared to the stock solution, while 

sample #4 which contained canola oil had a significantly higher absorbance value 

compared to the corresponding stock solution.  This is almost the oppose result to that 

shown in Table 2, where, at 50 and 100 µg/mL, the beef fat sample showed a significant 

increase in absorbance while the canola oil sample showed a significant decrease.  When 

looking at the total number of measurements that contain no significant differences, and 

the lack of consistency amongst those that are significantly different, it seems plausible 

that these differences were due to experimental error of some sort.  While no interactions 

could be viewed at 20 oC after 1 hr, it was possible that higher temperatures, close to the 

protein denaturation temperature, might be required before any protein-lipid interactions 

would occur.      

 
 
3.4    Determining the protein denaturation transition of BSA 
 
In comminuted meat systems, it is unclear as to exactly when the interfacial protein films 

are formed.  While it may be the shearing action that is responsible, or simply the fact 

that lipid and protein are exposed to one another, the formation of these films may be 

dependent on the presence of a heating process.  When a protein is heated, it eventually 

reaches a denaturation transition, at the start of which the protein begins to unfold, with 

many previously un-exposed regions becoming exposed and available for interactions.  It 

is plausible that this is when interfacial protein films form around the surface of fat 

globules, due to a sudden availability of regions on the protein that could take place in 

interactions.  In an attempt to try and prove this hypothesis, it was first necessary to 

determine the denaturation point of BSA.  A 10% solution w/v of BSA in Milli-Q water 
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was made and was placed in a differential scanning calorimeter, followed by heating 

from 5 to 90 oC.  The results from 40 to 80 oC are shown in Figure 2. 

 

 
 
Figure 2: Differential scanning calorimetry thermograph showing the denaturation 

transition of a 10% w/v BSA solution in Milli-Q water.   

 
 
The results from Figure 2 show a transition that ranges from approximately 50 to 60 oC.  

This is similar to that reported previously in the literature (Graham and Phillips, 1979; 

Kaibara et al., 2000).  As it was not desired for the BSA to be completely denatured, but 

only partially denatured, a temperature of 52.5 oC was chosen for testing.  While still in 

the bath, 2.5 mL was removed from each of the tubes and placed in a second set of 

centrifuge tubes, which were then capped and cooled down to room temperature, to try 

and reduce evaporation of the sample solutions as much as possible.  The mean 

absorbance values collected are reported in Table 4.  Once again, there were no 

significant differences between the sample solutions and the stock solutions, even though 
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the sample solutions were at a temperature where BSA should have been at least partially 

denatured.   

 
 
Table 4: Mean absorbance values for BSA stock solutions, and BSA solutions kept under 

canola oil at 52.5 oC and 30 rpm for 1 hr, labeled as #5 BSA Stock and #5 BSA Sample 

respectively.  Absorbance values were not significantly different from one another at 

each protein concentration.  Standard error for all samples was ≤ 0.001, except for the 

marked samples, where α had a standard error of 0.002, and β had a sample of 0.005.  

 
Sample Name 

BSA Concentrations (µg/mL) 
0.2 1 2 4 10 20 50 100 500 1000 

 
#5 BSA Stock    0.001 0.001 0.001 0.004 0.006 0.012 0.030 0.059 0.329 0.671 
#5 BSA Sample 0.003 0.005α 0.005 0.007 0.011 0.021 0.045 0.075 0.333β 0.702 

 
 

4    Discussion 
 
One of the first challenges encountered was attempting to determine what protein 

concentrations should be used to allow for the formation of a monolayer or multilayers at 

the lipid interface.  It has been previously reported that an approximate protein level of 

1000-5000 μg/m2, or 0.1-0.5 μg/cm2 can be expected to saturate a sample surface (De 

Feijter et al., 1978; Hunt and Dalgleish, 1994).  In the centrifuge tubes, the surface area 

of the fat/oil interface was approximately 2.9 cm2, meaning that it could be expected that 

if a monolayer were to form on the fat surface, a protein concentration of only 0.06 to 0.3 

μg/mL would be needed, assuming that 100% of the protein in the 5 mL sample solutions 

went to the interface.  An interaction rate of 100% however, did not seem very likely.  

Additionally, in meat systems the IPFs consist of multilayers of protein, not monolayers, 
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as they are visible using scanning electron microscopy (Gordon and Barbut, 1991).  In a 

system where the protein is highly mobile in solution, the formation of multilayers 

seemed especially more likely than monolayers.  As these multilayers could potentially 

be tens or hundreds of times the size of a monolayer, protein concentrations from 0.2 to 

100 µg/mL were chosen, with the additional two concentrations of 500 and 1000 µg/mL 

added for BSA.  The low concentration solutions were also at the approximate sensitivity 

limit of the spectrophotometer, determined in preliminary trials.       

 
 
When looking at the sample treatments overall, there was almost a complete absence of 

significant decreases in absorbance.   This indicates that no binding could be detected 

specifically due to the lipid-interface, regardless of the protein or sample conditions used.  

Based on these results, there are two apparent possibilities.  The first possibility is that 

protein interactions are occurring however, we are unable to see any evidence of this.  

The second possibility is that simply, no protein-lipid interactions occur, in this system, 

or any other where these proteins would commonly be found.  If true, this would be a 

rather shocking revelation, as decades of research in the field of meat science has relied 

on the belief that protein lipid-interactions do occur and are a primary factor in the 

stability of meat products.  The low standard error, and the overall consistency of most of 

the results indicate that the reported results are accurate however; it remains unclear as to 

if the interactions are happening, but simply can’t be viewed using this technique and 

under these conditions, or not.  Additional work is required to further investigate protein-

lipid interactions in general, and to determine their role in comminuted meat products.    
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5    Conclusions  
 
While four control treatments showed no significant changes in absorbance, many of the 

treatments with protein also showed no significant changes, indicating that no protein 

was binding to the surface of the fat/oil.  A large proportion of the myosin treatments 

involving beef fat or canola oil showed an unexpected increase in absorbance, which was 

attributed to contamination in the sample by the fat or oil.  The sample which contained 

protein, but no oil or fat, did not show such an increase, supporting this hypothesis.  For 

samples containing BSA at 20 oC, there were no significant differences until the protein 

concentration was raised to 500 μg/mL.  At this point, samples containing pork fat and 

canola oil showed significant differences in absorbance, yet it was unclear as to why 

these differences were occurring in a fairly random nature.  At a temperature of 52.5 oC, 

the samples containing BSA did not show any significant differences in absorbance, 

signifying that the attempt to partially denature the protein did not result in a measurable 

level of protein binding.  The overall lack of significant differences indicates that either 

protein-lipid interactions cannot be measured in this system, under these conditions, or 

they are not happening at all, which would have a significant impact upon meat science.       
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OVERALL PROJECT CONCLUSIONS AND FUTURE 

WORK 

Over the course of this project, a great deal of information regarding the properties of 

ethylcellulose (EC) oleogels has been gathered.  While preliminary studies had been 

carried out using different compositions, EC oleogels had not been studied as thoroughly 

using such a wide range of techniques, including texture profile analysis, back extrusion, 

controlled strain rheology, and scanning electron microscopy.  It is now clear that several 

different components of these oleogels can be modified to cause changes in mechanical 

properties.  These components include oil type, EC molecular weight and incorporation 

level, and the presence of surfactants such as sorbitan monostearate.  It is also clear that 

when using small deformation techniques, these do not show the same differences 

between samples as shown by large deformation techniques.  Both can be useful tools in 

the study of oleogels, and the combined information from the two should be considered.     

 

Imaging the microstructure of EC oleogels proved to be a great challenge.  Only by 

modifying previously utilized techniques, was it finally possible to achieve the images 

shown in chapters 1-3.  These images provide the first views of what is believed to be the 

native EC polymer network structure, which extends throughout the gels.  Additionally, 

establishing a correlation between oil pore size and composition/mechanical properties 

was a great success of this project.  While it is not possible to propose an absolute 

relationship between pore size and a specific hardness value, the results presented in 

Chapter 3 represent a large progression from previously published work.       
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Perhaps the most exciting and novel component of the project was the use of EC oleogels 

in comminuted meat products as a replacement for traditionally added animal fat.  It was 

also perhaps unexpected that the replacement would be so successful, with some of the 

first trials already producing products which contained a texture that did not differ 

significantly from the control products.  The paper published in Food and Function in 

2012 was the first paper where an oleogel had been used in an actual food product, 

receiving a large amount of media attention.  Shortly afterwards, EC oleogels were used 

as substitutes for other types of fat in a variety of food products.  For many years prior to 

this point, use of an oleogel in food products was only a possibility, not a reality.  The 

benefits of mono and polyunsaturated fatty acids provided by the vegetable oil, the 

potential for the additional benefits of encapsulated nutraceuticals, and the solid-like 

texture provided by the oleogel makes them impressive, effective, and nutritious 

additions to food products.   

 

While the understanding of EC oleogels has progressed greatly in 4 years, many 

questions still remain.  Understanding the effect of an added surfactant has proved to be 

one of the greatest challenges.  It still remains unclear as to how exactly they interact 

within the oleogels.  Sorbitan monostearate was the surfactant used throughout much of 

this project, as it tended to cause harder oleogels, while some surfactants have the 

potential of producing only viscous sol’s.  Especially when looking at the microstructure 

of the oleogels, the effect of an added surfactant is especially perplexing.  Unfortunately, 

it would not be easy to try and image gels using many other surfactants, due to the 
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mechanical weakness of such materials.  Other techniques therefore would need to be 

utilized or developed to try and further understand the effects of an added surfactant.  

 

It has been noted in Chapter 3 that there are differences seen between small deformation 

and large deformation measurements.  While there is some correlation between small 

deformation results attained from back extrusion and those from small deformation 

rheology, several questions still remain.  For small deformation rheology, the samples 

were measured immediately after cooling, while nearly all other samples were left to 

‘settle’ for at least 24 hours.  Once cooled, the EC forms a network very quickly, and can 

be considered as a gel at this point however; it is unclear as to whether it enters a 

preliminary transient state.  Based on this hypothesis, after a certain time period, such as 

a few hours, or a final temperature much lower than the Tg, the gels finally stabilize and 

the transient state ends.  Though attempts were made, it was not possible to test 

‘stabilized’ samples using our rheometer system, within a reasonable time frame (< 24 

hours per sample).  This transient state may be greatly responsible for some of the 

differences seen between the large and small deformation measurements.  The times and 

temperatures required to reach this hypothesized final stabilized point should therefore be 

investigated.  

 

The idea of nutraceutical encapsulation and delivery using oleogels shows great promise, 

yet it is unclear how effective this delivery would actually be.  The exposure to potential 

temperatures in excess of 120 oC, as well as entrapment within the EC network 

preventing nutraceutical release, may be two factors that could pose potential problems.  
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Studies, either in vitro or in vivo are required to see if nutraceuticals can remain viable 

after incorporation into the oloegels.  If it can be shown that a clinical dose of compounds 

such as lycopene and phytosterols can be delivered without substantial degradation, this 

would be a significant achievement, and greatly improve the value of EC oleogels.      

 

Attempting to provide proof of protein-lipid interactions has continued to be very 

difficult.  Utilizing an advanced technique such as surface plasmon resonance could have 

provided a very valuable insight as to how myosin binds triacylglycerol interfaces.  

Unfortunately, the strength of the unexpected myosin-gold interaction was too strong to 

see any additional protein-lipid interactions.  While surface plasmon resonance is 

extremely sensitive, allowing nm changes in height at a surface to be detected, measuring 

protein concentration spectrophotometrically through absorbance can also be quite 

effective and precise, yet simple.  There are also fewer potential sources of error, with no 

complicated laser alignment required, and importantly, no gold present to react with the 

protein.  By putting a protein solution in contact with a fat surface for an extended period 

of time in a reciprocating bath, it was expected that protein would move towards the 

interface and bind to the lipid surface, thereby decreasing the concentration of protein in 

the solution.  Overall, very few significant changes were present in any of the samples, 

with almost no decreases in absorbance.  While it is still hypothesized that protein-lipid 

interactions do occur, in this project two very different techniques were utilized, yet were 

unable to provide proof of these interactions.  Clearly, additional work is required before 

many of the questions listed in chapters 4 and 5 can be answered. 
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The development of new or modified techniques may soon provide the tools needed to 

answer these problems.  New XPR systems, which are a modification of the surface 

plasmon resonance system utilized in Chapter 4, have the ability to test as many as 36 

samples simultaneously within minutes to hours, depending on the experiment.  

Additionally, new sensor chips, which do not require gold, may also help to remove the 

complication of protein-gold interactions.  The reduced time to collect results and the 

increased level of options/possibilities provided by XPR systems could be very 

advantageous in providing conclusive proof of meat proteins interacting with lipids.     

 

While it is hypothesized that protein-lipid interactions do occur, there is a possibility that 

they do not.  In comminuted meat products, if no interactions are occurring between 

myosin (among other proteins) and the added animal fat, then perhaps there is another 

explanation for the reported existence of interfacial protein films.  The lower heat 

capacity of a fat compared to water could cause the protein surrounding the fat globules 

to denature more quickly than bulk proteins during heating.  This causes a thin layer of 

protein surrounding the globules to be different in appearance.  This protein film was not 

a result of preferential binding around the surface of the fat globules, but is rather a defect, 

or a deformation, caused by differences in heating rates, making these thin layers of 

protein visually different from the bulk of the protein matrix.  If it is proven that 

interfacial protein films are simply an artifact of the heating process, this would have 

profound implications to the meat industry.  Stability of comminuted products would not 

be attributed to binding of the fat phase by the protein network, but rather another 

mechanism, such as that proposed by the physical entrapment theory.  While it is 
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currently being investigated, at the time of publication for this thesis the effect of oil/fat 

globules size on meat batter hardness is still not fully understood.  It may be that a larger 

surface area of the fat globules allows for a greater level of protein-lipid interactions, or it 

is possible that the size of the particles is the primary factor that determines product 

stability.  

 

The effect of shear on product protein-lipid interactions is still unknown.  It is possible 

that these interactions only occur under high-shear conditions.  Additionally, it is unclear 

as to how important the heating step is for these reactions.  Perhaps a combination of 

these two factors may be necessary.  Even with the protein in a completely unfolded, 

semi-denatured state, it is possible that mechanical forces may be needed to drive these 

two components together.   

 

There are many questions which still remain unanswered, yet newly developed 

techniques and highly automated equipment may soon provide the necessary tools to help 

finally understand these complex and important systems.  
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Appendix A 

Since the start of this project, it was believed that increased levels of oil unsaturation 

caused increases in mechanical strength, as these oils possessed a higher molar 

density.  This molar density effect was then believed to be compounded once the oil was 

in its gel form, resulting in a wide range in harnesses among different oil types, especially 

canola oil versus flaxseed oil.  However, density measurements of the two oils only show 

a 1.0% difference (Table 1).   

Table 1: Relative density measurements (g/cm3) for three different vegetable oils at        

25 oC.     

Oil Type Density (g/cm3) @ 25 oC 
Canola Oil 0.9168 

Soybean Oil 0.9201 
Flaxseed Oil 0.9284 

 

While possible, it does not seem perhaps plausible that such a small difference would be 

responsible for the more than 4x increase in hardness when comparing a canola oil 

oleogel to a flaxseed oil oleogel, as shown in Chapter 2, Figure 2.  Other factors which 

require polymer-oil interactions were not believed to have an effect on hardness based on 

the work of Laredo et al. (2011), which suggested that there are no interactions between 

the ethylcellulose (EC) and the oil itself however; recent work has indicated that this 

might not be the case.  The work of Gravelle et al. (2012) showed a very strong 

relationship with the level of oil oxidation and oleogel mechanical strength.   

Additionally, the level of polar components in the oil also had a very strong impact on 

mechanical strength and gelling ability.  Ethylcellulose was not able to gel mineral oil at 
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all, but simply separated out.  While the work of Gravelle et al. (2012) showed these two 

relationships, signifying a likely interaction between the ethylcellulose and the oil itself, 

it is unclear if one or more of these additional factors may be responsible for the great 

differences seen in hardness when comparing canola oil oleogels to those made with 

flaxseed oil.  In an attempt to provide further evidence for this new hypothesis, the same 

three brands/types of vegetable oil as in Chapters 2 and 3 were used.  Oil was heated up 

following the procedure for gels using 10 cP EC, outlined in section 2.2.2 of Chapter 2.  

This time however, no EC was added and the entire 275 g batches consisted of oil only.  

Once fully cooled in the same manner outlined in section 2.2.2, oil oxidation was 

measured for the heated oils using the peroxide value acetic acid-isooctane method 

(AOCS Official Method Cd 8b-90, 1996).  Peroxide values of the fresh, unheated oils 

were also attained, and are shown in Table 2.  The measurements were completed in 

duplicate. 

Table 2: Mean peroxide values (meq/kg) for fresh unheated vegetable oils and vegetable 

oils heated following the procedure listed in Chapter 2, section 2.2.2.  Superscripts 

indicate significance (p < 0.05) while the values after the ± symbol indicate standard 

error.   

Oil Type Mean Peroxide Value (meq/kg) 
Fresh Canola Oil 1.99a ± 0.01 
Fresh Soybean Oil 4.98b ± 0.03 
Fresh Flaxseed Oil 1.00a ± 0.00 
Heated Canola Oil 2.53a ± 0.51 
Heated Soybean Oil 13.8c ± 0.80 
Heated Flaxseed Oil 5.79b ± 0.02 
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The results from Table 2 show that all of the unheated oils possess peroxide values that 

are below the limit of 10 milli-equivalents of peroxide per kilogram of oil which is 

generally regarded as the standard to classify oils as being fresh (Pearson, 1976).  The 

peroxide value for the flaxseed oil was particularly low however, this is likely due to the 

opaque containers which is it sold in, and because it is stored at refrigeration 

temperatures in stores, rather than at room temperature.  After heating, the peroxide 

values for the canola oil increased, but not significantly so.  Flaxseed oil showed a 

significant increase in peroxide value after heating, indicating oxidation however; at 5.79 

meq/kg, the peroxide value was still lower than the maximum allowed value.  In contrast, 

the peroxide value for soybean oil rose to 13.8 meq/kg, and would no longer be 

considered acceptable due to a high level of primary oxidation products.  If oxidation 

where the main source for the differences in hardness seen amongst different oils, it 

would be expected that flaxseed oil would have shown the highest peroxide value.  It was 

hypothesized however, that the low level of primary oxidation products in the flaxseed oil 

may have been due to the conversion of primary components into secondary oxidation 

components.  In order to test this theory, another AOCS official method, the 2-

Thiobarbituric Acid Value Direct Method, was used, the results of which are in Table 3.  

Absorbance values used to calculate mean TBA values were measured in triplicate.      
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Table 3: Mean 2-thiobarbituric acid (TBA) value measurements for fresh vegetable oils 

and vegetable oils heated following the procedure listed in Chapter 2, section 2.2.2.  

Superscripts indicate significance (p < 0.05) while the values after the ± symbol indicate 

standard error.   

Oil Type Mean TBA Value 
Fresh Canola Oil 0.07221a ± 0.0001 
Fresh Soybean Oil 0.09849b ± 0.0003 
Fresh Flaxseed Oil  0.4251c ± 0.0005 
Previously Heated Canola Oil 0.05752d ± 0.0001 
Previously Heated Soybean Oil  0.08589e ± 0.0001 
Previously Heated Flaxseed Oil  0.4320f ± 0.0006 

 

When looking at the mean TBA values for canola oil, we can see that this level is quite 

similar to the 0.08 found when canola oil was tested previously (Gravelle et al., 2012).  

Both canola oil and soybean oil showed a decrease in TBA value for the samples that had 

been pre-heated to 145 oC.  This could signify that some of the secondary oxidation 

components had already begun to break down.  Flaxseed oil in contrast showed a slight 

increase in TBA value for the samples that had been heated previously, indicating a 

significant increase in the level of secondary oxidation components.  By comparing to the 

oleogel hardness results in Chapter 2, it can be seen that both the TBA values for the 

fresh and previously heated oils show similar differences among samples compared to the 

hardness results (Zetzl et al., 2012).  Regarding hardness, soybean oleogels were 40% 

harder than canola oil oleogels, while flaxseed oleogels were 4.1x harder than the canola 

oil oleogels and 2.9x harder than the soybean oleogels (Zetzl et al., 2012).  When 

analyzing the TBA values, we see that both the fresh and previously heated soybean 

samples possess TBA values approximately 40% higher than the samples with canola oil.  
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Additionally, there is a large difference in TBA value between flaxseed oil and canola oil, 

with flaxseed oil’s values being 5.9x and 7.5x higher for the fresh and previously heated 

oils respectively.  While these are slightly higher than the differences seen amongst the 

hardness values, the test for TBA involves a 2 hour heating step at 95 oC which could 

have affected the results.  For the flaxseed oil especially, due to its high level of 

unsaturation, this could have caused an overall increase in the TBA value.  As can be 

seen when comparing the fresh flaxseed oil to the previously heated oil, the initial heating 

only caused a slight increase (~1%) in TBA value.  

While primary oxidation may have an impact on overall oleogel hardness, as shown by 

Gravelle et al. (2012), it does not seem that this form of oxidation is the major factor 

responsible for oleogel hardness differences when using different vegetable oils.  

Secondary oxidation in contrast, as measured by TBA value, showed a strong correlation 

to oleogel hardness when made using different vegetable oils.  The higher level of 

secondary oxidation components found in oils with a greater degree of unsaturation 

indicates that this is likely a primary factor which is responsible for changes in oleogel 

hardness.   

Another potential factor shown to modify oleogel properties is the level of polar material 

in a sample (Gravelle et al., 2012).  This can be measured using a Testo 270 deep-frying 

oil tester (Testo Inc., Sparta, NJ, USA) at any temperature between 40 oC and 200 oC.  

Fresh oil of each type was heated to 50 oC, followed by measuring using the Testo 270.  

Oils from the above section which had already been heated to 145 oC and then cooled, 
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were also tested in this manner by re-heating to 50 oC.  These measurements were 

performed in duplicate, the results of which are shown in Table 4.   

Table 4: Mean measurements for the percent total polar material (TPM) for fresh 

unheated vegetable oils and vegetable oils heated following the procedure listed in 

Chapter 2, section 2.2.2.  Superscripts indicate significance (p < 0.05) while the values 

after the ± symbol indicate standard error.   

Oil Type Total Polar Material (%) 
Fresh Canola Oil 4.0a ± 0.0 
Fresh Soybean Oil 7.8b ± 0.25 
Fresh Flaxseed Oil 18c ± 0.0 
Heated Canola Oil 4a ± 0.0 
Heated Soybean Oil 7.3b ± 0.25 
Heated Flaxseed Oil 17d ± 0.0 

 

In Table 4 we can see there is very little change in the total polar material whether it was 

heated to 145 oC or not.  For the flaxseed sample there is actually a measured decrease in 

the total polar material after the heating process.  These results however, indicate a 

similar correlation to oleogel hardness as shown by the secondary oxidation components.  

The flaxseed oil for example has a level of polar material that is 4.25x that of canola oil, 

which is very close to the 4.07x increase seen in the hardness between the two gels when 

using texture profile analysis (Zetzl et al., 2012).  There is also a much smaller difference 

in polar material between soybean oil and canola oil, with soybean oil having a total polar 

material of about 80-95% above that of canola oil. 

Similar to the secondary oxidation components, the level of polar material does not match 

exactly the differences in hardness seen amongst samples made using different vegetable 
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oils.  These two tests however, do show similar changes compared to the differences in 

hardness, signifying that these two properties may be largely responsible for changes in 

hardness when the fatty acid composition of an oil changes, rather than the minute 

changes in molar density.  Molar density could still be a factor that affects oleogel 

mechanical properties, but based on this new evidence, it seems that the level of 

secondary oxidation components and the percent total polar material are also responsible 

for these changes. 
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Appendix B 
 
In Chapter 3 it was mentioned that the level of solvent used had an effect on the size of 

the oil pores.  For all of the sample treatments except those containing sorbitan 

monostearate, pore size increased when a greater level of solvent was used.  Generally, it 

is believed that a greater level of solvent is able to solubilize a greater level of oil, 

widening the pores up until the point where too much oil has been removed, and the 

structures are washed away.  This can be seen in Figure 1b, where a higher level of 

solvent has produced larger pores than in 1a, even though otherwise the oleogels are 

identical.  While choosing to measure the pore sizes at a specific solvent level may not 

provide a value for the “true” oil pore size for various gels, it does provide a relative 

value which can be used to compare the different treatments.  Based on the results in 

Chapter 3, it might have been initially hypothesized that at a set level of solvent, oleogels 

of increased hardness would have smaller pores simply because this solvent would not be 

able to remove as much oil as it would for softer samples.  This theory however was 

proved to be false in the instance of hardness differences due to molecular weight, where 

at a set solvent level of 2.8 mL for example, pore sizes for gels made with 45 cP or 100 

cP gels were significantly similar, even though their hardness’s differed greatly.   

 

It is also unknown as to why the samples containing sorbitan monostearate showed a 

decrease in pore size as the solvent level increased.  While several hypotheses can be 

made, these are based on only two different concentrations of only one type of surfactant.  

Therefore, further research must be completed in this area to provide a greater 

understanding of this phenomenon. 
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Figure 1: a) Canola oil oleogel made 

using 90% oil and 10% 100 cP EC 

(w/w), where 2.2 mL of isobutanol 

was washed over the surface.  The 

scale bar signifies 30 μm.  

 

b) Canola oil oleogel made using 

90% oil and 10% 100 cP EC (w/w), 

where 3.4 mL of isobutanol was 

washed over the surface.  The scale 

bar signifies 30 μm.   

 

c) Average pore size for canola oil 

oleogels made using 10% 100 cP or 

45 cP ethylcellulose (w/w), and 0% 

or 1.67% sorbitan monostearate 

(w/w), where the stated ratio ‘6 to 1’ 

indicated a 1.67% incorporation 

level.  Various amounts of isobutanol 

(mL) were dropped over the surfaces 

of the gels before imaging, as listed 

on the x-axis. 
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When collecting the first micrographs of the exposed polymer network, it was of utmost 

importance to ensure that the structures seen were not a production of various artifacts.  

Once it was determined that the structures could be viewed when using the solvent 

isobutanol, it was critical to see if other solvents could also be used to produce the same 

images.  Two other solvents were utilized for this purpose, hexane and acetone.  When 

using hexane, the images were very similar to those using isobutanol at excessive or very 

minimal levels.  The surface was overall very smooth, with very little to no structures 

present.  With acetone however, it was possible to view images which seemed very 

similar in appearance to those attained using isobutanol, as shown in Figure 2a versus the 

same oleogel treated with isobutanol (2b).  The mean pore size for the acetone sample in 

Figure 2a was 4.05 μm ± 0.062, which did not differ significantly from the 4.16 μm ± 

0.053 for the sample in Figure 2b.  This provided evidence that these images were not 

solely an artifact of the solvent isobutanol itself.   

 

It should be noted that in Figure 2a the surface looks much rougher.  This is due to the 

remains of some residual ice crystals upon the oleogel surface, even though a 60 minute 

sublimation period was utilized for this sample.  This artifact was noticed originally for 

the samples treated with isobutanol when no sublimation was used however; for the 

majority of samples the artifact was removed after sublimating for 30 minutes.  While not 

shown in this thesis, images have also been attained using atomic force microscopy 

which also showed pores in between a solid network.  The atomic force microscopy 

system had several limitations for viewing these samples however, as the samples were 

measured under water, and during tapping mode the cantilever performing the 
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measurements would often stick to the gel, causing blurring or distortions on the 

collected micrographs.  For this reason it was chosen not to try and quantify the pore 

sizes for these micrographs, other than noting they were of the same approximate size, 

ranging from 2-5 μm.  This technique however does provide evidence that the structures 

present were not simply an artifact of the cryo-scanning electron microscopy technique 

itself however; ice crystals where shown to be an artifact of the technique.  Additional 

work must be completed using cryo-scanning electron microscopy other microscopy 

techniques to truly fully understand the microstructure of ethylcellulose oleogels.   

 

Figure 2: Ethylcellulose oleogels made using canola oil and 10% 100 cP EC (w/w).  

Micrographs were treated with an identical amount of solvent (2.8 mL) however; for 

micrograph a) acetone was used, and b) isobutanol was used.  Mean oil pore sizes were 

not significantly different from one another; scale bar in both images represents 30 μm.   
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Appendix C 
 
In Chapter 3, a brief discussion is made stating that when comparing small and large 

deformation techniques, similar significant differences are not noted.  Overall, there were 

very few significant differences when comparing the small deformation rheology samples 

amongst each other.  While the differences in significance may not correlate well, when 

plotted against each other it is possible to note a relationship between some of the small 

and large deformation results, as shown in Figure 1.  Figure 1 shows the results from a 

large deformation technique, texture profile analysis, on the y-axis and the results of 

small deformation rheology on the x-axis.  While only three oil types were used, the r2 

value is quite high, and 0.9966. 

 

 

Figure 1: Relationship between oleogel hardness as determined using texture profile 

analysis (10% 10 cP EC (w/w) in vegetable oil) and tan(δ) as determined using small 

deformation rheology (10% 45 cP EC (w/w) in vegetable oil).  Each symbol represents a 

different oil type: square – canola oil, triangle – soybean oil, circle – flaxseed oil. 
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When comparing the results from small deformation rheology to back extrusion 

(hardness at 1 mm penetration distance), the same significant differences were noted 

between samples, as discussed in Chapter 3.  The value for force at 1 mm penetration 

distance can also be strongly correlated to the slope from 0.5 mm to 1 mm penetration 

distance, as shown in Figure 2.  This means that either value could potentially be used to 

represent small deformation measurements, without having to perform small deformation 

rheology.  It appears that a relationship also exists between the force at 1 mm penetration 

and the force at 30 mm penetration, as shown in Figure 3.  The results from Figure 1 and 

Figure 3 indicate that large deformation measurements could be used to predict the 

results for small deformation measurements, and vice versa.   

 

Figure 2: Relationship between force at 1 mm penetration and slope between 0.5 mm and 

1 mm penetration distance, both determined using a back extrusion technique.  Oleogels 

contained 90% (w/w) canola oil or soybean oil and 10% EC (w/w).  Three different EC 

varieties, 10 cP, 45 cP, and 100 cP are represented.  
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Figure 3: Relationship between force at 30 mm penetration and force at 1 mm 

penetration distance, both determined using a back extrusion technique.  Oleogels 

contained 90% (w/w) canola oil or soybean oil and 10% EC (w/w).  Three different EC 

varieties, 10 cP, 45 cP, and 100 cP are represented.  

 
 

When attempting to directly compare small and large deformation measurements, using 

different instruments, the correlation is not as strong as those previously shown.  When 

comparing the Force at 30 mm, as provided by back extrusion, to G’ values provided by 

small deformation rheology, the r2 value is only 0.6672 (Figure 4).  This is likely due to 

the small number of data points however, with only two oil types and two molecular 

weights available for comparison.   

 

The Figures in this Appendix show that it is possible to correlate large deformation and 

small deformation measurements when using the same technique (instrumentation).  
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Additionally, it may be possible to correlate large deformation measurements with small 

deformation measurements, using different instrumentation.  This could save significant 

time for future experiments, as it would no longer be necessary to attain both small and 

large deformation measurements.  The results from one technique using one instrument 

could potentially be used to predict values attained using other instruments.       

 

 
 

Figure 4: Relationship between force at 30 mm penetration, determined using a back 

extrusion technique, and G’, determined using small deformation rheology.  Oleogels 

contained 90% (w/w) canola oil or soybean oil and 10% EC (w/w).  Two different EC 

varieties, 45 cP and 100 cP, are represented.  
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