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ABSTRACT 
Mayonnaise is a very popular food emulsion, traditionally made out of water, oil, hen egg 

yolk and vinegar, throughout the world. However, the quality is often reduced by separation 

when exposed to environmental stress, such as freeze-thawing which is an issue during 

transportation through regions of varying climates. The egg yolk proteins in the mayonnaise 

fail to keep the emulsion stable, thus limiting the freeze-thaw stability for longer time 

periods. Starches which are hydrophobically modified by octenyl succinic anhydride (OSA-

starch) could generate a more freeze-thaw stable emulsion due to their higher molecular 

weight which generates a thicker layer on the oil droplets if adsorbed. The purpose of this 

master thesis was to investigate how freeze-thaw stability in mayonnaise could be increased 

and whether OSA-starch could provide a stabilizing effect in this context. The different 

parameters investigated included the size of the tubes in which the emulsions were frozen, 

pH at the time of emulsification, the amount and type of oil, preprocessing and amount of 

OSA-starch as well as the amount and type of egg yolk powder. Emulsions were prepared 

according to a standardized method, freeze-thawed and analyzed visually and in a 

microscope. The surface load of OSA-starch and egg yolk proteins at the interface of 

emulsions was determined according to the method of Åman (1994) and with BCA protein 

assay. Large variations were observed, thus limiting the possibility to draw conclusions 

from these results. 

Mayonnaise with rapeseed oil showed lower freeze-thaw stability than sunflower oil, 

most likely because of its tendency to form large β-crystals in combination with having a 

higher degree of solid fat at -25°C. Decreased oil content in mayonnaise generated higher 

freeze-thaw stability, probably because of lower collision frequency of the oil droplets. The 

size of the tubes used in this study did not appear to affect the freeze-thaw stability. An 

emulsion prepared at pH 3.5 showed a higher surface load of OSA-starch and egg yolk 

proteins but no increased freeze-thaw stability. This could potentially be explained with the 

surface layer being too thin or that OSA-starch just does not increase the freeze-thaw 

stability. An emulsion prepared with OSA-starch as the sole emulsifier demonstrated an 

increased surface load of OSA-starch at both pH 6.5 and 3.5 and maintained freeze-thaw 

stable after 7 days in the freezer. One possible explanation to these results is the lack of 

competitive adsorption from egg yolk proteins and the fact that the system is less complex 

with fewer components. In conclusion, a 56 % emulsion with OSA-starch as the sole 

emulsifier resulted in a very stable emulsion. It is without doubt that o/w emulsions 

stabilized with egg yolk is a very complex system. More research concerning egg yolk and 

its behavior during emulsifying and freeze-thawing of o/w emulsions is of great interest as 

it could generate new solutions and innovations in the production of food emulsions. 

 



 

 

SVENSK SAMMANFATTNING 
Majonnäs är en livsmedelsemulsion, bestående av främst olja, vatten, äggula och vinäger, som 

är väldigt populär i stora delar av världen. Under långa transporter av majonnäs i varierande 

klimat riskerar emulsionen att utsättas för påfrestningar då den fryses och tinas (töas) på 

grund av temperaturskillnader. Detta leder ofta till att majonnäsens kvalitet reduceras på 

grund av fasseparation. I majonnäs fungerar ägguleproteinerna som emulgator för att 

stabilisera oljedropparna mot koalescens. Dess emulgerande förmåga är dock inte tillräcklig 

effektiv med avseende på frys-tö-stabilitet. Större ytaktiva molekyler skulle kunna bidra med 

ett tjockare ytskikt på oljedropparna och därmed öka stabiliteten. En sådan molekyl är 

exempelvis stärkelse substituerad med oktenyl succinic anhydrid (OSA-stärkelse). Syftet med 

detta examensprojekt är att undersöka hur frys-tö-stabiliteten i en majonnäs kan påverkas och 

om OSA-stärkelse kan utgöra en stabiliserande faktor. De metoder som användes för att 

studera detta problem var bland annat majonnäsberedning enligt en standardiserad metod. 

Olika parametrar som undersöktes omfattade storleken på majonnäsbehållaren, oljemängd, 

oljetyp, pH, förbehandling av OSA-stärkelse och dess mängd samt typ och mängd 

äggulepulver. De olika emulsionerna frystes under olika infrysningstider och deras stabilitet 

noterades visuellt samt genom mikroskopering. Mängden adsorberad OSA-stärkelse samt 

ägguleprotein på oljedropparnas yta analyserades genom Åman-metoden och med BCA 

protein analys. Ett lågt pH på 3.5 resulterade i högre mängder adsorberad OSA-stärkelse och 

ägguleprotein i fasgränsytan. Majonnäs beredd vid detta pH visade dock inga tecken på högre 

frys-tö-stabilitet efter 7 dygn i frys. Det adsorberade lagret på oljedropparna var förmodligen 

inte tjockt nog för att motverka separation. Emulsion framställd med OSA-stärkelse som enda 

emulgeringsmedel gav ökade mängder adsorberad OSA-stärkelse i fasgränsen och visade 

bibehållen frys-tö-stabilitet efter 7 dygn i frys. Detta kan bero på avsaknaden av 

konkurrerande adsorption från ägguleproteinerna och att denna emulsion inte är ett lika 

komplext system som en emulsion innehållande äggula. Som slutsats verkar onekligen en 56 

% emulsion med OSA-stärkelse som enda emulgeringsmedel resultera i en frys-tö-stabil 

emulsion efter 7 dygns infrysning. Olja-i-vatten emulsioner stabiliserade med äggula är ett 

mycket komplext system och mer forskning kring dess uppträdanden vid frys-tö-behandling 

och äggulans emulgerande egenskaper behövs. Fördjupade kunskaper i ämnesområdet skulle 

vara av stort intresse och användbart för livsmedelsindustrin och eventuellt kunna generera 

nya problemlösningar och innovationer i produktionen av livsmedelsemulsioner. 
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ABBREVATIONS AND SYMBOLS 
cads – Adsorbed concentration (mg/ml) 

csub –  Concentration in the subnatant of the sample (mg/ml) 

cref –  Total concentration in reference sample (mg/ml) 

d3,2 – Area-weighted particle size diameter (µm) 

d4,3 – Volume-weighted particle size diameter (µm) 

DS – Degree of substitution 

GG – Guar gum 

HSEYP – Heat stable egg yolk powder 

o/w – oil in water 

OSA – Octenyl succinic anhydride 

pI – isoelectric point 

S.E.M. – standard error of the mean 

XG – Xanthan gum 

Γ – Surface load (mg/m
2
) 

Φ – Dispersed phase volume fraction 
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1. INTRODUCTION 
Oil-in-water (o/w) emulsions, like mayonnaise-, and other food emulsions, constitute a 

significant part of the products in the food industry (Friberg, 1997; Thanasukarn et. al., 2004). 

However, as emulsions are thermodynamically unstable systems they may easily break when 

exposed to environmental stress like freeze-thawing. When an emulsion freezes, the oil 

droplets become concentrated in the spaces between the ice crystals, thereby coming in close 

contact with each other. The oil will crystallize partially or fully into fat crystals which can 

penetrate from one droplet into a liquid part of another droplet, resulting in partial 

coalescence. Upon thawing, the quality of the mayonnaise may be reduced due to product 

instability caused by either droplet flocculation, coalescence or oiling off. Crystallization can 

occur during the production, storage or utilization of many food emulsions (Thanasukarn et. 

al., 2004 and 2006). Transportation through varying climate could also be a matter of concern 

if the food emulsion cannot withstand the temperature changes. This issue is of significant 

importance in countries like Russia which constitutes a very big market for mayonnaise and 

has regions with very different climates. As Russia is a big market for Källbergs Industri AB, 

it also lies at their interest to learn more in the subject. Freeze-thaw stability is also of interest 

when freezing products containing mayonnaise. 

 

In mayonnaises, egg yolk is used as a natural emulsifier (McGee, 2004). It is primarily the 

proteins in the egg yolk that provide the emulsifying effect (Dickinson & Stainsby, 1987) by 

both steric and electrostatic stabilization of the oil droplets (Le Denmat, 2000). However, egg 

yolk is inadequate to keeping a mayonnaise freeze-thaw stable for very long (Magnusson et. 

al., 2011). It has been shown that emulsifiers that form a thicker surface layer at the oil-water 

interface are more resistant to penetration by fat crystals and thereby provide greater emulsion 

stability. This is why emulsifiers of greater molecular weight might be more favorable when 

stabilizing oil droplets (Thanasukarn et. al., 2004). One such emulsifying macromolecule is 

starch, modified hydrophobically using octenyl succinic anhydride (OSA-starch). This 

modification gives the starch amphiphilic properties which give rise to steric stabilization in 

emulsions when adsorbed at the interface. However, adsorption of amphiphilic 

macromolecules and their emulsifying properties have not been studied to a great extent. 

Previously studies have, though, shown that OSA-starch do adsorb at the o/w interface in 

emulsions (Nilsson & Bergenståhl, 2006). Their effect in mayonnaise emulsion is however 

not clear. 
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1.1 Aim 
The purpose of this master thesis is to investigate how the freeze-thaw stability of mayonnaise 

can be increased and how different parameters and ingredients might influence the freeze-

thaw stability. The possibility of OSA-starch to act as an emulsifier and to induce freeze-thaw 

stability of mayonnaise systems will also be investigated. The aim is to attain a deeper 

knowledge in egg yolk based emulsions, their stability during freeze-thawing and the effect of 

OSA-starch. 

To accomplish this aim different methods were used. Mayonnaises were prepared according 

to different formulas, freeze-thawed and analyzed visually and in the microscope to observe 

potential differences in the stability of the emulsions. The surface load of adsorbed OSA-

starch and egg yolk proteins on the oil droplets in different o/w emulsions were analyzed to 

investigate parameters that could influence the stability. Particle size analysis was carried out 

to be able to calculate the surface load of the emulsifier, but also to observe how droplet size 

changed with formulation. NMR was used to determine the degree of substitution (DS) of the 

OSA-starch.  

1.2 Emulsions 
An emulsion is a type of colloidal dispersion in which the system consists of phases that are 

immiscible or partially miscible liquids. One common type of emulsion is o/w emulsion 

which means that the oil is the dispersed phase and present in the form of droplets in a 

continuous water phase (Shaw, 1992). The process of making an emulsion is initiated with a 

large input of energy to deform and disrupt the dispersed phase into smaller droplets in the 

continuous phase. This can, for example, be done with intense agitation using high-speed 

stirrers or by high-pressure homogenization. Breaking up the droplets results in increased 

surface area of the dispersed phase. However, these newly formed interfaces of the droplets 

need to be stabilized in order not to recoalesce. For this reason emulsifiers are needed in 

emulsions to quickly adsorb onto the surface of the droplets and stabilize them. The properties 

of an emulsion are primarily dependent of droplet size, volume fraction of the dispersed phase 

(Φ), composition of the continuous phase, and composition and thickness of the surface layer 

(Walstra & van Vliet, 2008). 

 

In the field of foods, the emulsion concept covers a wide variety of products, such as milk, 

sauces, dressings, butter and ice creams (Friberg, 1997). Mayonnaise is another example of 

emulsion that traditionally is made out of oil, water, hen egg yolk and vinegar, where the egg 
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yolk functions as a natural emulsifier. The volume fraction of the oil can be up to 0.8 which 

results in the oil droplets being so closely packed in the water phase that they are somewhat 

deformed. As the oil droplets are in so close proximity of each other in mayonnaises they are 

easily damaged by extremes of cold, heat, and agitation (McGee, 2004). 

 

In this master thesis mayonnaise is being studied as well as egg yolk stabilized o/w emulsions 

in general. 

1.2.1 Emulsion Stability 

Colloidal dispersions are thermodynamically unstable and will spontaneously transform into a 

totally phase-separated system. This process is complex and involves several different 

mechanisms, such as creaming, flocculation and coalescence. Creaming is caused by the 

upwards movement of emulsion droplets that have a lower density than the surrounding 

medium (Figure 1A). Flocculation is described as an aggregation of droplets leaving a thin 

film between them (Figure 1B). Coalescence is the process where two droplets collide with 

each other, merge and form one larger droplet (Figure 1C). For the coalescence process to 

occur the two droplets must first come in close proximity to each other (flocculation), the thin 

film separating them must drain and rupture in order to finally merge. When the content of the 

two droplets flow together one large droplet is formed (Bergenståhl & Claesson, 1997). 

 

 

 

 

 

 

 

 

 

 

 

 

Without emulsifiers, emulsions are very unstable and the dispersed phase tends to coalesce 

immediately after droplet disruption due to the high surface free energy of each individual 

droplet. Phase separation is irreversible unless mixed by some external action that reforms the 

emulsion. The time for separation to occur and which of the mechanisms that will dominate in 

Water 

Oil 

        A             B           C      D 

Figure 1.  A drawing of different destabilization processes of an emulsion. Flocculation (AB), 

coalescence (BC) and complete separation (CD).  The creaming rate is increased for B and C 

(adapted from Friberg, 1997). 
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the destabilization of the emulsion is mainly dependent on the concentration of emulsion 

droplets and the droplet size. For instance, coalescence is predominant at high concentrations 

(above 10-50 %) while flocculation dominates at low concentrations and small droplets 

(below 5 % and 1 µm). Creaming is most important at low concentrations and large droplet 

size (below 10 to 50 % and above 2-5 µm), so once the droplets have flocculated or coalesced 

they cream faster. However, both the type of emulsifier and the viscosity also influence the 

emulsion stability significantly (Bergenståhl & Claesson, 1997). 

 

Several effects need to be considered to avoid increasing droplet size during storage and to 

achieve an emulsion that is stable for a certain period of time. Stabilizing mechanisms to take 

into account are mainly hydrodynamic stabilization by stabilizers that slow down the drainage 

of the liquid between two colliding droplets, as well as the steric hindrance and/or 

electrostatic repulsion caused by emulsifiers which have adsorbed at the o/w interface (Tesch 

& Gerhards, 2002; Friberg, 1997). Stabilizers such as gums and starches primarily increase 

the viscosity in the continuous phase through cross-linking which slows down the movement 

of the droplets and reduces the creaming rate. However, gums are also known to possibly 

promote some aggregation through bridging or depletion mechanisms (Ford et.al., 1997; 

Friberg, 1997). Two common types of emulsifiers are proteins and substituted 

polysaccharides, which operate by creating an energy barrier between the droplets that 

prevents them from flocculation and coalescence. This energy barrier is basically derived 

from electrostatic repulsion due to local accumulation of counter ions at the charged surface 

of emulsifiers and/or steric stabilization when macromolecules are used as emulsifiers and 

protrude into the aqueous phase and prevent aggregation (Ford et. al., 1997). 

1.2.2 Freeze-Thawing of Emulsions 

In many o/w emulsions the oil in the droplets can crystallize. The amount of solid fat depends 

on the composition of the triacylglycerides in the oil and on the temperature. The fat crystals 

in the emulsion droplet usually form a continuous network which greatly affects the stability 

of the emulsion. If the interfacial layer of the droplet is relatively thin, a solid fat crystal can 

easily penetrate the surface and pierce a liquid part of a neighboring droplet. This leads to 

partial coalescence (Walstra & van Vliet, 2008). The crystal connecting the two droplets is 

thereafter wetted by the liquid oil which reinforces the linkage point between them. With 

time, the droplets move more close together to reduce the total surface area of the oil exposed 

to the continuous water phase. However, they do not fuse completely as the fat crystal 
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network is maintaining the irregular doublet shape of the two partially coalesced droplets. The 

freezing of the water phase does also contribute to partial coalescence. As the water freezes, 

the fat droplets are forced into close proximity with one another and concentrated in the 

restricted volume of unfrozen aqueous phase between the ice crystals.  The pressure is further 

increased by the expansion of the water on freezing. This pressure on the droplets can also, in 

itself, create partial coalescence. The emulsifiers may be squeezed out of the interface 

separating the droplets, creating some oil-to-oil contact. Upon heating, the fat crystals in the 

partially coalesced droplets will melt and full coalescence occur (Cramp et. al., 2004). Some 

of the primary factors affecting the rate of partial coalescence are the volume fraction of the 

oil, the fat crystallization, and the type and concentration of emulsifier. As the oil volume is 

very high in mayonnaise emulsions it is obvious that the droplets are in closer proximity to 

each other, increasing the risk of partial coalescence. In addition, partial coalescence is 

influenced by the shape of the crystals formed as well as the amount of crystals protruding, 

the latter proportional to the amount solid fat in the droplets. However, if too much of the oil 

is crystallized, the crystal network in the droplet will take hold of the remaining liquid oil, 

thereby preventing partial coalescence. The choice of emulsifier determines the repulsion 

between the oil droplets. The weaker the repulsion, the easier it becomes for two droplets to 

approach each other, thus allowing a protruding crystal to pierce the film between them 

(Walstra & von Vliet, 2008). 

Upon oil freezing, the triacylglyceride crystals formed undergo a transformation. Initially, 

when cooling triglycerides, α-crystals are generally formed as it has the lowest activation 

energy. Thereafter, they are converted to the more stable β’-form which rends fine crystals of 

a small size. The β’-crystals are then converted to the most stable form of β, which leads to 

the formations of larger crystals and with that an increased risk of partial coalescence. Greater 

stability of the crystals derives from greater packing density of the triacylglycerides. The time 

for this crystallization process is strongly influenced by the composition of triacylglycerides. 

A multicomponent fat with triacylglycerols of diverse molecular structure crystallizes slower 

than a fat with homogeneous composition (McClements & Decker, 2008). 

1.3 Egg Yolk and Its Emulsifying Properties 
Egg yolk is a fat-in-water emulsion where approximately 50 % is of dry matter content and 

consists of a complex chemical composition of about one-third of proteins and two-thirds of 

lipids. The fraction of dry matter consists mainly of high density lipoproteins (HDL), low 

density lipoproteins (LDL), phosvitin proteins and livetin proteins. The lipoproteins are 
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globular particles with an inner core of polar lipids and triacylglycerols and an outer layer of 

amphiphilic apoproteins, phospholipids and cholesterols. The difference between these two 

lipoproteins is primarily that the HDL-granules have a higher protein to lipid ratio than the 

LDL-granules. Hen egg yolk is an important emulsifying ingredient in the manufacture of, for 

example, mayonnaise and salad dressings. Phospholipids, lipoproteins and proteins (livetin 

and phosvitin) are the constituents in egg yolk responsible for the emulsifying properties 

(Belitz, 2004; Mine, 1998). The type of lipoproteins that mainly adsorb to the oil-water 

interface is presumed to be LDL (Belitz, 2004), which are also believed to be disrupted during 

the adsorption process liberating the apoproteins and phospholipids to adsorb whereas neutral 

lipids coalesce with the oil droplets (Le Denmat et. al., 2000; Martinet et. al., 2003). However, 

the matter is still under debate, as some studies have indicated that HDL is the main 

emulsifier in egg yolk (Mine, 1998). The stabilization of emulsions by proteins is due to both 

steric and electrostatic stabilization (Dickinson and Stainsby, 1987) which is highly dependent 

on pH and ionic strength (Guilmineau & Kulozik, 2006a, 2006b). Low pH and high ionic 

strength generally lowers the solubility of the proteins in the aqueous phase which in turn 

reduces the steric stabilization (Nilsson & Bergenståhl, 2006; Dickinson & Stainsby, 1987). 

Extreme pH values far from the isoelectric point (pI) of the protein and high ionic strength (> 

1M) affect the charges of the protein and thereby its conformation which causes denaturation 

of the protein. Proteins are more stable against denaturation at their pI (Damodaran, 2008). 

High ionic strength also decreases the electrostatic stabilization as the charges of the adsorbed 

proteins are being neutralized and the repulsion between droplets reduced. In other words, the 

charge of the proteins will determine both steric and electrostatic stabilization (Nilsson & 

Bergenståhl, 2006; Dickinson & Stainsby, 1987). As egg yolk contains proteins with a 

relatively broad pI range (between 5 and 8), these are able to provide stabilizing effects in 

food emulsions of low pH. This ability is uncommon for proteins used in emulsions and 

therefore a very important property from an industry perspective (Nilsson et. al., 2006).  

1.4 Polysaccharides and Their Emulsifying Properties 
Starch is an essential component of human nutrition, contributing to a major part of the 

human energy intake worldwide (Murphy, 2000).  It is a polysaccharide which is produced by 

the photosynthesis in all green plants as an energy store. Examples of foods rich in starch are 

staple foods like potatoes, wheat and rice. Polysaccharides are hydrophilic macromolecules 

consisting of many glucose units linked together with glycosidic bonds. They occur naturally 

in particles called starch granules and in this form they are insoluble. These starch granules 
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are composed of a mixture of two types of polysaccharides; amylose and amylopectin. 

Amylose is generally a linear and helical polymer of α-D-glucopyranose linked together with 

(1 4) glycosidic bonds and very small numbers linked with (1 6) glycosidic bonds. 

Amylopectin is far more branched than amylose and thus has a higher degree of (1 6) 

glycosidic bonds. This renders the amylopectin larger in size and more easily hydrolyzed. 

Most polysaccharides possess a strong affinity to water as each of its hydroxyl group has the 

possibility of hydrogen bonding to one or more water molecules. This makes polysaccharides 

partially or completely soluble in aqueous systems. In addition to their nutritional value 

starches provide many functional properties in foods such as thickening, stabilizing and 

texturing. The polysaccharides in these applications are often referred to as gums or 

hydrocolloids, both in native and modified form (BeMiller & Huber, 2008). Polysaccharides 

have a great ability to produce viscosity and to form gels. The longer, more extended and/or 

rigid the polysaccharide is, the higher the viscosity become as the molecules will collide more 

frequently with each other and their motions take up larger space in the solution. Gelling 

occurs when the polysaccharides associates with each other, for example with intermolecular 

bonds or entanglement, and form a three-dimensional network. For a stabilizing effect, 

starches can be chemically or physically modified to achieve increased process and storage 

stability of the food products. However, chemical modifications have the greatest effect on the 

functionalities of starch and are therefore the ones mostly used (BeMiller & Huber, 2008). 

Adding hydrophobic side chains to the hydroxyl groups of the starch is a type of chemical 

modification which turns the polymer more amphiphilic and thereby acts as an emulsifier 

which stabilizes emulsions (Tesch et. al., 2002). Often only a very small number of hydroxyl 

groups need to be modified in order to change the properties of starch dramatically. The 

degree of substitution (DS) is generally in the range 0.002-0.2 modified hydroxyl groups per 

monosaccharide unit, depending on the modification (BeMiller & Huber, 2008). 

1.4.1 Octenyl Succinic Anhydride Modified Starch 

One type of emulsifying starch is OSA-starch which is made by esterification of starch and 

anhydrous octenylsuccinic acid under alkaline conditions (Figure 2) (Trubiano, 1986). The 

OSA-substitution can occur at carbons 2, 3 and 6 in the glucose molecule (Nilsson et. al, 

2006). Any kind of native starch can be used as a starting material for the synthesis of OSA-

starch (Wang et. al., 2009), which also determines the functional properties such as viscosity 

and solubility. The modification with OSA has been approved both in the USA and in the EU 

as a food additive. In EU it goes under the code E 1450. OSA-starches have the advantage of 
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being almost colorless and tasteless in solution. As starches increase the viscosity of the water 

phase, OSA-starch may act as a hybrid of an emulsifier and a stabilizer which thereby enables 

a cost reduction for the final product. Using OSA-starch instead of egg yolk also eliminates 

the cholesterol. Studies have shown that the OSA-starch concentration can be as low as 0.08 

wt% for stabilization in emulsions and that its ability to emulsify is independent of pH and ion 

strength. Its main stabilizing mechanism is believed to be steric hindrance (Tesch et. al., 

2002). 

 

The OSA-starch used in this master thesis is of waxy maize origin in its salt form (with Na
+
) 

and a degree of substitution of 1.6 %. 

 
 

 

 

 

2. MATERIALS AND METHODS 

2.1 Materials 
For this master thesis Lyckeby Culinar AB, Sweden, provided an OSA-starch named 

Trecomex C02 based on waxy maize and modified potato starch Swely Gel Medium for 

viscosity. The OSA-starch was in its salt form with Na
+
 and the DS was analyzed to be 

approximately 1.6 % (analysis made by other). The hydrocolloids used were guar gum (Edicol 

40-70) from Lucid Colloids Ltd., Mumbai, India, and xanthan gum (X200 MC) from 

Wykefold Ltd., London, UK. Källbergs Industri AB in Töreboda, Sweden, provided different 

egg yolk powders named heat stable egg yolk powder (HSEYP), 399 and hydrolyzed 8012. 

HSEYP is of heat stable character and called Remtex 43ES from Rembrandt Foods, Iowa, 

USA. Its fat content is 55 %. Egg yolk powder 399 has a fat content of 52 % while the 

hydrolyzed 8012 has a content of approximately 20 % fat. AarhusKarlshamn AB (AAK) in 

Figure 2. The structure of OSA-substituted starch. The figure illustrates a part of the starch polymer 

backbone which has been hydrophobically modified with octenyl succinic anhydride (Magnusson & 

Nilsson, 2011). 

 



10 

 

Karlshamn, Sweden, provided sunflower oil and rapeseed oil for the project. The enzymes 

used were heat stable α-amylase from Bacillus licheniformis (14000 U/ml) and 

amyloglucosidase from Aspergillus niger (140 U/ml) from Sigma-Aldrich in powder form and 

prepared as solutions in the laboratory with acetic buffer (0.1M, pH 5.0). Pierce® BCA 

Protein Assay Kit was used for determination of protein concentration. 

Other chemicals used throughout the master thesis were of analytical grade. 

2.2 Methods 

2.2.1 Preparations of Solutions 

Solutions of 1 M HCl and 1 M NaOH were prepared for pH adjustments in the buffers. 

Buffers containing 10 mM each of acetic acid, TRIS and imidazole to a final concentration of 

30 mM (acetate/TRIS/imidazole buffer) were prepared in pH 6.5 and 3.5. Acetate buffer (0.1 

M, pH 5.0) was also prepared. Solutions of OSA-starch were prepared in 30 mM 

acetate/TRIS/imidazole buffer of pH 6.5 and 3.5 (13.9 mg/ml). Solutions of HSEYP were 

prepared in the same manner as the OSA-starch solutions (40.0 mg/ml). Both OSA-starch and 

HSEYP solutions were stirred with a magnetic stirrer over night to ensure complete 

dispersion/resolution prior to preparation of emulsions. Part of the OSA-solutions prepared 

were heat treated at 100°C for 30 minutes in a water bath. Part of the OSA-solution with pH 

6.5 was homogenized (described in section 2.2.2.). The HSEYP-solutions were cold stored 

when not used. 

2.2.2 Homogenization of OSA-starch Solution 

Part of the prepared OSA-starch solutions was homogenized in a lab-scale valve homogenizer 

(Thornberg & Lundh, 1978). The pressure used was approximately 100 Bar. The sample 

volume was re-circulated through to homogenizer for approximately 3 minutes, sufficient to 

achieve at least three passes through the valve. 

2.2.3 Particle Size Analyzer 

To determine the particle size of the droplets a Coulter LS130 Particle Size Analyzer was 

used. This instrument uses laser light to determine the size of particles by light diffraction. As 

the sample is subjected to almost parallel laser light, each particle will scatter the light and 

generate a diffraction pattern. Each particle’s diffraction pattern is characteristic of its size. 

The diffraction pattern is detected by photodiode detectors and the signals are being processed 

and digitized to be used in the computer software. The software then uses appropriate 

scattering models to convert the received information to a particle size distribution. See 

Figure 3 for a schematic drawing of the apparatus (Coulter Corporation, 1991; Beckman 
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Coulter Inc., 2010). In this master thesis an optical model based on the Mie theory was used. 

This model includes the refraction index of the particles studied, in this case oil with an index 

of 1.47. The pumping speed used was set slightly lower than normal (at 23 out of 100) in 

order not to risk coalescence of the droplets. 

 

 

 

 

 

 

 

2.2.4 NMR-analysis 

Sample preparations for NMR-analysis were performed by dissolving OSA-starch in D2O and 

freeze-drying it. This was done in two cycles. The NMR-analysis of the OSA-starch was 

performed by the Department of Organic Chemistry. The DS-grade of the OSA-starch was 

determined with assistance from the Department of Organic Chemistry and the Department of 

Food Technology. 

2.2.5 Mayonnaise Preparation and Freeze-Thaw Stability Test 

All mayonnaises were prepared using a standardized method (see Appendix 1) in batches of 

500 g. One of the formulas used was a standard mayonnaise-type emulsion formulation from 

Källbergs Industri AB (formulation A in Appendix 2): 67 wt% oil, 27.9 wt% water, 1.3 wt% 

HSEYP, 0.08 wt% xanthan gum (XG), 0.02 wt% guar gum (GG), 1.5 wt% sugar, 1 wt% NaCl 

and 1.2 wt% acetic acid (24 %). For the experiments, different formulations were used but the 

amounts of NaCl and sugar was held constant (0.65 M NaCl and 0.16 M sugar). 

Compensations were made for NaCl in the HSEYP. The amount of XG, GG, modified starch 

and HSEYP varied between the formulations as the viscosity of the emulsion and the need of 

emulsifying agents changed when the water and oil content changed. These compensations in 

the formulas were calculated by Källbergs Industri AB. The emulsions were prepared under 

vacuum to prevent that air bubbles were incorporated which could influence the emulsion 

stability. The mayonnaise batch was thereafter transferred into plastic tubes with a screw cap 

using a syringe to avoid air pockets in the tube. The mayonnaise was, immediately after their 

Figure 3. Schematic drawing of the main principles of the Particle Size Analyzer. 

Light source Sample Lens Detectors Electronics Computor 
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preparation, placed in a bath of calcium chloride solution in a freezer (-25°C) to allow the 

samples to freeze more evenly. The samples were thawed in a water bath at room temperature 

after 1, 3 and 7 days in the freezer. Freeze-thaw stability analysis was only performed on 

single samples due to the size of the batch of mayonnaise. The stability of the mayonnaises 

was studied visually and the tubes were photographed. 

2.2.6 Microscopic Analysis 

The samples were analyzed in microscope (Olympus BX50 with an Olympus U-CMAD-2 

camera, Olympus, Tokyo, Japan) directly after preparation and after each period of freeze-

thawing. The droplet size and arrangement were studied. The sampling was made from the 

center of the plastic tube to achieve an as representative sample as possible. Microscopic 

images were taken at least twice for each sample at a magnification of 200 times. A scale bar 

of 0.1 mm was added to the images. When studying mayonnaises which had partially 

separated, a sample from the stable section in the mayonnaise was taken and analyzed. 

Completely separated mayonnaises were not analyzed in the microscope. 

2.2.7 Surface Load at the o/w Interface 

The extent of OSA-starch and egg yolk protein adsorbed at the o/w interface (the surface 

load) in emulsions was analyzed. 

A simplified model system was employed to mimic the conditions and proportions in real 

mayonnaise mixture. However, the oil fraction had to be reduced to 10 wt% for the analysis to 

be practically feasible. The pH in the aqueous phase was adjusted to be the same as in 

mayonnaise during the production of the emulsion, e.g. prior to the addition of 24 % acetic 

acid, resulting in a pH of approximately 6.5. The proportions of oil to HSEYP and OSA-

starch, as well as water to NaCl were calculated to imitate a mayonnaise and keep the ionic 

strength constant in all the experiments. Compensation was made for NaCl in HSEYP. The 

HSEYP and the OSA-starch were added in the form of solutions. The proportions imitated in 

the emulsion were that of 35 wt% mayonnaise as that formulation was closest in oil 

percentage to the 10 wt% emulsion in this experiment. Some of the ingredients (XG, GG and 

acetic acid) in a traditional mayonnaise had, however, been left out in this emulsion to 

simplify the model system to allow some conclusions to be drawn from the results more 

easily. 

The mixture was dispersed with an Ultra-Turrax high shear mixer from Ystral (X10/25 

drive and dispersing tool) for 3 minutes. The “ordinary” emulsion contained 10 wt% 

sunflower oil, 86.33 wt% acetic/TRIS/imidazole buffer (pH 6.5), 0.2 wt% HSEYP, 0.07 wt% 
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OSA-starch and 3.26 wt% NaCl. Directly after the emulsification, the area-weighted average 

droplet size (d3,2) was determined by a Particle Size Analyzer. From each sample, two 

subsamples were transferred to two Eppendorf tubes and the aqueous phase was separated 

from the oil phase by centrifugation (Eppendorf Minispin) at 7100 rpm for 10 minutes. The 

lower aqueous phase (subnatant) was carefully withdrawn with a pipette. The process was 

repeated once more, this time at 10200 rpm for 15 minutes, to assure an as complete 

separation of the oil droplets as possible. The OSA-starch concentration in the subnatant was 

determined by enzymatic degradation of the starch to glucose with α-amylase and 

amyloglucosidase according to the method of Åman et. al. (1994). The egg yolk protein 

concentration in the subnatant was determined with a BCA-kit but with HSEYP as a standard 

which better agreed with the samples.  

To each emulsion a reference sample was prepared in exactly the same manner but 

without the oil and went through exactly the same procedure as the samples. To calculate the 

adsorbed concentration (cads), the concentration measured in the subnatant of the samples 

(csub) was subtracted from the concentration in the reference samples (cref). See eq. 1 below. 

 

cads = cref - csub   (eq. 1) 

 

The surface load, Γ, was calculated from the adsorbed amount and the specific surface area of 

the emulsion: 

Γ = 
C
ads* 

d
3,2   (eq. 2) 

                            6*Φ 

 

Where 
d
3,2 is the area-weighted droplet diameter and Φ is the dispersed phase volume 

fraction (oil volume, in this case 0.1). 

2.3 Design of Experiments 

2.3.1 Initial Freeze-thaw Stability Experiment 

Mayonnaises of different oil contents (67 wt%, 56 wt% and 35 wt%) and different types of oil 

(sunflower oil and rapeseed oil) were freeze-thawed to study how the oil to water ratio as well 

as triacylglyceride composition could influence the stability. Rapeseed oil had displayed 

poorer stability than sunflower oil in previous studies on mayonnaise (Magnusson et. al., 

2011). The hypothesis was therefore that if the mayonnaises with sunflower oil showed no or 

small indications of influences, the mayonnaise with rapeseed oil might be more assessed to 
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freeze-thaw analyze. The mayonnaises were freeze-thawed in tubes of 30ml and 120 ml. The 

larger tube was intended to simulate a real mayonnaise bottle and to study how a slower rate 

of freezing could affect the stability. The mayonnaise samples were measured with a Particle 

Size Analyzer. The different samples are described more detailed in Table 1. 

*See Appendix 2 for details about the formulations 

 

From the results of this experiment, the mayonnaise prepared with 56 wt% sunflower oil was 

chosen for further studies as a possibility of improving that formula was observed. Therefore, 

most of the experiments in this master thesis were made on the 56 wt% sunflower 

mayonnaise. From now on sunflower oil is referred to if no other specification is made. In 

addition, when only writing a percentage without specification (for example: 56 wt%) it is the 

percentage of sunflower oil which is referred to. 

2.3.2 Investigation of the Effect of the XG:GG Ratio 

This initial freeze-thaw experiment revealed that the formulas used in this master thesis 

showed droplets with a much larger diameter (d4,3) than in the studies of Magnusson et. al. 

(2011) when measuring with the Particle Size Analyzer. The only difference between the 

formulas was the XG:GG ratio which was reversed. A mayonnaise with 67 % (formula A in 

appendix 2) as well as 56 % (formula B in appendix 2) sunflower oil was therefore prepared 

but with the reversed ratio of XG:GG (20:80) and analyzed in microscope and by Particle Size 

Analyzer. The results were compared with mayonnaises prepared with the standard XG:GG 

ratio (80:20). 

2.3.3 Determining the Surface Load at the o/w Interface 

After the initial freeze-thaw experiment, the surface load of OSA-starch and egg yolk proteins 

was studied. Different emulsions were prepared in order to investigate conditions anticipated 

to influence the adsorption of OSA-starch. The emulsions studied were emulsion prepared at 

pH 3.5 (Low pH) in contrast to the ordinary pH of 6.5 (Ordinary), emulsion with 0,2 wt% 

Sample name Formulation* Oil type Tube size 

  30 ml 120 ml 

67 % sunflower oil A Sunflower oil x x 

56 % sunflower oil B Sunflower oil x x 

35 % sunflower oil C Sunflower oil x x 

67 % rapeseed oil A Rapeseed oil x x 

56 % rapeseed oil B Rapeseed oil x x 

35 % rapeseed oil C Rapeseed oil x x 

Table 1. Description of the mayonnaise samples prepared in the initial freeze-thaw experiment. 
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OSA-starch and 0.07 wt% HSEYP (High OSA) in contrast to the reversed, emulsion with 

homogenized OSA-starch solution (Homo OSA), emulsion prepared with heat treated OSA-

starch solution (Heated OSA) and emulsion with only OSA-starch as emulsifier (0 wt% 

HSEYP) at pH 6.5 (Only OSA ordinary pH) and pH 3.5 (Only OSA low pH). See Table 2 for 

a detailed description of the samples. A lower pH wanted to be studied to see how the charges 

of the emulsifiers influenced. The ratio OSA-starch to HSEYP was another parameter that 

could influence the stability through competitive adsorption at the interface. The hypothesis of 

homogenization and heat treated OSA-starch was that these treatments disintegrated the OSA-

starch molecules and increased the solubility which could increase the adsorption. The 

analysis of the surface load of OSA-starch was made twice while the analysis of the surface 

load of egg yolk proteins only was made once, due to lack of time. 

 

 

 

Sample name Description of sample 

Ordinary Emulsion prepared as described in section 2.3.3. 

Low pH Ordinary emulsion prepared at pH 3.5 

Homo OSA Ordinary emulsion prepared with homogenized OSA-starch solution. See section 

2.2.2. 

Heated OSA Ordinary emulsion prepared with heat treated OSA-starch solution 

High OSA Ordinary emulsion prepared with reversed ratio HESYP and OSA-starch; 0.2 wt% 

OSA-starch and 0.07 wt% HESYP 

Only OSA low pH* Ordinary emulsion prepared with OSA-starch as sole emulsifier and at pH 3.5; 

0.27 wt% OSA-starch and 0 wt% HESYP 

Only OSA ordinary pH* Ordinary emulsion prepared with OSA-starch as sole emulsifier and at pH 6.5; 

0.27 wt% OSA-starch and 0 wt% HESYP 

 

2.3.4 Second Freeze-thaw Stability Experiment 

Mayonnaises were prepared from the results of the surface load of OSA-starch and egg yolk 

powder and freeze-thawed. The samples all contained 56 wt% sunflower oil and were 

prepared with OSA-starch under low pH (56 % OSA, low pH), with heat treated OSA-starch 

(56% heated OSA),with heat treated OSA-starch under low pH (56 % heated OSA, low pH), 

with OSA-starch as sole emulsifier under ordinary pH (56 % only OSA, ordinary pH), with 

OSA-starch as sole emulsifier under low pH (56 % only OSA, low pH), with egg yolk powder 

399 (56 % 399) and with hydrolyzed egg yolk powder 8012 (56 % hydrolyzed 8012). The 

Table 2. Description of the emulsion samples for the analysis of adsorbed amount of egg yolk protein and/or 

OSA-starch at the interface. *Was not analyzed for surface load of egg yolk proteins as the sample did not 

contain any HSEYP. 
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smaller tube size (30 ml) was used in this freeze-thaw experiment. The emulsion samples 

prepared are described more detailed in Table 3. 

 

The samples named “low pH” were emulsified during an approximately pH of 3.5 as the 

acetic acid was added in the aqueous solution before the emulsifying process. These 

mayonnaises have the same end pH (3.5). The other samples, including the samples named 

with “ordinary pH”, were emulsified during a higher pH of approximately 6.5. In this case the 

acetic acid was added at the end of the emulsification process resulting in a pH of 

approximately 6.5 during the actual emulsification process (the traditional way of preparing 

the mayonnaise, as described in Appendix 1). The end pH in these mayonnaises was however 

also 3.5. So even though the final pH is the same (3.5) in all of the samples, it is the pH during 

the time of emulsification process which is referred to when writing “low pH” and “ordinary 

pH”. The idea was to investigate the effect of the pH during the actual emulsifying process.  

 

Different types of egg yolk powder containing different amounts of lipids were used to study 

how the level of egg yolk lipids (mainly concerning the polar phospholipids) could affect the 

stability of the emulsion. The hypothesis was that the phospholipids from the egg yolk 

powder might solubilize and crystallize as lamellar plates in the continuous phase and affect 

the stability of the emulsion. 

References were used for the mayonnaises containing OSA-starch. Formulation E in 

Appendix 2 was used for the references and was emulsified under ordinary pH, as well as low 

pH depending on the pH of the samples.  
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3. RESULTS 

3.1 Initial Freeze-Thaw Stability Experiment 
All of the mayonnaises prepared with rapeseed oil separated completely when thawed after 1 

day in the freezer (results not shown). The mayonnaises prepared with sunflower oil showed 

better stability. They were all stable when thawed after 1 and 3 days in the freezer. However, 

after the 7
th

 day they showed varying degrees of stability; 35 wt% showed no sign of 

separation, 56 wt% showed partial separation and 67 wt% had separated to a greater extent 

(Figure 4). When comparing the 30 ml container to the 120 ml container, no clear difference 

was observed on the influence on the stability; neither visually (Figure 4) nor in the 

microscopic photographs (results not shown). As explained in section 2.3.1., from the results 

of this experiment, the mayonnaise prepared with 56 wt% sunflower oil was chosen for 

further studies. 

Sample name Description of the sample                                                                                                Tube size 

                                                                                                                                                   30 ml 

56 % OSA, low 

pH 

Formulation E. Sunflower oil was used and acetic acid added before the emulsification 

process (pH ~3.5). 

x 

56 % heated 

OSA 

Formulation E. Sunflower oil was used and the OSA-starch solution used had been heat 

treated (see section 2.2.1.). 

x 

56 % heated 

OSA, low pH 

Formulation E. Sunflower oil was used and the OSA-starch solution used had been heat 

treated (see section 2.2.1.) as well as that the acetic acid was added before the 

emulsification process (pH ~3.5). 

x 

56 % only OSA, 

ordinary pH 

Formulation E. Sunflower oil was used and 1.2 wt% OSA-starch, 0 wt% HSEYP. x 

56 % only OSA, 

low pH 

Formulation E. Sunflower oil was used, 1.2 wt% OSA-starch, 0 wt% HSEYP and the acetic 

acid was added before the emulsification process (pH ~3.5). 

x 

56 % 399 Formulation B. Egg yolk powder used was 399. x 

56 % hydrolyzed 

8012 

Formulation B. Egg yolk powder used was hydrolyzed 8012. 

 

x 

Table 3. Description of the emulsion samples prepared. Details about the formulations can be 

seen in Appendix 2. 
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The microscopic images of the droplets showed an increased droplet size with increased 

freezing time in general for both oil types (results not shown). The result of the microscopic 

analysis on increased oil percentage can be seen in Figure 5. The 35 wt% mayonnaise showed 

a considerable smaller particle size than the other two emulsions. It also showed signs of great 

flocculation. The results from the 67 wt% and the 56 wt% mayonnaise were hard to interpret 

and compare as the images in these cases were of varying quality due to poor adjustments on 

the microscope. However, the 67 wt% mayonnaise seemed to show a tendency towards 

slightly increased droplet size than the 56 wt% mayonnaise. 

 

 

 
 

 

 

 

Figure 4. The stability of the mayonnaises when thawed after 7 days in freezer. Mayonnaises prepared 

with sunflower oil with the percentages 67 wt%, 56 wt% and 35 wt% (from left to right in the figure). 

Figure 5. Microscopic images of mayonnaises thawed after 7 days in the freezer. From left to right; 67 wt%, 

56 wt% and 35 wt% sunflower oil.  
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3.2 Investigation of the Effect of the XG:GG Ratio 
The mayonnaise with 67 wt% sunflower oil and an 80:20 XG:GG ratio tended to show a 

slightly larger droplet size in the microscope than the mayonnaise with reversed XG:GG ratio 

(Figure 6). Measuring the droplet size with a Coulter Particle Size Analyzer in the two 

mayonnaises, the 80:20 XG:GG gave a droplet size of 15.67 µm while the 20:80 XG:GG ratio 

gave a size of 7.56 µm. When calculating the droplet size of the mayonnaise with 80:20 

XG:GG ratio manually it gave a droplet size of 9.3 µm (Figure 7). 
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Figure 6. Microscopic images of mayonnaise with 67 % sunflower oil and 80:20 XG:GG (left) and 20:80 XG:GG (right). 

20:80 XG:GG 80:20 XG:GG 

Figure 7. Particle size diagram for 67 wt% mayonnaise. The relative volume % to the particle size (d4,3) in 

µm of the droplets in mayonnaise with 80:20 XG:GG and 20:80 XG:GG ratio. Measurements made 

manually and/or by Particle Size Analyzer. 
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When analyzing the mayonnaise with 56 wt% sunflower oil in microscope, no major 

difference could be seen in particle size between the two ratios (80:20 vs. 20:80 XG:GG) 

(Figure 8). However, when measuring the particle size in the Particle Size Analyzer a large 

difference could be observed. The 20:80 XG:GG ratio gave a particle size of 7.56 µm while 

the 80:20 XG:GG ratio gave a size of 32.46 µm. Calculating the droplet size manually of the 

mayonnaise with 80:20 XG:GG it gave a size of about 5 µm (Figure 9). 
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Figure 8. Microscopic images of mayonnaise with 56 wt% sunflower oil and 80:20 XG:GG (left) and 20:80 

XG:GG (right). 

Figure 9. Particle size diagram for 56 % mayonnaise. The relative volume % to the particle size (d4,3) of the 

droplets in mayonnaise with 80:20 XG:GG and 20:80 XG:GG ratio. Measurements made manually and/or by 

Particle Size Analyzer. 
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3.3 Determining the Surface Load at the o/w Interface 
The results of the adsorbed amounts of OSA-starch at the o/w interface in the different 

emulsion can be seen in Table 4 and Figure 10. Emulsions with ordinary level of OSA-starch, 

homogenized OSA-starch and high level of OSA-starch showed negative values of adsorbed 

OSA-starch at the interphase; -2.18 (±1.72), -0.13 (±0.16) and -1.70 (±1.37) mg/m
2
. Emulsion 

with heated OSA-starch showed no adsorption. Low pH resulted in approximately 2.5 (±1.40) 

mg adsorbed OSA-starch per m
2
 of dispersed phase while emulsion prepared with only OSA-

starch as emulsifier showed adsorbed levels of 3.27 (±2.93) mg/m
2
 at ordinary pH and 3.52 

(±3.26) mg/m
2
 at low pH. The change in pH in the emulsion with only OSA-starch did not 

result in any significant difference in adsorption, as the standard error of the mean (S.E.M.) 

for these two samples overlaps. The S.E.M. showed very big spans for all of the samples. The 

recovery of the OSA-starch in the references was in general very low, between 39 and 71 %. 

Every result is the mean out of the two subsamples from each analysis. 

 

The results of the adsorbed amounts of egg yolk proteins at the o/w interface in the different 

emulsion can be seen in Table 5 and Figure 11. The concentration of adsorbed protein at the 

interface was lowest for the samples homo OSA, heated OSA and ordinary with 

concentrations of 0.60, 1.19 and 1.45 mg/m
2
. High OSA showed an adsorbed amount of 2.35 

mg protein/ m
2 

while low pH showed the highest value of 7.08 mg/m
2
. No S.E.M. was 

calculated for the protein adsorption as this analysis only was done once, resulting in that the 

variance between different analyses could not be estimated. The recovery of the protein in the 

references was between 94 and 104 % in this protein analysis. 

 

  
OSA-starch adsorption 

 

d3,2  

(µm) 

Recovery of the reference 

(%) 

Conc. Ads.  

(mg/ml) 

Γ 

(mg/m
2
) 

Ads. Yield 

(%) 

Ordinary 8.77 55 -0.18 -2.18 (±1.72) -40 

Low pH 13.35 50 0.11 2.50 (±1.40) 27 

Homo OSA 6.93 71 -0.01 -0.13 (±0.16) -1 

Heated OSA 8.24 63 -1E-06 0.01 (±0.35) 0 

High OSA 12.78 44 -0.09 -1.70 (±1.37) -8 

Only OSA low pH 16.25 39 0.15 3.52 (±3.26) 12 

Only OSA ordinary pH 15.65 39 0.14 3.27 (±2.93) 11 

Table 4. Table of the adsorbed amounts of OSA-starch at the o/w-interphase in the different samples. 
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Protein Adsorption 

 

 d3,2 (µm) Recovery of the reference (%) Conc. Ads. (mg/ml) 

Γ 

(mg/m
2
) Ads. Yield (%) 

Ordinary 7.17 110 0.13 1.61 19 

Low pH 13.73 96 0.34 7.87 55 

Homo OSA 5.13 96 0.08 0.66 12 

Heated OSA 8.36 94 0.09 1.32 16 

High OSA 13.84 114 0.11 2.61 43 
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Figure 10. Diagram showing the adsorbed amount of OSA-starch at the o/w-interphase in the different 

samples. 

Table 5. Table of the adsorbed amounts of egg yolk proteins at the interphase of the different samples. 

Figure 11. Diagram showing adsorbed amount of egg yolk protein at the o/w-interphase of the different 

samples. 
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3.4 Second Freeze-thaw Stability Experiment 
The mayonnaise samples OSA low pH, heated OSA, and heated OSA low pH (the three first 

samples in Table 3) were all stable when thawed after 1 and 3 days in the freezer. When 

studied visually as well as in microscope, no major differences were observed between the 

mayonnaises and the reference (results not shown). After 7 days they had all completely 

separated. The same results were observed for the reference (results not shown). However, the 

emulsions where the amount of HSEYP had been replaced with OSA-starch, (see sample 56% 

only OSA-starch, ordinary pH/ low pH in Table 3) showed better stability at both pH 6.5 and 

pH 3.5 than the reference. After 7 days the reference had completely separated while the 

emulsions prepared with OSA-starch as sole emulsifier were completely stable. The 

emulsions prepared at pH 6.5 and 3.5 seemed to display similar stability (Figure 12). The 

microscopic images of the emulsions prepared with OSA-starch as sole emulsifier showed no 

major increase in droplet size before and after 7 days of freezing (Figure 13). 

 

 

 
                    Only OSA-starch                          Reference 

 

 

 

 

 
    pH 3.5 

 

 

 

 

 

 

 

 

 

 
    pH 6.5 

 

 

 

 

 

 

 

 

 

Figure 12. Emulsions with OSA-starch as the sole emulsifier, as well as reference, prepared under pH 6.5 and pH 

3.5. Photographs taken when thawed after 7 days in the freezer. 
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Regarding the mayonnaises prepared with the different egg yolk powders 399 and hydrolyzed 

8012 no obvious difference or indication could be seen between the samples (results not 

shown). 

4. DISCUSSION 
The size of the plastic tubes used in this master thesis, in where the emulsions were frozen 

and thawed, did not seem to have an effect on stability.  Maybe a more pronounced difference 

in stability could have been achieved if the size of the tubes differed more. The mayonnaise 

prepared with rapeseed oil showed less stability to freeze-thawing than the one prepared with 

sunflower oil, as seen in previous studies by Magnusson et. al. (2011), presumably because of 

differences in the triacylglyceride composition which generate different crystal shape, size 

and number (Magnusson et. al., 2011). Rapeseed oil has a tendency to form large β-crystals 

(McClements & Decker, 2008) and in combination with having higher degree of solid fat at -

25°C than sunflower oil, it may contribute to increased partial coalescence and thereby lower 

freeze-thaw stability in emulsions (Magnusson et. al., 2011). The lower stability to freeze-

thawing at a higher amount of oil can probably be explained with the enhancing collision 

frequency of the oil droplets and therefore higher risk of coalescence (Tesch et. al., 2002). 

According to Karbstein (1994) emulsions in the range of 1-30 % oil content are hardly 

Figure 13. Mayonnaises with only OSA-starch as emulsifier, prepared under pH 6.5 and 3.5. Microscopic 

images taken directly after preparation (freshly made) and when thawed after 7 days in the freezer. 
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influenced by the amount of oil, as coalescence frequency is low, which might also be the 

case with the 35 wt% mayonnaise which did not show any influence by the oil content after 7 

days. As previously explained, seeing that the 56 wt% sunflower oil mayonnaise only showed 

little separation after 7 days in the freezer, a possibility to improve this formula and 

conditions was observed. Therefore the 56 wt% sunflower oil mayonnaise was used in the 

following experiments. 

 

As the Particle Size Analyzer measured much larger droplets for the 80:20 XG:GG ratio in 

both the 67 wt% and 56 wt% mayonnaise than could be observed in the microscopic images, 

droplet flocculation induced by XG is proposed as an explanation. The slightly larger droplets 

that could be observed in the microscope for the 67 wt% mayonnaise 80:20 XG:GG in 

comparison to the mayonnaise with 20:80 XG:GG is also proposed to be caused by the XG. 

However, the difference of the droplet size was not very large. Observations have been made 

in previously studies that XG could induce larger droplets than GG in egg yolk stabilized o/w 

emulsions (Nor Hayati et. al., 2009), as well as inducing more oil droplets to flocculate and 

form three-dimensional network in sodium caseinate stabilized o/w emulsions in comparison 

to GG (Koczo et. al., 1998). The fact that larger particle size was observed in the Particle Size 

Analyzer but not in the microscopic images could be explained with that aggregates of 

droplets are being measured in the Particle Size Analyzer (Koczo et. al., 1998). Depletion 

flocculation is proposed as an explanation for the particle aggregation. Depletion flocculation 

occurs when the distance between the dispersed particles is smaller than the size of the non-

adsorbing hydrocolloids. This results in a lower osmotic pressure between the particles than 

the pressure around them and the solvent starts to flow out from between the particles, 

pushing them together. Another type of flocculation is bridging flocculation, when 

hydrocolloids anchor two droplets due to adsorption (Koczo et. al., 1998). However, depletion 

flocculation is more likely in this case as XG is not surface active (Sun et. al., 2007). Koczo 

et. al. (1998) observed that the critical flocculation concentration for XG was much lower (at 

0.002 %) than for GG (0.01-0.02 %) and that XG is a more efficient flocculent than GG. The 

concentration XG in the mayonnaises in this master thesis is of approximately 0.3 % which 

also is above the concentrations of where Koczo et. al. (1998) have observed pronounced 

particle aggregation (0.1 %). He suggests that the reason for the efficiency of flocculation of 

XG is related to its configuration. When the NaCl concentration is above 0.005 M NaCl (as in 

this master thesis; 0.65 M NaCl) the XG molecule, which is an anionic polyelectrolyte, 

changes from random coil to a worm-like chain configuration resulting in a greater stiffness 
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as well as up to 7 times longer. This might cause geometrical incompatibility between the 

spherical droplets and the worm-like XG molecules, resulting in phase separation between the 

XG and the droplets, and thereby flocculation. The GG molecule on the other hand is not a 

polyelectrolyte which  probably result in a configuration close to random coil even at high 

ionic strength and less flocculation efficiency than that of XG (Kocz et. al., 1998). 

Due to this presumed flocculation which falsely seems to give rise to larger droplets 

when measured in the Particle Size analyzer, this instrument was not used to measure droplet 

size in the mayonnaises. The instrument was initially intended to be used in this master thesis. 

Increasing the pumping speed maybe could have disrupted the aggregated droplets, however, 

this could have caused coalescence which did not want to be risked. 

 

The results of the surface load of OSA-starch and egg yolk proteins at the dispersed phase 

were hard to interpret. The variance of the results of OSA-starch was very large and therefore 

it was hard to draw conclusions from these results. The reason for the very high variance of 

the results is hard to explain. Limited experience in the method might be one explanation, as 

well as the activity of the enzymes. The solutions of OSA-starch used showed quite high 

turbidity which maybe could have resulted in varying concentration between different parts of 

the solution and generated errors when using the pipette, despite thorough mixing of the 

solution. The chains of OSA-starch might have aggregated which could have caused low 

solubility and thus the high turbidity of the solution. This possible aggregation of the OSA-

starch may as well have contributed to difficulties for the enzymes to get access to the starch 

for digestion. The negative adsorption values might also be explained by the high turbidity 

and pipetting. Some of the negative results (“Homo OSA” and “Heated OSA”) do have a 

S.E.M. interval which indicates that the results actually could be zero values and positive 

values of adsorption. The recovery of the OSA-starch in the references was also very low. 

One possible explanation to the low recovery might be that the OSA-starch is more resistant 

to enzymatic degradation compared to native starch (Viswanathan, 1999; Wang et. al., 2009). 

The OSA-substitutes impairs the binding of α-amylase which results in decreased starch 

digestion (Wang et. al., 2009). When emulsifying the mixes with the Ultra-Turrax, foam was 

being formed which was relatively stable. This foam was most likely made up of the OSA-

starch as even the emulsions containing no HSEYP (sample “only OSA”) generated foam 

building. So when pipetting from the emulsions the OSA-starch in the foam was not included. 

This might also have contributed to the reduced recovery. The variance of the results from the 

protein adsorption could not be calculated as the analysis only was done once. The recovery 
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of the protein in the reference was higher in comparison to the OSA-starch adsorption 

analysis. In some cases it was however above 100 %. Variances in the recovery might be 

explained with the percentage of protein in the specification of HSEYP is an approximate as 

well as variances during when analyzing are hard to avoid. 

The emulsion with low pH indicated higher adsorption of OSA-starch as well as egg 

yolk proteins. Higher adsorption of egg yolk proteins at low pH has been observed before and 

is explained with their low pI (Nilsson et. al., 2006). However, as adsorption of OSA-starch 

has shown to be independent of pH, an explanation could be that the OSA-starch molecule 

turns slightly negatively charged while the egg yolk proteins turns somewhat positively 

charged at this pH (3.5). This could generate attractive interaction so that the two molecules 

adsorb as an aggregate at the interface. This attraction is likely to be caused by hydrophobic 

interaction as both macromolecules have shown low solubility at low pH (pH 4.0) or 

electrostatic interaction because of the opposite charges at this pH (Magnusson & Nilsson, 

2011). 

Regarding the samples “Homo OSA” and “Heated OSA”, it did not seem that the 

homogenization or heat treatment of OSA-starch increased adsorption at the interphase in 

comparison to the sample “Ordinary” which contained native OSA-starch. The idea was that 

the OSA-starch molecule might break up into smaller components which might adsorb easier 

to the dispersed phase. Maybe the pressure in the homogenizer and the heat treatment were 

not sufficient to break up the OSA-molecules or the break up just did not improve its 

adsorptive qualities. The preprocessing of OSA-starch did not seem to make any difference as 

the OSA-starch solution did not show any signs of being clearer/less turbid than the native 

OSA-starch solution and the adsorbed amounts of egg yolk protein for these emulsions was 

still in the range of the “Ordinary” sample and not greatly affected. 

One possible explanation to why the surface load of OSA-starch was not increased in 

the “High OSA” sample could be because of egg yolk proteins is exhibiting competitive 

adsorption towards the OSA-starch at the interface, both in the “Ordinary” sample and still 

even at this lower concentration. The surface load of egg yolk proteins was only slightly 

increased, but not enough to be considered a great difference. 

The emulsions with only OSA-starch (“Only OSA, low pH” and “Only OSA, ordinary 

pH”) could generate a higher adsorption of OSA-starch due to no competitive adsorption from 

the egg yolk proteins. The pH did not result in any significant difference, probably as the 

ability of OSA-starch to emulsify is independent of pH (Tesch et. al., 2002). The surface load 

of egg yolk proteins was not determined as HSEYP was not added to the emulsions. 



28 

 

 

Regarding the second freeze-thaw stability experiment, it was somewhat interesting that the 

56 wt% mayonnaise showed higher stability after 7 days (partial separation) than the 56 wt% 

mayonnaise containing OSA-starch (total separation). One possible explanation might be that 

the latter emulsion contained one more component (OSA-starch) which results in a more 

complex system which could generate an emulsion more prone to change as more components 

can interact with each other. A source of error could be that two mayonnaises were prepared 

and freeze-thawed at different occasions and that the bath of calcium chloride had become an 

ice slurry instead of a solution at the latter occasion. This could potentially have affected the 

freezing of the 56 wt% mayonnaise containing OSA-starch differently. 

 

The samples 56 wt% OSA low pH, 56 wt% heated OSA and 56 wt% heated OSA low pH (see 

Table 3) were prepared as an indication had been seen in analysis of adsorption of OSA-starch 

that low pH and heat treated OSA-starch might increase the adsorption of OSA-starch at the 

interphase (in the first surface load analysis out of two) and thereby perhaps increase the 

stability of the emulsion. However, increased stability could not be observed in the 

mayonnaises prepared and freeze-thawed. Maybe because adsorbed OSA-starches in fact do 

not increase the freeze-thaw stability of mayonnaise or that the effect is too small in 

mayonnaise emulsions to be able to be observed after freeze-thawing. 

Emulsions prepared with OSA-starch as sole emulsifier gave a more stable emulsion 

towards freeze-thawing than the references at both pH 6.5 and 3.5. One possible explanation 

might be that an emulsion that has been emulsified with only OSA-starch is a less complex 

system as it involves fewer different components which might cause less negative influences 

on the stability. Egg yolk on the other hand is composed out of many different components 

which can perform competitive adsorption to the o/w interface (Nilsson et. al. 2007) and 

influence the stability more, turning the emulsion into a very complex system. Phospholipids 

from the HSEYP might also associate in the liquid phase in different structures (Nylander & 

Ericsson, 1997) which, when crystallized, might destabilize the emulsion. Adding both 

HSEYP and OSA-starch to an o/w-emulsion might complicate the system even more and 

perhaps the OSA-starch is prevented by components in the HSEYP to adsorb onto the oil 

droplets. Tesch et. al. (2002) have also observed that the stabilization of droplets by OSA-

starch is very efficient and that it is able to adsorb at interfaces and thus stabilizing droplets 

against coalescence. The concentration can be as low as 0.08 wt% for the stabilization, which 

is much less than the level used in this master thesis, (approximately 0.3 wt%). My results, as 
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well as the results of Tesch et. al. (2002), show that OSA-starch is indeed suitable to produce 

stable emulsions of small droplet size when used as sole emulsifier. 

The different amounts of triacylglycerides in the egg yolk powder used in the 

mayonnaises (“56% 399” and “56% hydrolyzed 8012”) did not seem to have an effect on the 

stability, perhaps due to too small differences in fat content between the samples (52% versus 

20% fat). For further studies of the possible effect of the lipids in the egg yolk powder on the 

stability of mayonnaise, the extremes in fat content should be used. In other words, a standard 

egg yolk powder versus a fat free egg yolk powder (if possible to produce). 

5. CONCLUSION 
The conclusion from this master thesis is that egg yolk is a very complex raw material and 

emulsifier and the process of freeze-thawing is affected of several parameters. As many of the 

result showed great variance it is hard to draw any distinct conclusions. Decreased oil content 

in mayonnaise generated higher freeze-thaw stability, probably because of lower collision 

frequency of the oil droplets. XG seems to induce depletion flocculation in mayonnaise 

emulsions, perhaps due to its conformational changes at high ionic strength. Low pH at the 

time of emulsification might induce more adsorption of OSA-starch and egg yolk proteins at 

the o/w interface, but not increased freeze-thaw stability of 56 wt% mayonnaise prepared with 

sunflower oil. Maybe the surface layer of adsorbed OSA-starch and egg yolk proteins was not 

thick enough to prevent the oil crystals from penetrating the droplets and generate coalescence 

or maybe adsorbed OSA-starch just does not have an effect on the freeze-thaw stability of 

mayonnaise. Emulsion prepared with OSA-starch as sole emulsifier resulted in a higher 

surface load of OSA-starch, perhaps because of no competitive adsorption from egg yolk 

proteins. In addition, it generated a more freeze-thaw stable o/w emulsion than mayonnaise 

prepared with HSEYP as sole emulsifier or with both HSEYP and OSA-starch as emulsifier. 

However, an o/w emulsion without egg yolk is not allowed to be referred to as mayonnaise 

according to the code of practice from FIC Europe (1991). A “mayonnaise” without egg yolk 

would therefore probably not be appealing for the consumers. 

More research concerning egg yolk and its behavior during emulsifying and freeze-

thawing of o/w emulsions is of great interest as it could generate new solutions and 

innovations in the production of food emulsions. 
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APPENDIX 1 

 
Standardized procedure of the preparation of mayonnaise 

 

The set up for the preparation of mayonnaise can be seen in Figure 1. 

 
1. Water, NaCl and sugar were mixed under 2 minutes at 300 rpm with an IKA® 

EUROSTAR POWER control-visc. stirrer. 

2. The ingredients of powder character (XG, GG, HSEYP, modified potato starch, OSA-

starch) were blended by hand with 30 g of the oil for 30 seconds with a glass rod 

before it was poured quantitatively in the batch of NaCl and sugar solution. 

3. The mixture was stirred under vacuum for 1 minute at 1500 rpm. 

4.  Still under vacuum, the oil was added through a cone and a plastic tube in a steady 

stream for 3 minutes while stirring at 2000 rpm. At the last 45 seconds of the 

emulsification, acetic acid was added. In order to add the very last of the oil without 

breaking the vacuum, the last oil was added slowly and the emulsion stirred for 

another 2 minutes at 2000 rpm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Set up for preparation of mayonnaise 
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APPENDIX 2 
Formulations of the mayonnaises analyzed 

 

Formulation A – 67 wt% oil 

Ingrediens Weight in g  wt% 

Oil 335.00 67.00% 

Water 139.50 27.90% 

Sugar 7.50 1.50% 

HSEYP 6.50 1.30%  

Acetic acid (24 %) 6.00 1.20% 

NaCl 5.00 1.00% 

Xanthan 0.40 0.08% 

Guar 0.10 0.02% 

Weight in total 500.00 100.00% 

 

 

Formulation B – 56 wt% oil 

Ingrediens Weight in g wt% 

Oil 280.00 56.00 % 

Water 188.75 37.75 % 

Sugar 10.15 2.03 % 

HSEYP 6.00 1.20 % 

Acetic acid (24 %) 6.00 1.20 % 

NaCl 6.93 1.39 % 

Xanthan 0.60 0.12 % 

Guar 0.15 0.03 % 

Mod. starch 3.50 0.70% 

Weight total 500.00 100.00% 

 

 

Formulation C – 35 wt% oil 

Ingrediens Weight in g wt% 

Oil 175.00 35.00% 

Water 277.80 55.56% 

Sugar 14.94 2.99% 

HSEYP 5.00 1.00% 

Acetic acid (24 %) 6.00 1.20% 

NaCl 10.42 2.08% 

Xanthan 0.60 0.12% 

Guar 0.60 0.12% 

Mod. starch 14.00 2.80% 

Weight total 500.00 100.00% 

 

 

Formulation D – 67 wt% with OSA 

Ingrediens Weight in g  wt% 

Oil 335.00 67.00% 

Water 139.50 27.90% 

Sugar 7.50 1.50% 

HSEYP 4.90 0.98% 

Acetic acid (24 %) 6.00 1.20% 

NaCl 5.00 1.00% 

Xanthan 0.40 0.08% 

Guar 0.10 0.02% 

OSA-starch 1.60 0.32% 

Weight total 500.00 100.00% 

 

 

Formulation E – 56 wt% with OSA 

Ingrediens Weight in g wt% 

Oil 280.00 56.00% 

Water 189.25 37.85% 

Sugar 10.17 2.03% 

HSEYP 4.50 0.90% 

Acetic acid (24 %) 6.00 1.20% 

NaCl 6.90 1.38% 

Xanthan 0.60 0.12% 

Guar 0.15 0.03% 

OSA-starch 1.50 0.30% 

Mod. starch 3.00 0.60% 

Weight total 500.00 100.00% 
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