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ABSTRACT 

THE INTERACTIONS BETWEEN EXOPOLYSACCHARIDES PRODUCED BY 

LACTIC ACID CULTURES AND MILK PROTEINS, AND THEIR IMPACT ON 

THE TEXTURE OF MILK GEL 

 

Zhu Tuan Miao                                                                   Advisor: 

University of Guelph, 2015                                                Professor Milena Corredig 

 

          The use of bacterial cultures producing polysaccharides is widespread, but the 

details of the interactions between these molecules and casein micelles during 

aggregation are still unclear. The objective of this research was to produce, isolate, and 

characterize selected exopolysaccharides (EPS), and study their interactions in model 

dairy systems. In addition, the effect of their presence during milk coagulation was 

studied in situ.  

          Different EPS isolation procedures were compared, and it was concluded that 

ethanol precipitation followed by TCA precipitation was the best method to obtain high 

EPS yields. It was also shown that sugar composition and molecular weight of the 

isolated EPS varied depending on the isolation procedure. The interactions between the 

isolated EPS produced by S. thermophilus (CHCC-5086) depended on pH.  The EPS 

associated with both-lactoglobulin and sodium caseinate when these proteins were 

present at the interface of emulsion droplets.  

            The addition of isolated EPS (200mg/L) caused a higher gelation pH in unheated 

milk, during glucono delta lactone (GDL) induced gelation.  On the other hand, this was 



 
 

not the case for heated milk.  The presence of the isolated EPS significantly increase the 

storage modulus of the acid gel and the ability of the gel to recover after shearing.  

           The effect of the presence of exopolysaccharide during natural fermentation was 

also evaluated, via in situ production of EPS by S. thermophilus strains, stopping 

fermentation at pH 6.2, and then studying the casein micelles aggregation, under 

controlled conditions, using either GDL or rennet. There was a significant delay in 

rennet-induced coagulation of the micelles in the presence of EPS producing strains.  

Acid induced gelation was also affected.  

            This research showed novel approaches to the study of the interactions between 

EPS and proteins in milk, and provided new information about how the presence of EPS 

may affect the structure formation of dairy products. 
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CHAPTER 1 

GENERAL INTRODUCTION 

 

            Lactic acid bacteria (LAB) can produce polysaccharide molecules during 

fermentation. These polysaccharides are conventionally called exopolysaccharides (EPS). 

They are excreted into the medium or remain associated to the bacterial cell wall 

(capsular). In dairy products, polymers such as pectin, gelatin or starch are often added to 

prevent syneresis and improve texture. The utilization of EPS producing cultures to 

improve texture of dairy products is of great technological interest, but we still do not 

fully understand how the EPS molecules contribute to structure formation in milk gels.   

            EPS molecules have been classified as homo- or hetero- polysaccharides 

depending on their sugar composition. Homopolysaccharides contain one type of 

monosaccharide, and they are synthesized outside the cell (Monsan et al. 2001). 

Homopolysaccharides are usually larger than heteropolysaccharides (Cerning 1990; De 

Vuyst & Degeest 1999).  The most common EPS produced are heteropolysaccharides, 

composed of monomers such as glucose, galactose and rhamnose.  The molecular 

characteristics of EPS are strain specific,  and they also vary depending on the 

composition of the fermentation medium. Milk products fermented with EPS-producing 

cultures usually show different texture,  high viscosity, ropyness, or creamy attributes 

(Hassan et al. 1996a; Marshall and Rawson, 1999). In addition, products containing EPS 

show an increased water binding capacity of the protein matrix (Rawson & Marshall, 

1997). 
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            The EPS-concentration found in fermented milk varies, with levels as high as 600 

mg/L, depending on the bacteria strain and the fermentation conditions (Cerning 1995; 

De Vuyst et al., 2001). It is often the case that, in spite of visible changes to the rheology  

of the gel, very little polysaccharide is recovered. Indeed, the method to isolate EPS will 

be affected by the interactions between the EPS molecules and the components of the 

medium (Cerning 1995; Goh et al., 2005a). The amount of EPS recovered may also 

depend on growing conditions such as temperature, medium pH and incubation time. The 

differences in the methods employed to isolate EPS from milk matrices also results in 

different EPS yields ( Miao et al., in preparation; Ruas-Madiedo and de los Reyes-

Gavilan, 2005 ). This represents a significant challenge for dairy technologists. A large 

amount of work has been published on the genetics, metabolism, structure and yields of 

EPS produced by different lactic acid bacteria strains(Cerning et al., 1986; 1990),  but in 

most cases, the results published so far have been obtained using fermented media.    

            The EPS produced by different LAB vary in composition, charge, structure and 

ability to interact with milk proteins. The interactions between proteins and EPS 

molecules have often been suggested to be the key to the unique structure obtained 

(Bouzar et al., 1997; Hassan et al., 1996a; Laws & Marshall, 2001; Rawson &Marshall, 

1997; Ruas-Madiedo et al., 2002a; Ruas-Madiedo & Zoon, 2003). Protein-EPS 

interactions will depend, amongst other factors, on pH, the local charge distribution on 

the polysaccharide molecule, its size and structure, the ionic strength, and the relative 

concentration of both biopolymers. In general, it is understood that when polysaccharides 

and proteins are present in a mixture, they may show associative interactions, or they may 
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be thermodynamically incompatible (de Kruif &Tuinier, 2001). Hence, precipitation of 

coacervates or phase separation may occur. In the case of EPS produced by LAB during 

milk fermentation, the amount of polysaccharide will gradually increase, the interactions 

between the macromolecules will continuously change as the concentration of EPS 

increases and environmental conditions will change, and both attractive and repulsive 

interactions may occur at some points of the process (Tuinier et al., 1999a).  Structural 

features of EPS such as stiffness, molecular weight and size of EPS, branching, side 

groups, composition, and the linkages between monomers, will all be important to the 

texture of the fermented matrix ( Faber et al., 2001; Tranchant et al., 2001; Tuinier et al., 

1999a; 2001).  

            In spite of some studies carried out on the changes in the rheological properties of 

fermented milk, there are few reports on the molecular details of the interactions between 

EPS and milk proteins. In this study, we aimed to better understand the structuring ability 

of EPS in fermented milk products, by studying various key aspects, from the isolation of 

EPS, to a study of the interactions in model systems of increasing complexity.  

            To study the function of EPS and better understand the functionality of the 

potential value of this material as an added ingredient, one of the most important 

problems to overcome was the ability to reliably isolate and quantify the polysaccharide 

present in the milk matrix. Therefore, the first part of this research compared the amount 

and purity of EPS recovered with different isolation techniques, to select an appropriate 

method of EPS isolation and quantification.   
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To better understand the interactions between EPS molecules and proteins, in the 

second part of the research, a model emulsion system was employed. The interactions 

between β-lactoglobulin or sodium caseinate were studied as a function of pH.   

Following this study,  the effect of addition of purified EPS during acid gelation 

of skim milk were studied.   In this part of the work, milk with or without the presence of 

purified EPS was acidified using glucono- delta- lactone (GDL) or EPS-non-producing 

bacteria, then the changes in structure formation were observed using rheology and light 

scattering.   

After the characterization of the interaction of isolated EPS,  structure 

modifications were also observed by producing EPS in situ.  To evaluate the effect of 

EPS on aggregation of casein micelles, milk was first incubated with EPS producing and 

non-producing cultures until pH of 6.2 was reached. This allowed for EPS production.  

Sodium azide was then added to inhibit further bacterial growth, and the effect of 

unpurified EPS on aggregation of the casein micelles was then studied.  

Results from these studies enable us to better understand whether isolated EPS 

molecules interact with milk proteins, and whether pH may modulate the interactions.  In 

addition, by studying both the isolated and non isolated polysaccharides, it was possible 

to relate the changes observed in model conditions and evaluate if the polysaccharide 

produced during fermentation by LAB shows similar properties as the purified 

polysaccharide. The research bridges the gap between our fundamental understanding of 

protein polysaccharide interactions in model systems, and the functionality of EPS and 

bacterial cells in fermented milk matrices.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Lactic Acid Bacteria 

            Lactic Acid Bacteria (LAB) are a group of gram-positive, acid-tolerant 

microorganisms such as Lactobacillus, Lactococcus, Streptococcus, Leuconostoc, 

Pediococcus, etc. LAB carry out carbohydrate fermentation to obtain energy adenosine 

triphosphate (ATP) for growth, and produce lactic acid during fermentation (Axelsson, 

2004). They have limited biosynthetic ability, and most of the strains require nitrogen for 

biomass. LAB prefer an environment rich in sugars and nitrogen. Some species may 

require nutrition such as amino acids, vitamins, purines and pyrimidines. Some LAB, 

such as lactococci have proteolytic systems that allow the digestion of proteins to amino 

acids (Axelsson, 2004). 

            LAB strains are widely used in meat, milk and vegetable products for 

preservation and  improvement of the sensorial characteristics of the products.  Milk 

fermentations with LAB are very common. The growth of LAB during milk fermentation 

is on the basis of the conversion of sugars, organic acids, proteins or fats into the typical 

aroma and flavor components of dairy products.  In addition, acidification by LAB causes 

coagulation of casein micelles in milk.  Specific flavors and texture of dairy products can 

be modulated by choosing the appropriate strain (Ruas-Madiedo et al., 2002a). Moreover, 

the low pH environment created by the LAB fermentation causes growth inhibition of 

other microorganisms, including the most common human pathogens,  with an increase in 

products’ shelf life. LAB are of great industrial importance, due to their ubiquitous 
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appearance in food, they have GRAS (Generally recognized as safe) status and they are 

known to contribute to the healthy microflora of human mucosal surfaces 

(Axelsson,2004). 

            Streptococcus thermophilus is one species of the genus Streptococcus, several of 

which are pathogenic.  Most S. thermophilus strains have the proteolytic ability to utilize 

milk proteins when grown in single culture, but when co-cultured with Lactobacillus 

bulgaricus, the proteolytic properties of S. thermophilus are less evident, as L. bulgaricus 

will provide the peptides and amino acids for S. thermophilus to grow.  S. thermophilus  

is pH sensitive, and does not grow well at high concentrations of acid (Courtin et al. 

2002). 

 

2.2 Exopolysaccharides from lactic acid bacteria   

         Some LAB can improve the texture and viscosity of fermented products, producing 

polysaccharide molecules during fermentation. These polysaccharides are often referred 

to as exopolysaccharides (EPS), as they are excreted outside the bacterial cell.   They can 

be secreted into the medium, as slime, or they can be bound to the cells, in the case of 

bound EPS, they are called capsular EPS (Cerning, 1990).  The EPS producing ability is 

strain specific, both for type and concentration (Hassan, 2008). Some LAB strains 

produce capsular and unattached EPS, some strains produce only unattached EPS and 

some “non-ropy” strains produce capsular EPS. Some strains are non-EPS producing 

(Hassan, 2008). Some studies have also demonstrated that repeated subcultures or 

prolonged incubations can cause losses of the EPS producing properties of LAB (Macura 

http://en.wikipedia.org/wiki/Mucosal
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& Townsley, 1984). Some researchers have shown spontaneous mutations of the 

producing cells, which resulted in colony variants, weaker production or even altered 

composition of the EPS production (Bouzar et al., 1996; Gancel & Novel, 1994). 

            There are two types of EPS, homopolysaccharides and heteropolysaccarides. 

Homopolysaccharides have only one repeating monosaccharide, either D-glucose or D-

fructose (Monsan et al., 2001). They are usually divided into four groups: α -D-glucans, 

β-D-glucans, fructans and others, based on the degree of branching and the different 

linking sides (De Vuyst & Degeest, 1999). Heteropolysaccharides are more widespread, 

they contain two or more repeating sugar monomers such as glucose, galactose and 

rhamnose (De Vuyst et al., 1998; Doco et al., 1990; Grobben et al., 1995; 1997). The 

molar mass of EPS depends on the strain and the substrate used, and also the isolation 

procedure. The homopolysaccharides usually have larger molecular masses than 

heteropolysaccharides, and molecular masses of more than 10
7
 Da have been reported.  

These polysaccharides can be found in an aggregated form in solution. The molar mass of 

heteropolysaccharides, on the other hand, has been reported to range from 4 x 10
4
 to 6 x 

10
6
 Da (Cerning, 1990; De Vuyst & Degeest, 1999).   

            The production of EPS also depends on the type of strain and the growth 

conditions (Cerning et al., 1986; Cerning  et al., 1990).  The common media used for EPS 

production include various carbon sources, milk, milk ultrafiltrate, whey concentrates and 

other dairy proteins based media. In a previous study,  476 mg L
-1

 EPS were obtained 

from the fermentation with Lactococcus lactis subsp. cremoris JFR1 strain in skim milk 

medium and 164 mg L
-1

 EPS in permeate milk with 6% whey protein isolate using a 

comparable isolation procedure (Miao, unpublished result). Similar results have been 
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reported for EPS produced by ropy LactobacilIus casei strain NUB 4114, with milk or 

ultrafiltrate medium with added glucose or sucrose (Cerning et al., 1992). Moreover, it 

was shown that Lactobacillus delbrueckii subsp. bulgaricus can produce 250 mg L
-1

 EPS 

in milk medium, five times more polysaccharide than when fermented in milk 

ultrafiltrate. Similarly, Streptococcus salivarus subsp. thermophilus strain produced 350 

mg L
-1

 of EPS when fermented in milk medium, compared to only 20 mg L
-1

 EPS in milk 

ultrafiltrate (Cerning, 1990).  

            In addition to substrate composition, the production of EPS is also affected by 

growth conditions such as temperature, pH and incubation time. For example, in the case 

of ropy Lactococcus lactis subsp. lactis strains (CNRE 151,156,371, and NCIB 4114), 

there was a greater amount of EPS produced during fermentation at 25 °C compared to 

30 °C, as indicated by higher medium viscosity (Cerning et al., 1992; Kojic et al., 1992; 

Marshall et al., 1995). It has been hypothesized that slowly growing cells exhibit much 

slower cell wall polymers synthesis, making more lipid carriers available for EPS 

synthesis (Cerning  et al., 1992; Sutherland, 1972).  

            Optimal pH conditions of production of EPS are usually thought to be close to pH 

6.0, and significantly higher amounts of EPS have been reported after fermentation under 

continuously controlled pH compared to batch fermentations with uncontrolled pH (De 

Vuyst  et al., 1998; Gassem et al., 1997; Mozzil et al., 1996).  It has been hypothesized 

(van den Berg et al., 1995) that sugar is more efficiently converted to biomass at pH 6.2 

than at lower pH. Maintenance of a higher pH may improve EPS production by 

increasing the time that the culture is in the exponential growth phase (Gassem  et al., 

1997). Maintaining a higher pH also results in a longer stationary phase, decreasing 
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peptidoglycan and teichoic acid syntheses, and this could also result in increased EPS 

production (Gassem  et al., 1997; Schellhaass, 1983). 

2.2.1 Biosynthesis of  Exopolysaccharides 

            Homopolysaccharides synthesis requires specific substrates such as sucrose, and 

takes place outside of the cell, whereas the precursor repeating units of 

heteropolysachcarides are formed intercellularly. Isoprenoid glycosyl carrier lipids are 

employed to translocate the precursors across the membrane for polymerisation of 

exopolysaccharides extracellularly.  Heteropolysaccharides are synthesized by several 

species, including yogurt strains of S. thermophilus (De Vuyst et al., 1998) and L. 

Bulgaricus (Grobben et al., 1995). The phosphorylation and interconversion of the sugars 

and polymerization of the sugar nucleotides to repeating units are achieved via several 

enzymes and genes (De Vuyst et al., 1998). The repeating units then form the 

heteropolysaccharide which are released in the medium or attached to the cells (De Vuyst 

et al., 1998 )(Figure 2.1). 

            The pathways involved in the biosynthesis of heteropolysaccharides  have been 

identified, and the initial steps can be recognized from sugar metabolism. Glucokinase 

phosphorylates glucose (Glc) is converted to glucose-6-phosphate (Glu-6-P), which then 

is converted to glucose-1-phosphate (Glc-1-P) by phosphoglucomutase. Glc-1-P is 

converted to uridine diphosphate glucose (UDP-Glc) or deoxythymidine diphophate 

(dTDP) -glucose, dTDP- mannose and dTDP-rhamnose. Galactose is converted to 

galactose-1-phophate and to UDP-galactose (UDP-Gal) (De Vuyst et al., 2001). UDP-Gal  

  



10 
 

 

 

Figure 2.1: Schematic representation of pathways involved in heteropolysaccharides  

biosynthesis from lactose/galactose, fermenting Lactococcus lactis, transport via a 

lactose/galactose-specific phosphotransferase primary transport system, or galactose 

transport via galactose permease primary transport system; and  fermenting Lactobacillus 

delbrueckii subsp. bulgaricus and Streptococcus thermophilus strains, from lactose 

transport via a lactose/galactose antiport secondary transport system .  

The enzymes involved:  

1. phospho-galactosidase, 2. galactosidase, 3. glucokinase,  4. phosphoglucomutase, 

5. UDP-glucose pyrophosphorylase,  6. UDP-galactose 4-epimerase,  7. phosphoglucose 

isomerase,  8. 6-phosphofructokinase, 9. fructose-1,6-bisphosphatase,  10. fructose-1,6-

di-phosphate aldolase, 11. dTDP-glucose pyrophosphorylase, 12. dehydratase, 13. 

epimerase reductase, 14. galactose 6-phosphate isomerase,  15. tagatose 6-phosphate 

kinase, 16. tagatose-1,6-di-phosphate aldolase (De Vuyst & Degeest, 1999).   
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may be interconverted to UDP-Glc and vice versa by epimerases, and UDP-Gal can be 

converted to UDP-glucuronic acid. Fructose is converted to Glc-6-P and mannose to 

mannose-1-P and to GDP-glucuronic acid. Fructose-6-phosphate may be interconverted 

through several steps to UDP-N-acetylglucosamine and possibly further to UDP-N-

acetylgalactosamine (De Vuyst et al., 2001). The sugar nucleotides from the above 

reactions are transferred to a repeating unit anchored on a glycosyl carrier lipid by 

glycosyl transferases present in the cell periplasmic membrane. Finally, the repeating 

units are exported through the membrane and polymerized by enzymes outside the cell 

membrane, and EPS is released into the media or remains associated to the cell to form 

capsules around the cell (De vuyst et al., 2001; Kumar et al. 2007).   

            The biosynthesis of homopolysaccharides is much simpler than that of 

heteropolysaccharides. In this case, only glycansucrase is required, but the presence of 

sucrose seems to be necessary since most of homopolysaccharides were synthesized via 

sucrose as the glycosyl donor (Monsan et al., 2001). The cleavage of the glucosidic bond 

of sucrose provides glycosyl residues and induces the activity of glycansucrase (Monsan, 

Bozonnet et al., 2001).  Fructansucrases instead converts sucrose to fructans with glucose 

as byproduct. Glucansucrases change sucrose to glucans.  As fructansucrases and 

glucansucrases are extracellular or cell wall bound enzymes, therefore, the site of the 

synthesis of homopolysaccharide is outside the cell of LAB (Monsan et al., 2001). 

2.2.2 Structure and composition of exopolysaccharides 

          The EPS produced by different LAB vary in composition, charge, rigidity and 

ability to interact with proteins. As described above, homopolysaccharides are comprised 
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by glucose or fructose via one or more types of glycosidic linkages, while HePS are 

comprised of different monosaccharides at different ratios. Side groups such as N-

acetylglucosamine (GlcNAc), N-acetylgalactosamine (GlaNAc) or glucuronic acid (glcA) 

can also be present. Non-carbohydrate substitutes such as phosphate, acetyl and glycerol 

are sometimes present (Ruas-Madiedo et al., 2002a). Bonds between monomeric units at 

the back bone of the polymers are 1,4-β- or 1,3-β-linkages and 1,2-α- or 1,6-α-linkages( 

Kleerebezem et al., 1999; Tuinier et al., 2001).  Structural properties such as molecular 

weight, branching and type of linkages affect the molecule’s flexibility and determine the 

physical properties of EPS, i.e. the intrinsic viscosity and the ability to interact with milk 

proteins. For example, branched EPS molecules are less flexible than those with none or 

less branches (Kleerebezem et al., 1999); the monosaccharides connected by β-1,4 bonds 

are in stiffer chains compared with β-1,3 and α-1,4 bonds (Tuinier, 1999). Side groups 

also play an important role in imparting stiffness to the polysaccharide chain. The 

removal of linked galactosyl residues on side chains of EPS produced by L. lactis subsp. 

Cremoris B39 and B891 showed a decrease in chain stiffness (Tuinier et al., 2001). It has 

been reported that one LAB strain can produce more than one type of exopolysaccharide, 

depending on the medium (Grobben et al., 1997). Moreover, EPS with the same 

composition but various molecular mass were isolated from the same Lactobacillus 

delbrueckii subsp bulgaricus and Streptococcus thermophilus (Grobben et al., 1997; 

Marshall et al., 1995). However, it is important to note that different isolation methods 

have been used in the literature, making comparisons very challenging. In previous 

research, two EPS fractions have been isolated from the same strain (Lactococcus lactis, 

subsp. cremoris JFR1) from the same fermentation media, but using two different 
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adaptation procedures, where one inoculum prepared in skim milk, the other one in M17 

broth (Difco, Becton Dickinson Co., Sparks, MD, USA) containing 0.5%(w/v) lactose ( 

Pottier, 2012) . The monosaccharides present in the two preparations were similar but the 

relative abundances and structures of each were very different.  The EPS prepared using a 

broth inoculum (Figure 2.2) contained a large amount of mannose, while when LAB was 

grown in milk , there was much less mannose (Figure 2.3) (Pottier, 2012). It is important 

to note that traces of mannose may be present from the broth inoculum, but the 

concentrations recovered were higher than what could be expected just from broth 

contamination.   

 Several techniques (i.e. acid hydrolysis, methylation analysis, periodate 

oxidation, acetolysis, enzymatic digestion, NMR spectroscopy) have been employed to 

study the primary structure of exopolysaccharides. For example, their monomers 

compositions, their sequence, the ring size of the constituting monosaccharides, the 

location of the glycosidic linkages, or the type and location of non carbohydrate 

substitutions (Pottier, 2012; Ruas-Madiedo & de los Reyes-Gavilan, 2005; Sletmoen et 

al., 2003). The composition of several EPS produced by different LAB strains such as 

Lactococcus lactis subsp. cremoris, Streptococcus thermophilus, Lactobacillus 

delbrueckii subsp. bulgaricus, Lactobacillus helveticus, Lactobacillus reuteri, 

Lactobacillus rhamnosus, has been reported using GC/MS (Marshall et al., 1995; 

Nakajima  et al., 1990; Petry et al., 2003; Roberts et al., 1995; Yang et al., 2000).   
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[ →4)-β-Glc-(1→4)-β-Glc-(1→4)-β-Glc-(1→ ]n 

 

Figure 2.2: Structure of exopolysaccharide produced by L. lactis subsp. cremoris JFR1  

fermented in skim milk, and the inoculums prepared from M17 broth (the mannan and 

glucan polymers).  Top, the mannan backbone ( composed of 6-linked mannose units); 

Bottom, written representation of the 4-linked beta glucan polymer present in the EPS 

(Pottier, 2012) 

.                                                                                         
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[ →3)-Rha-(1→3)-Rha-(1→ ]n 

 

Figure 2.3:  Potential structures of exopolysaccharide produced by L. lactis subsp. 

cremoris JFR1 fermented in skim milk, and the inoculums prepared from skim milk. 

Top, 2-linked backbone with branches at the 3-position.  Bottom, 3-linked backbone 

branching off the 2-position (Pottier, 2012). 

.  
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2.3 Functionality of E Exopolysaccharides 

2.3.1 Ecological functionality of EPS 

            The ecological function of the EPS produced by LAB is complex and is not 

defined clearly. The EPS molecules are not utilized as energy source for growth by the 

producer microorganism LAB. They may have protection function against environmental 

stresses such as desiccation, acid environments, phagocytosis and predation by protozoa, 

phage attack, antibiotics, toxic compounds and osmotic stress (De Vuyst & Degeest, 

1999). It has been reported that the EPS produced by Lactococcus Lactis subsp. cremoris 

NZ4010 can protect the bacteria against bacteriophages, metal ions, nisin, lysozyme and 

antimicrobial factors (Looijesteijn et al., 2001; Ruas-Madiedo et al., 2002a).  EPS may 

also have a function of cell recognition, in adhesion to surfaces and in formation of 

biofilms, facilitating the colonization of various ecosystems (Ruas-Madiedo et al., 2002a; 

Whitfield & Valvano, 1993).  

2.3.2  Physiological functionality of EPS 

            In addition to the processing functionality, recently more studies have been 

carried out on the benefits of EPS consumption on human health. It was reported that the 

presence of high viscosity ropy EPS in dairy products may affect digestive tract function 

via acting as fecal bulking agents to change transit time, fecal weight and fecal water 

content (Looijesteijn et al., 2001).  Some researchers have also suggested that some EPS 

molecules may have anticarcinogenic activity: EPS isolated from Lb. delbrueckii subsp. 

bulgaricus OLL 1073R-1 decreases proliferation of tumor cells (Maeda et al., 2004). The 

presence of EPS has also been related to some probiotic activities of LAB (de Vuyst & 
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Degeest, 1999). Moreover, it has been shown that the consumption of EPS causes lower 

serum and liver cholesterol levels and blood pressure in hypertensive rats (Maeda et al., 

2004);  

2.3.3 Technological functionality of EPS 

            Exopolysaccharides have been widely studied in the past, as their application in 

dairy products to improve the physicochemical properties of fermented food has grown in 

the past decade. They thicken, gel, increase water holding capacity, stabilize fermented 

dairy product without need for labeling. For example, it was shown that the presence of 

EPS in ice cream improved product quality after freezing and storage (Hong & Marshall, 

2001). Low fat mozzarella made with EPS producing strain, showed a higher water 

content and better melt properties than control mozzarella (Broadbent et al.,2001; 

Moreira  et al., 2003). The presence of ropy EPS contributes to more open structures with 

larger pores in yogurt matrices, resulting in a less firm coagulum (Hassan  et al., 1996b). 

The texture of acid curds containing EPS also is more resistant to shear, shows less 

syneresis and the yogurt viscosity increases. Viili EPS prepared with ropy EPS strain 

exhibits increased adhesiveness and decreased syneresis as compared to that prepared 

with non-ropy strain (Toba et al., 1990).  

            The technological functionality of EPS is not directly related to the concentration 

of EPS present.  The viscosity values of milk fermented with thermophilic strains of LAB 

was not correlated with the amount of EPS (Sebastiani & Zelger, 1998). EPS with high 

molar mass and a structure with relatively stiff chains may cause an increase in viscosity 

(Faber et al., 1998).   The  interactions between EPS and proteins are thought to be a very 
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important factor in affecting the final matrix properties. In addition to EPS production in 

situ during fermentation to improve the rheological properties of fermented milk,  there is 

a potential to employ EPS extracts as functional ingredients. However, this is limited by 

the low production levels of EPS reported to date.  

 

2.4 Isolation and quantification of EPS 

            Isolation and purification of EPS in a complex milk system is not a simple task, 

since EPS is present with many other biopolymers in the medium, which may interact 

with each other.  EPS and bacterial cells may be entrapped or complexed with the protein 

in a network (Cerning, 1995). Therefore, purification and quantification of the 

polysaccharide in complex media is often hindered by the presence of milk protein. In 

addition, polysaccharides of different compositions can be produced, with different 

affinities for the protein species present, and some can be free in the serum phase, while 

others may associate to the bacteria culture. Various isolation and purification procedures 

have been developed, such as enzymatic hydrolysis with proteases to digest the 

containing proteins, then followed by dialysis and/or EPS precipitation with ethanol 

(Cerning, 1995; Cerning et al., 1986; Cerning et al., 1992; Mozzi et al., 1996). 

Trichloroacetic acid (TCA) is commonly used to precipitate cells and proteins, and then 

the polysaccharide residual in the supernatant is precipitated by ethanol or acetone 

(Ayala-Hernandez et al., 2008b).  Another method reported in the literature combines 

protease digestion and TCA treatment (Doco et al., 1990). Membrane filtration 

techniques have also been reported to isolate EPS (Ruas-Madiedo & de los Reyes-
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Gavilan, 2005).  All methods are challenged by low   recoveries of EPS because 

production of EPS is often very low, and little is recovered from fermented milk (Ruas-

Madiedo et al., 2002b).  

         In addition to the isolation, the quantification of polysaccharides produced by LAB 

in milk medium is a challenge too. The conventional methods involve some purification 

steps such as trichloroacetic acid treatment, ethanol precipation, dialysis, and total 

carbohydrate detection by the phenol-sulfuric method (Cerning, 1990; Cerning et al., 

1986; Cerning et al., 1992; Ruas-Madiedo and de los Reyes-Gavilan, 2005). The 

quantification of monosaccharides of EPS requires acid  hydrolysis at a high temperature 

(i.e. 100-121 °C) with trifluoroacetic acid (TFA), HCl, or H2SO4 (Ruas-Madiedo and de 

los Reyes-Gavilan, 2005). The sugar composition of hydrolyzed EPS can then be 

determined by HPLC (Espinosa-Andrews et al., 2008) or gas chromatography (GC). In 

particular for GC or GC-mass spectrometry (GC-MS), TFA is generally employed to 

hydrolyze EPS molecules, and then the resulting monosaccharides are derivatized to 

alditol acetates (Blakeney et al., 1983), or trimethylsilylated glycosides (Gerwig et al., 

1978; Gerwig et al., 1979).   

           Chromatography  (ion-exchange or size exclusion) has been used to further purify 

the EPS fraction (Doco et al., 1990). Ion-exchange chromatography has  been employed 

to separate EPS, and the carbohydrate content of each fraction is determined using the 

phenol-sulfuric method (Goh et al., 2005d). Size exclusion chromatography has also been 

employed to quantify the polysaccharides, using the refractive index (RI) detector and 

ultraviolet (UV) detector in combination (Faber et al., 2001; Ruas-Madiedo et al., 2002b). 

While the RI detector is used for quantification of carbohydrates, the UV detector is 
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needed to detect proteins, and to subtract the protein signal from the carbohydrate signal. 

Near infrared spectroscopy has also been employed for the simultaneous quantification of 

lactic acid, lactose, and EPS directly in culture media (without an isolation procedure) 

(Macedo et al., 2002).  

            During purification, the association of the proteins with the polysaccharide will 

cause very low recoveries if a precipitation step is carried out (Ruas-Madiedo and de los 

Reyes-Gavilan, 2005). It has been shown that TCA precipitation (to decrease the amount 

of proteins in the extract) reduces the amount of EPS recovered by around 50% (Ruas-

Madiedo and de los Reyes-Gavilan, 2005).   The ethanol precipitation with dialysis 

results in the highest recovery of EPS (Miao, 2011). In this study, ethanol precipitation 

with dialysis, and the phenol sulphuric assay method were used to isolate and quantify 

EPS.  

 

2.5 Skim milk    

            Bovine skim milk contains around 33 g L
-1

 protein, 19 g L
-1

 non-protein nitrogen, 

48 g L
-1

  lactose and 7 g L
-1

 ash (Muir, 1998).  Nearly 80% milk proteins are caseins, 

namely αs1- ,αs2-, β- and κ-caseins, in a ratio of about 4:1:3.5:1.5  (Horne, 2006). The 

remaining 20% of the proteins are found in the serum, and include α-lactalbumin, β-

lactoglobulin,  immunoglobulins, etc.  

2.5.1 Whey proteins 

            Whey proteins are the proteins appearing in the supernatant of milk after casein 

precipitation at pH 4.6. Whey proteins, in bovine milk, consist of 19% α-lactalbumin, 
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49% β-lactoglobulin, 11% immunoglobulins, 5% serum albumin. Amongst the minor 

proteins, lactoferrin, lysozyme and peroxidase. The whey proteins have a globular 

structure and are sensitive to heat (Romero et al., 2010).  

            α-Lactalbumin is a small monomeric globular molecule which contains four 

tryptophan residues and eight cysteine groups, therefore, it has four disulfide bonds, and a 

calcium binding site (Romero et al., 2010). It has a molecular weight of about 14 kDa 

(Barber et al., 1987). α-Lactalbumin has a highly ordered secondary structure, and a 

compact, spherical tertiary structure. At pH 6.7, its denaturation temperature is about 

65˚C. At a pH lower than 4.0,  it releases the calcium associated and it is easily denatured 

around 40˚C  (Bernal & Jelen, 1984). 

            The main whey protein, β-lactoglobulin, is a globular protein with a molecular 

weight around 36 kDa (de Wit, 2009). It has two internal disulfide bonds and one free 

thiol group. Its conformation includes considerable secondary structure and exists 

naturally as a noncovalent linked dimer (Hoffman & van Mil, 1997). The conformational 

changes are reversible under a temperature of 60˚C. Above 60˚C, irreversible structural 

changes occur, and free thiol groups expose from the interior of the protein and become 

reactive. With heating, β-lactoglobulin interacts with itself as well as with α-lactalbumin, 

and with other thiol containing proteins, especially κ-casein (Corredig, et al., 2011; 

Donato & Guyomarc'h, 2009). The formation of heat induced aggregates is evident when 

heating above 75 ˚C  (de Wit, 2009).    
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2.5.2 Caseins  

          The caseins are phosphoproteins (Horne, 2006) which make up approx 6-12% of 

volume fraction of milk. Caseins show very little secondary structure, that they can 

withstand heating above 100 
0
C (Fox & Morrissey, 1977). They are rich in proline 

residues, and contain phosphoserine clusters, which make them sensitive to calcium. 

There are four major caseins. αs1-Casein has a molecular weight 23 kDa and contains 17 

proline residues. It is also characterized by two hydrophobic regions (Sweisgood, 1992).  

αs2-Casein is a 25 kDa protein with  10 proline residues, and with mainly negative 

charges near the N-terminus and positive charges near C-terminus of the polypeptide 

chain (Sweisgood, 1992). Both αs1-and αs2-caseins can be precipitated at very low levels 

of calcium. β-casein, on the other hand, has a molecular weight of 24 kDa with 35 proline 

residues, with highly charged N-terminal region and a hydrophobic C-terminal region 

(Sweisgood, 1992). This molecule, when in isolation, forms micelles and its behaviour 

has been compared to that of detergent molecules. κ-casein has a molecular weight of 

about 19 kDa, and like β-casein, is less sensitive to calcium (Sweisgood, 1992). This 

protein is glycosylated and plays an important role in the stabilization of the colloidal 

structure of the casein micelle (Dalgleish, 2011; Sweisgood, 1992).   

            Caseinates are produced from skim milk by adding acid (hydrochloric acid or 

lactic acid) or microbial cultures to precipitate the casein from the whey at pH 4.6. The 

acid-precipitated casein can then be resolubilized with alkali or an alkaline salt (using 

calcium, sodium, potassium or magnesium hydroxide) to about pH 6.7, then dried to 

obtain sodium or calcium caseinates. Caseinates have excellent water-binding capacity, 

fat emulsification properties and whipping ability, and a bland flavor. Caseinates have a 
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similar composition to that of the original casein micelles,  but they do not longer have a 

colloidal structure, as they present in solution as monomers or in small aggregates.  

            In unprocessed milk, the four different casein proteins are assembled, together 

with calcium and phosphate in a colloidal structure referred to as the casein micelle. 

Citrate, minor ions, lipase and plasmin enzymes are also associated with the casein 

micelles (Swaisgood, 2003). These colloidal particles are polydisperse in size with an 

average diameter of about 200 nm, and they contain over 20,000 protein molecules 

(Dalgleish, 2011). Albeit the internal structure of the casein micelle is still under debate,  

it is established that the four caseins are differently distributed within the micelle: α- 

caseins are highly phosphorylated and interact with the calcium phosphate nanoclusters 

which stabilize the micellar structure (Dalgleish, 2011). β-caseins are also thought to play 

an important role in stabilization of casein micelles by binding to some of the 

hydrophobic regions of the calcium phosphate nanoclusters. These proteins are found in 

the interior of the micelles.  κ-casein molecules on the other hand,  are less prone to 

interacting with calcium phosphate nanoclusters and have a glycosylated C-terminus 

fraction, which makes these protein highly amphiphilic (Dalgleish, 2011). κ-casein 

molecules are mostly located on the surface of the micelle, protrude in the solution and 

stabilize these protein particles by electrostatic and steric forces (Dalgleish, 2011; Horne, 

2002). It is generally recognized that the casein micelles have a rough surface and a 

uniform distribution of calcium phosphate nanoclusters (Dalgleish, 2011). Some small 

molecules such as rennet, transglutaminase enzymes, and β-lactoglobulin can access the 

internal structure of the micelles.  
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2.5.3 Processing properties of skim milk proteins 

            Milk proteins play a major role in the formation of structure in dairy products.  

Casein micelles can form gels with high pressure, acidification or enzymatic hydrolysis, 

particularly with the use of chymosin (Alexander & Dalgleish, 2004; Lucey et al., 1998). 

Addition of calcium to casein micelles also can lead to aggregation of milk proteins. In 

dairy processing, milk gels are prepared either by acidification or enzymatic hydrolysis, 

or a combination of the two mechanisms.  

            Dairy products such as yogurt and kefir are obtained by acid coagulation of milk, 

usually achieved by fermentation with lactic acid bacteria (LAB), or chemically with 

glucono-delta-lactone or organic acids (Lucey et al., 1998). During acidification, the 

negative charged proteins are slowly neutralized, causing a reduction of the electrostatic 

repulsion, and the collapse of the polyelectrolyte layer formed by κ-caseins, which 

normally extends out into the serum phase and imparts colloidal stability to the the 

micelles (Dalgleish, 2011). The colloidal calcium phosphate (CCP) present in the inner 

core of the casein micelles becomes solubilized, and it is released in the serum phase with 

the decrease in pH. The casein micelles aggregate when the pH approaches the isoelectric 

point of the caseins (Alexander & Dalgleish, 2004).  

            Whey proteins also play an important role in the formation of structure of dairy 

products. In heated milk, β-lactoglobulin denatures and interacts with itself, with α-

lactalbumin and κ-casein via hydrophobic interactions or disupphide exchanges between 

proteins, forming complexes in the serum phase and on the surface of the casein micelle, 

and during acid induced gelation these complexes become an integral part of the gel 
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network (Donato & Guyomarc’h, 2009).  A higher viscosity and firmness is observed in 

gels which are formed from heated milk compared to those made from unheated milk 

(Lucey, 2004).   

            Rennet gels are formed by addition of the enzyme chymosin.  This enzyme 

specifically hydrolyzes the phenylalanine-105-methionine-106 peptide bond of κ-casein, 

eliminating the ability of κ-casein to stabilize the casein micelles.  The protein has a 

hydrophobic portion, para-κ-casein, and a hydrophilic portion called casein macropeptide 

(CMP). With renneting, the CMP moiety is released into the serum, it reduces the charge 

of the particle, decreases steric repulsion and causes aggregation of the casein micelles. 

At the normal pH of milk, aggregation occurs when >85% κ-casein has been cleaved 

(Dalgleish, 1992).   

            During cheese making, starter cultures are often added in combination with 

rennet,  and both mechanisms of destabilization are at play simultaneously (Castillo et al., 

2006; Lucey, 2000; Tranchant et al., 2001). As acidification reduces the repulsive charges 

between the micelles, it facilitates rennet induced aggregation at a lower level of CMP 

release (Li & Dalgleish, 2006). This results in an increased rate of gelation and a stronger  

gel (Li & Dalgleish,2006). 

 

2.6 O/W Emulsions   

             Emulsions are thermodynamically unstable mixtures of two immiscible phases. 

O/W emulsions are colloidal suspensions containing oil droplets dispersed in water. The 
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emulsion system will continue to lower its total energy content by the formation of larger 

droplets from smaller droplets if there is no energy barrier to prevent coalescence and 

phase separation.  Emulsifiers are amphiphilic molecules, which adsorb at the interface, 

and decrease the surface tension and help obtain small droplets upon homogenization. In 

addition, their presence at the interface increases resistance to coalescence.  Milk proteins 

(caseins and whey proteins) are effective emulsifiers as they unfold and adsorb at the 

interface, creating an electrostatic and steric barrier to droplet coalescence.  They are 

therefore commonly used as emulsifiers in oil in water emulsions. In particular, sodium 

caseinate has superior emulsifying properties, since caseins have rather flexible 

structures, they unfold rapidly at the interface and may form extended layer up to about 

10 nm thick improving the stability of emulsion droplets (Dalgleish, 1990). Whey 

proteins, and in particular, β-lactoglobulin also has excellent emulsifying properties, it is 

able to rapidly adsorb at the interface and lower the interfacial tension.  It is also able to 

modify its structure and polymerize at the interface, causing an increase in the elasticity 

of the interface (Dalgleish 1996; 1997).   

            In oil in water emulsion systems, polysaccharides are usually used as thickening 

agents to increase the viscosity of the soluble phase, and they enhance emulsion stability 

by retarding the movement of the droplets (McClements, 2000).  Most polysaccharides 

do not directly adsorb at the interface, unless functional groups or protein moieties are 

present.  Therefore, in this study,  O/W emulsion system is used as a model system to 

determine the interaction between EPS and proteins molecules by observing the changes 

occurring at the interface of a protein stabilized emulsion. 
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2.7 Protein polysaccharide interactions,  and EPS-milk protein interaction 

            When both polysaccharides and protein are present in solution, their interactions 

are key to the physical properties of the final mixture. In the case of EPS, the amount, the 

type of EPS and the type of interactions occurring between EPS and milk proteins are 

major factors in determining the rheological properties of final gels (Marshall & 

Rawson,1999). Depending on the type of EPS and the interactions between the 

polysaccharide and the proteins, EPS can cause thickening, gelling, an increase in water 

holding capacity, and the stability of the fermented matrix. Therefore, the interactions 

between polysaccharides and proteins are an important area of study to be able to control 

the formation of structure and texture of foods, and in particular for EPS, in dairy 

products.   

            The interactions between protein and polysaccharides can be attractive or 

repulsive in nature, depending on the pH, ionic strength, conformation of polysaccharide 

and proteins, charge density and the concentration of the biopolymers (de Kruif & 

Tuinier, 2001). In the case of EPS produced by LAB during milk fermentation, the 

amount of polysaccharide will gradually increase, the interactions between the 

macromolecules will continuously change as the concentration of EPS increases and 

environmental condition change, and both attractive and repulsive interactions may occur 

during the process (Tuinier et al., 1999a).  

            In very dilute solutions and below a critical molar ratio of polysaccharide to 

protein, proteins and polysaccharides are able to form homogeneous co-soluble mixture, 

the system appears stable. When the concentration of the two biopolymers increases, and 
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the environmental condition such as temperature, pH  or ionic strength change,  the 

mixture may become unstable, thermodynamic incompatibility may occur, with visible 

phase separation, resulting in a protein enriched and a polysaccharide enriched phase 

(Tuinier & de Kruif, 1999). On the other hand, if associative interactions are present, for 

example, in the case when the pH is lowered close to or below the isoelectric point of the 

proteins, the mixture may become unstable because of the formation of complex 

coacervates (Girard et al., 2003; Girard & Schaffer-Lequart, 2008).  Proteins have been 

shown to form soluble or insoluble complexes with polysaccharides at pH values above 

the pI of the protein (Schmitt et al., 1998; Weinbreck et al., 2003). These attractive 

interactions are electrostatic in nature, and they are affected by the ionic strength of the 

environment. For example, the attractive interaction between EPS produced by 

Lactococcus lactis JFR1 and whey proteins at pH < 5 (Ayala-Hernandez et al. 2008; 

2009).  

            Repulsive interactions can take place when the polymers do not have a charge, or 

both polymers (proteins and polysaccharides) have the same charge (Goh et al., 2009). 

These repulsive interactions lead to phase separation. Thermodynamic incompatibility 

caused by repulsive interaction has been reported between EPS produced by Lactococcus 

lactis subsp. cremoris strain NIZO B40 and casein micelles (Tuinier et al., 1999). 

Isolated EPS produced by Lactococcus lactis subsp. cremoris strain NIZO B40 added to 

aggregated whey protein also caused depletion interactions (Tuinier et al., 2000).  

            In fermented milk gels, EPS may be contained within the pores of the protein 

network. The formation of large pores in a fermented milk gels were attributed to 

depletion interactions between EPS and caseins, as smaller pores were formed in the 

http://pubs.acs.org/action/doSearch?ContribStored=Tuinier%2C+R
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absence of an EPS-LAB producer (Hassan et al., 2002a, Miao, 2011). Depletion 

interactions may also lead to a higher viscosity of the fermented milk (Vreeeker et al., 

2000). Furthermore the presence of EPS improves the water holding capacity of the 

protein network.  Yogurt made by EPS producing strains show less syneresis as well as 

an increase in viscosity compared to matrices produced with EPS negative strains 

(Hassan et al., 2003a).  

            The interactions between EPS and casein micelles are rather complex, since EPS 

molecules are gradually produced during fermentation, unlike other polysaccharides 

added directly to milk to stabilize the fermented product. Previous researchers have 

hypothesized that the gradually produced EPS molecules interact with bacterial cells and 

milk proteins, resulting in continuing changes of the rheological properties of the gels, as 

well as effects on the stability of the final product (Doleyres et al., 2005; Hess et al., 

1997). Moreover, other colloidal particles and biopolymers present in the products may 

interact with  the polysaccharides and affect their bulk properties (Cerning, 1995; Goh et 

al., 2005a).  

            Milk fermented with EPS-producing strains has been reported to have higher 

viscosity than that made with non-EPS producing cultures (Hassan et al., 1996a; Kristo et 

al., 2011; Rawson et al., 1997; Van Marle and Zoon, 1995). Ayala-Hernández et al. 

confirmed that samples fermented with an EPS-producing strain have significantly higher 

viscosity and G’ values compared to a similar sample fermented with a non-EPS 

producing strain (Ayala-Hernández et al., 2009).   Milk containing  a high molecular 

weight EPS has been shown to be more viscous than the milk having small molecular 

weight EPS at the same concentration (Jolly et al., 2002).  
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            The interactions between EPS and caseins may also affect the gelation pH during 

fermentation.  It has been shown that EPS having a large molecular weight results in 

higher pH of gelation and an increase in the gel firmness (Girard & Schaffer-Lequart, 

2007b). The depletion interactions between non-adsorbing polysaccharide with the casein 

micelles also have been shown to affect acid induced gelation (Tuinier et al., 2000).   The 

presence of small amounts of polysaccharides also reported to  significantly affect rennet 

induced gelation, and gelation is altered differently depending on the type of interactions 

between the polysaccharide molecules and the casein micelles  (Acero-Lopez et al., 

2010). 

            Fermented milk prepared with EPS-producing strains and EPS–non producing 

strains usually show different gel networks: a thick network with large void spaces in the 

presence of EPS, and small pores with fine protein strands in control gels (Goh et al., 

2005b; Hassan et al., 2002a; Hassan et al., 2003a; Kristo et al., 2011). The EPS produced 

by Lactobacillus delbrueckii subsp. bulgaricus NCFB 2483 appear to be randomly 

located as large aggregated structures (Goh et al., 2005b). The EPS produced by 

Lactococcus lactis subsp. cremoris (NIZO B40) causes depletion interactions with casein 

micelles and results in phase separation in fermented milk (Tuinier and de Kruif, 1999b).  

The production of EPS from Lactococcus lactis subsp. cremoris JFR1 strain causes a 

significant difference in the gel structure with higher storage modulus( G’) and apparent 

viscosity from control (Kristo et al., 2011). A more homogeneous network can be 

obtained when EPS is present in the pores of the casein network (Girard & Schaffer-

Lequart, 2007a).  The same authors observed shorter time of gel formation and increases 

in gel firmness with negatively charged EPS (Girard & Schaffer-Lequart, 2007b). In this 



31 
 

work neutral EPS did not contribute to the strength of the gel network (Vreeker et al., 

2000) nor to recovery of structure after shear (Girard & Schaffer-Lequart, 2007b).  

           In general, it is possible to conclude that EPS produced by lactic acid bacteria 

affect the texture and microstructure of casein gels by acting as a filler to strengthen the 

polymer gels or by occupying the void spaces in the porous network (Girard & Schaffer-

Lequart, 2007; Hassan, 2008). EPS is produced during fermentation and mostly after the 

onset of aggregation of the casein micelles,  hence EPS will locate in the pockets outside 

of the bacteria cells. Dense protein aggregates may then be obtained when breaking of the 

acid –induced gel containing EPS, with less connectivity and a large number of void 

spaces containing EPS (Corredig et al., 2011; Kristo et al., 2011). 

            The chemical structure of the polysaccharide has a significant effect on the texture 

of the matrix. Structural features of EPS such as stiffness, molecular weight and size of 

EPS, branching, side groups, composition, and the linkages between monomers, all play a 

role in the texture of the fermented matrix ( Faber al., 2001; Tranchant et al., 2001; 

Tuinier et al., 1999a; 2000; 2001). The charge of EPS has been reported to strongly 

influence the interactions of EPS with caseins (Girard & Schaffer-Lequart, 2008).  It has 

been hypothesized that neutral EPS chains may contribute to the viscosity, while 

negatively charged polysaccharides may contribute to the elastic modulus because of the 

charge interactions with the proteins at low pH (Pleijsier et al., 2000).  The presence of 

charges such as negative charge of the phosphate group of EPS may increase 

intermolecular repulsion above a critical ionic strength, causing an increase in the 

hydrodynamic volume and the intrinsic viscosity (De Kruif, 1999) . EPS with highly rigid 

chains will have high intrinsic viscosity, and will cause depletion interactions of milk 
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protein, forming a dense protein network upon gelation. On the other hand, flexible EPS 

may cause higher viscosity and ropiness and less syneresis (Girard & Schaffer-Lequart, 

2008; Tuinier et al., 2000). 

            In spite of the number of studies on the changes in the rheological properties of 

fermented milk, there are few reports on how to test the interactions between EPS and 

milk proteins and determine the molecular details of such interactions. Very few studies 

have directly compared the differences occurring to the gels when EPS is present in 

isolated form or during bacterial fermentation. In this thesis, we aim to better understand 

the mechanisms involved in the structuring ability of EPS in fermented milk.  
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CHAPTER 3  

ISOLATION OF POLYSACCHARIDE FROM MILK  

FERMENTED BY LACTIC ACID BACTERIA 

 

3.1 Abstract 

            Lactic acid bacteria produce polysaccharides in milk during fermentation and 

these molecules may interact with the complex protein matrix, causing challenges in their 

quantification and isolation. This study compared different isolation procedures for milk 

fermented by two lactic acid bacteria strains. The amount of polysaccharide recovered 

was compared, and the isolates were analyzed for sugar composition by Dionex HPLC 

,and for molar mass by size exclusion chromatography, using  UV, RI, and light 

scattering detectors in series. The isolation procedure consisted of ethanol precipitation, 

which concentrated both polysaccharides and proteins, followed by TCA precipitation. 

This procedure minimized polysaccharide losses compared to the more common TCA 

precipitation method. Proteolysis before TCA precipitation resulted in isolates with lower 

purity. Finally, ethanol precipitation followed by dialysis resulted in low purity fractions, 

but could be employed to determine relative changes in polysaccharide during 

fermentation.   By comparing different isolation methods, it was possible to conclude that 

quantification of the EPS can not be carried out using TCA precipitation as any EPS 

associated with the protein will be lost during the isolation.  
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3.2 Introduction 

            Exopolysaccharides (EPS) produced by some strains of Lactic acid bacteria 

(LAB) have gained increasing attention in the past decade, as it has been shown that such 

molecules, present naturally in fermented milk, can contribute to the texture and sensory 

properties of dairy products.  In addition, recently, it has also been suggested that these 

polysaccharide molecules may impart health benefits upon their consumption (Chabot et 

al., 2001; Ruas-Madiedo et al., 2002a).  

            Much is known about the production of EPS by LAB (Cerning 1995; Cerning  et 

al., 1986; Cerning et al., 1990; De Vuyst et al., 2001; Ruas-Madiedo et al., 2002b). For 

example, it has also been suggested that the production of EPS may depend on the strain 

and the media used (De Vuyst & Degeest, 1999). EPS may be present as loose 

polysaccharide or linked to the producing microorganisms and appearing as capsular 

(Cerning 1995; Goh et al., 2005b).  Many authors have studied EPS isolated from media 

and fermented milk, and reported structural and compositional differences depending on 

the bacterial strain.  However, there is no agreement on which isolation method should be 

employed to purify and quantify the polysaccharide molecules, as the isolation from 

complex media such as fermented milk is not a straight forward task. In such cases, the 

purification is often hindered by the presence of other components. For example, there 

may be interactions between the polysaccharide and the casein micelles or the whey 

proteins, and these interactions may depend on environmental factors such as pH or ionic 

strength. Hence, various methods to isolate EPS have been employed depending on the 

complexity of the media (Ruas-Madiedo & de los Reyes-Gavilan, 2005), and the choice 
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of an appropriate method for quantification of the amount of EPS present is still source of 

debate.   

            The most common procedures to isolate EPS are based on digestion with 

proteases or/and precipitation with trichloroacetic acid (TCA) to reduce the protein 

content in the extract. Most of these procedures also use an initial centrifugation step to 

separate the cells  (Abbad Andaloussi et al., 1995; Bouzar et al., 1996; Bouzar et al., 

1997; Cerning, 1995; Cerning et al., 1986; Cerning et al., 1992; Mozzi et al., 1996). It 

may be hypothesized that any interactions between the polysaccharide molecules and the 

protein matrix or the bacterial cells will cause low purification yields. Other approaches 

reported to isolate the EPS fraction are membrane filtration, ion-exchange columns and 

size exclusion chromatography  (Ruas-Madiedo & de los Reyes-Gavilan 2005). In spite 

of the great diversity of techniques used for EPS isolation, no research has compared 

different methods in relation to the amount of EPS recovered from the fermented milk 

and the composition of the final isolates obtained.  

            Precipitation steps will result in substantial losses of polysaccharides. It has been 

shown that TCA precipitation, routinely employed to decrease the amount of proteins in 

the extract, reduced the amount of EPS recovered by about 50% (Ruas-Madiedo & de los 

Reyes-Gavilan, 2005). In this study, two separation approaches were tested, which used 

ethanol precipitation and TCA to obtain a polysaccharide extract. In addition, the use of 

proteases during the isolation was evaluated. The amounts of EPS recovered with 

different isolation techniques, as well as their composition were measured, to determine 

the effect of purification on recoveries and composition of the polysaccharides.  
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3.3   Materials and Methods     

3.3.1   Preparation of strains 

            A highly ropy strain (Lactococcus lactis subsp. Cremoris,  JFR1) (Hassan et al., 

2003a), was obtained from Dr. Hassan’s collection at South Dakota State University.  

The strain was subcultured through two transfers in M17 broth (Difco, Becton Dickinson 

Co., Sparks, MD, USA) containing 0.5% (w/v) lactose at 30 °C for 24 h and 18 h. 

Aliquots (0.2 ml) from the prepared microbial suspension were then used to inoculate 7 

ml of 10% reconstituted skim milk (Difco, Becton Dickinson Co., Sparks, MD, USA), 

and then kept in a freezer (-20 °C) without incubation until use. 

            The frozen preparations were then incubated for 8 h at 30 °C. Ten decimal 

dilutions in sterile peptone water (0.1% v/v) were prepared from the coagulated milk, and 

2 ml from each dilution (including undiluted sample) was inoculated in bottles with 90 ml 

of sterilized reconstituted skim milk powder (10% w/v). The inoculated tubes were mixed 

in a vortex and incubated at 30 °C for 18 h. From these series of bottles, the last dilution 

showing milk coagulation was used as inoculum (Kristo et al., 2003).  

            Streptococcus thermophilus strains (CHCC-5086, CHCC-8833 and CHCC-742) 

were obtained from Chr. Hansen (Chr. Hansen, Copenhagen, Denmark).  These were 

freeze dried cultures for direct inoculation. In this case, the freeze dried preparations 

(0.2%) were incubated at 40ºC in milk media.  The three strains were classified as high 

ropy (EPS++, CHCC5086),  ropy (EPS+, CHCC8833) and  non ropy (EPS-, CHCC-742).  
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3.3.2   Production of fermented milk 

            Fermentations were carried out with pasteurized skim milk (Crown Dairy Ltd. 

Guelph, ON, Canada) in 2 L sterilized bottles.  In the case of JFR1, the inoculation was 

carried out with 60 ml (3%) and the milk was incubated at 30 
0
C until pH 4.6 was 

reached. For S. Thermophilus strains (CHCC-742 (EPS-), CHCC-5086 (EPS++), and 

CHCC-8833 (EPS+)), 0.2% culture was added directly into the bottle under aseptic 

conditions to prevent contamination. Milk bottles were then incubated at 40 
0
C until pH 

4.6 was reached. Fermented milk was fast cooled by immersing them into ice water, and 

stored in the refrigerator at 4 
0
C.  

3.3.3   EPS Isolation 

            Various isolation methods were compared, details for each method are outlined 

below.  

            Method A consisted in carrying out a TCA precipitation followed by ethanol 

precipitation. This method is commonly reported in the literature (see for example, 

Ayala-Hernández et al., 2008b ; Garcia-Garibay & Marshall; 1991; Petry et al., 2003; 

Van Marle & Zoon, 1995) . In this case, the proteins and cell material were precipitated 

by using 20% TCA added to the fermentation sample at a 1:1 volume ratio. The 

precipitate was then removed by centrifugation  (8000 g for 20 min at 4 
0
C) using a 

Beckman Coulter centrifuge (Avanti J2-21 centrifuge,  JA-10 rotor, Beckman Coulter 

Inc, Fullerton, CA, USA),  and the supernatant was collected. The polysaccharide was 

then precipitated by adding ethanol  at a 1: 3 volume ratio to the supernatant as 

previously reported (Goh et al., 2005a), and the mixture was kept at 4 ºC overnight. The 
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precipitate was collected by centrifuging at 8,000 g for 30 min at 4
°
C.  The collected 

pellet was dissolved in ultrapure water, extensively dialyzed (for 3 days changing the 

water twice per day, with membranes 6000-8000 Da cutoff, Fisher Sci., Mississagua, ON, 

Canada),  and freeze dried. 

            Method B consisted in a modification of the method above, by carrying out the 

TCA precipitation after concentration of protein and polysaccharides using ethanol as 

first step.  In brief, the pH of the fermented milk was adjusted to 7, then 95% Ethanol was 

added to the sample at ratio 3:1,  and the mixture kept at 4ºC overnight. The precipitate 

was collected by centrifugation (8,000 g for 20 min at 4 ºC), dissolved in milliQ water, 

and TCA was added at the dispersion to a final concentration 10% (w/v) as above. After 

removal of the precipitate by centrifugation at 8000g for 20 min at 4 ºC (see above), the 

supernatant was once again precipitated with 3 volumes of ethanol and kept overnight at 

4ºC. After centrifugation (8,000g for 30 min at 4 ºC), the EPS was dissolved in milliQ 

water, dialyzed (as described above) and freeze dried.  

            Method C included a proteolysis step in Method B.  Flavourzyme (from 

Aspergillus Oryze, Sigma) was added before ethanol precipitation and the purification 

was followed by TCA precipitation.  In brief, Flavourzyme  solution (prepared with 720 

mg Flavourzyme in 2 mL Milli-Q water) was added to 2 L fermented milk sample 

previously adjusted to pH 7, to reach a final Flavourzyme concentration of 1.8 LAPU 

(One LAPU is the amount of enzyme which hydrolyzes 1 µmol of L-leucine-p-

nitroanilide per minute) per mL milk sample. The mixture was incubated overnight at 50 

ºC (for 16 h) as previously reported in the literature (Goh et al., 2005a).  After incubation, 

ethanol was added (at a 1:3 volume ratio) and the mixture was kept at 4ºC overnight. The 
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supernatant was removed by centrifugation at 8000 g for 20 min at 4ºC. The pellet was 

dissolved in 600 ml MilliQ water, TCA was added at the sample solution to final 

concentration 10% (w/v). The precipitate was removed by centrifugation, as above. The 

supernatant (containing EPS) was then treated with a 3 volume ratio of ethanol again, and 

the mixture was kept at 4ºC overnight. After centrifugation, the pellet was dissolved in 

ultrapure water, extensively dialyzed (as described above), and freeze dried.  

            Method D was employed to precipitate both EPS and protein. In this case, right 

after incubation at 50 ºC  with proteases (as for Method C),  the mixture was precipitated 

by addition of ethanol (3:1 ratio) and kept at 4ºC overnight. The supernatant was removed 

by centrifugation at 8000 g for 20 min at 4ºC, and the pellet was collected.  The pellet 

was washed twice with 95% ethanol, dissolved in 600 ml MilliQ water, extensively 

dialyzed (same as above), and freeze dried.  

3.3.4 Protein concentration of EPS  

            The protein concentration in the freeze-dried EPS and EPS extracts was measured 

using a modified Lowry assay (DC protein assay, BioRad, USA), using BSA as standard, 

as per manufacturer’s instruction.    

3.3.5 Sugar analysis  

            The sugar composition of the purified EPS was determined using acid hydrolysis, 

followed by HPLC. A 5 mg sample of purified EPS was dissolved in 0.5 ml MilliQ water 

and hydrolyzed in 0.5 ml of 6 N trifluoroacetic acid (TFA) at 100°C for 3 h (Ayala-

Hernández et al., 2008b). The hydrolysate was evaporated to dryness at 50°C. After acid 

digestion, the samples were diluted in MilliQ water, and the sugar composition of the 
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EPS was determined with a Dionex liquid chromatography system with a strong anion 

exchange column (DionexCarboPac PA20) to provide high-resolution separation of 

mono- and disaccharides. In brief, the diluted samples were passed through a 0.45 µm 

filter and injected to DionexCarboPac PA20 column, to achieve separation, the elution 

was carried out at a flow rate of 0.5 mL/min for 20 min, with 25 min equilibrate column 

by 5 mM NaOH before injection of each sample; The column system was cleaned after 

each analysis with 450 mM NaOH for 10 min at a flow rate of 0.5 mL/min.   The sugars 

were detected with a Dionex ED50 electrochemical detector, and peaks were analyzed 

against standard sugar samples (standard solutions of Glucose, Galactose, rhamnose  and 

mannose (Sigma Chemical Co.) were prepared in ultrapure water).    

  3.3.6 Size exclusion chromatography  

            The isolates were further characterized using size exclusion chromatography, and 

the eluted peaks were analyzed with multiple detectors in series, including a refractive 

index detector, a UV detector, and a multi angle laser light scattering (MALLS) detector.  

This approach allowed an accurate determination of the molecular mass of the EPS, and 

the simultaneous measurement with concentration detectors (UV and refractive index) 

allowed distinguishing between proteinaceous and sugar components present in the eluted 

peaks.  

            Freeze dried EPS samples were dissolved in MilliQ water, and heated at 90°C for 

3 h, to ensure full rehydration. Then the pH of EPS solution was adjusted to pH 6.8 using 

0.1 M NaOH, the final EPS concentrations were between 2 to 3 mg/ml. The 

polysaccharide samples were eluted on two gel filtration columns connected in series 

(Biosep 4000 and 3000, Phenomenex, Torrance, CA, USA). These columns have a 
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nominal exclusion volume of 2000 and 700 kDa, respectively. The separation system was 

connected to HPLC (Spectrasystems, Themofinnigan, San Jose, CA, USA), consisting of 

a degasser, a pump (P-2000) an autosampler and a UV detector. Radius and molecular 

mass parameters were determined by on line detection with a refractive index (RI, 

Optilab Rex, Wyatt Tech., Santa Barbara, CA, USA) and multi-angle light scattering 

detector (Dawn EOS, Wyatt Tech.). EPS solutions (100 µl) were injected using an auto 

sampler and the elution was carried out at room temperature (25
 0

C) using 50 mM NaNO3 

as mobile phase,  with a flow rate of 0.5 ml/min. The mobile phase was filtered by 0.22 

μm once and 0.1 μm twice (Millipore, Fisher Sci.), and degassed using an inline 

degassing system. Prior to the injection, the EPS solutions were filtered through 0.22 μm 

PVDF filters (Millipore, Fisher Sci.). Absolute molecular masses and radius of gyration 

(Rg) were determined using the ASTRA software (version 5.1.9.1, Wyatt Tech.) with the 

RI as a concentration detector. The refractive index increment value used in the 

calculations was 0.135 (Yang et al., 1999; Ayala-Hernández et al., 2008b). Molecular 

mass averages were calculated as  Mn  (= ci / (ci/Mi)),  Mw (= ciMi/ci),  and Mz 

(=(ciMi
2
)/ ciMi),  where ci is the concentration of polymer and  Mi is the mass at elution 

volume i. 

3.3.7 Scanning Electron Microscopy 

          The EPS strains in fermented milk were observed using scanning electron 

microscopy (SEM) and cryo-SEM (Ayala-Hernandez et al., 2008a;  Hassan et al., 2003b).   

Conventional SEM was conducted by transferring fermented milk samples into capsules 

covered with 15 µm mesh. The capsules were submerged in 2% glutaraldehyde prepared 
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in sodium citrate buffer at pH 4.6 (Hayat, 1972) and fixed overnight.  After washing three 

times in ultrapure water, they were  postfixed in a acqueous solution of 1% OsO4. 

Samples were washed in water and then dehydrated in a graded series of ethanol (10 min 

in 70%, 10 min in 90%, and 3 times in 100% alcohol for 10 min). The dehydrated 

samples were critical point dried with CO2. The samples then sputter coated with a thin 

layer (~15 nm) of gold/palladium.  

           Small amounts of fermented milk were also fixed for cryo-SEM, by placing them 

in specimen holder (Tissue Tek®, Canemo, Quebec, Canada).   The milk samples were 

plunged into liquid nitrogen slush (-207
°
C). The frozen specimens were transferred under 

vacuum into an attached preparation chamber where they were fractured and then 

sublimated for 30 min at -80°C. After ice sublimation, the etched surfaces were sputter 

coated with a thin layer gold (Goff et al., 1999; Hassan et al.;2003b; Smith et al. 1999).  

            All samples were observed using a Hitachi S-570 SEM (Hitachi High 

Technologies Inc., Tokyo, Japan) at an accelerating voltage of  10-20 kV. All images 

were acquired digitally using Quartz PCI software version 9 (Quartz Imaging, 

Vancouver, British Columbia, Canada). 

3.3.8 Statistical analysis 

              All fermentation experiments and purification were conducted in duplicate. 

Values reported are average of the two separate fermentations. The data were calculated 

using one-way ANOVA and the statistical software package R2.12.2 (R for Windows 

2.12.2, R Development Core Team). Means of data were expressed with standard 
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deviation and compared using the Tukey method for all pairwise comparisons. For 

significant effects, the differences were considered significant at p<0.05.  

 

3.4 Results and Discussion   

3.4.1. SEM 

            Figure 3.1 illustrates images of skim milk fermented with EPS-producing S. 

thermophilus (CHCC-5086 strain), observed either by conventional SEM (Figure 3.1A,B) 

and CryoSEM (Figure 3.1 C,D), at different magnifications. The cells of S. Thermophilus 

(EPS ++) are clearly shown in Figure A and B. Filaments were clearly noted in the Cryo-

SEM images.  Similar polysaccharide strings extending form the protein matrix have 

been observed in the past (see for example, Bhaskaracharya and Shah, 2000; Ayala-

Hernandez et al., 2008a). The different sample preparation between conventional (Figure 

3.1 A,B) and Cryo (Figure 3.1 C,D) shows differences in the appearance of the gel.  The 

cells seemed to be quite embedded within the network in the Cryo-SEM images,  and 

long polysaccharide strains were quite visible. It is also important to note that the EPS 

molecules may be thicker in their hydrated state (Hassan et al., 2003b).  

            For milk samples fermented with S. thermophilus CHCC-8833 strain (EPS+), 

images did not show unattached EPS.  The cells were attached to the protein matrix, and 

some thin string-EPS  seemed to be present in the surrounding area, right outside the cells 

(Figure 3.2A, conventional SEM). The images suggested that if any EPS was present in 

this sample,  the polysaccharide was of the capsular type.  This was evident by comparing  
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Figure 3.1: Scanning electron microscopy images of skim milk fermented with 0.2% S. 

thermophilus CHCC-5086 EPS(++) strain. Samples taken at pH 4.6.  A, B conventional 

SEM (bar 1500 and 3000 nm, respectively).  C,D  CryoSEM, scale bar 3000 nm. 
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Figure 3.2: Scanning electron microscopy images of skim milk fermented with 0.2% S. 

thermophilus CHCC-8833 EPS(+) strain. Samples taken at pH 4.6.  A, B conventional 

SEM (bar 1500 and 1000 nm, respectively).  C,D  CryoSEM, scale bar 3000 nm. 
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Figure 3.3: Scanning electron microscopy images of skim milk fermented with 0.2% S. 

thermophilus CHCC-742 EPS(-) strain. Samples taken at pH 4.6.  A, B conventional 

SEM (bar 3000 and 5000 nm, respectively).  C,D  CryoSEM (bar 1500 and 1000 nm, 

respectively). 

  

A 
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the images obtained by cryo-SEM (Figure 3.2 C,D) to those of the milk fermented with 

EPS++ (Figure 3.1C,D), as no evidence of strings were noted. Further, the cells of EPS + 

appeared larger than for EPS ++, when observed at the same magnification (See Figure 

3.1 and 3.2 A). The ropiness of fermented milk made from CHCC-5086 (EPS ++) strain 

may be caused by the filament like EPS connecting the protein complexes.  

            Control samples were also observed, after fermentation with S. thermophilus 

CHCC-742 ( EPS -).  As shown in Figure 3.3, cells were visible within the protein 

network, and there was no trace of polysaccharide, in the pores or in the vicinity of the 

cells. 

3.4.2 EPS isolation  

            Table 3.1 summarizes the results obtained from the four purification procedures. 

The amount of protein residual in the isolated EPS (in BSA equivalents) and the recovery 

of EPS, as measured gravimetrically, are shown for the isolation of EPS from milk 

fermented with L. lactis, as well as the two EPS producing S. thermophylus strains. As 

expected, different bacterial strains yielded different amounts of EPS, and there were 

lower than 200 mg/l in most cases. These yields have been previously reported in milk 

fermentations (Cerning et al., 1986; 1990; Vaningelgem et al., 2004).    

            The results shown in Table 3.1 need to be compared within the same strain, to 

assess the effect of the isolation method on yield and purity. In particular, it is important 

to compare the EPS recovery obtained with Method A and Method B. Significantly lower 

recoveries were found for EPS isolates that obtained with Method A compared to Method 

B, for all three bacterial strains analyzed. Great losses of polysaccharides were noticed in  
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Table 3.1:  Comparison between different isolation methods used in this study. Protein 

concentration and EPS recoveries are shown, and represent the average of at least three 

purification treatments, with standard deviation. 

 

Note: 
1
 EPS purity was measure by dissolve freeze-dried EPS in water and test protein 

content using a modified Lowry assay. Values are averages of two or more experiments. 

The amount of protein presents in EPS yield gained, back-calculated to the original media 

amount.
 

 

Isolation 

Treatment Strains 

 

Protein (%)
1
 

 

EPS yield (mg/L) 

 
JFR1 3% 

5.3±1.1 212±25 

 

Method A 

(TCA) 

CHCC-8833 (EPS+) 0.2% 
No precipitate No precipitate 

CHCC-5086 (EPS++) 0.2% 
5.2±2.6 127±3 

 

 

Method B 

(Ethanol->TCA) 

JFR 1 3% 
7.6±2.5 477±31 

CHCC-8833 (EPS+) 0.2% 
6.8±1.3 22±3 

CHCC-5086 (EPS++) 0.2% 
6.5±1.7 271±7 

 

 

Method C 

(Flavourzyme-> 

TCA) 

JFR1 3% 
26±4 1107±45 

CHCC-8833(EPS+) 0.2% 
25±3 66±13 

CHCC-5086(EPS++) 0.2% 
21.4±1.5 443±71 

 

Method D  

Flavourzyme-> 

Ethanol 

JFR1 3% 
82±2 6925 

CHCC-8833(EPS+) 0.2% 
83±3 8743 

CHCC-5086(EPS++) 0.2% 
80±3 9900 
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the case of using isolation Method A, demonstrating that the initial protein precipitation 

using TCA caused losses of EPS associated with the proteins. Higher recoveries were 

obtained when acid precipitation was carried out as a second purification step.  In both 

methods A and B, very little protein was recovered in the isolates, <8% in the freeze 

dried sample.  

            It is worth noting that in the case of CHCC-8833 (EPS+), while no polysaccharide 

was recovered using Method A,  about 20 mg/l were recovered using Method B. This 

result led to the conclusion that the polysaccharide was associated with the cell material, 

supporting what was hypothesized based on microscopy observations (Figure 3.2).  By 

using an ethanol step before TCA precipitation, both protein and polysaccharides were 

concentrated in a precipitate, while lactose and small molecular weight components were 

released in the soluble phase.   The subsequent precipitation with TCA allowed for little 

protein carry over, as for Method A, but increased the amount of EPS recovered.  

            In Methods C and D, a proteolytic treatment was carried out before ethanol or  

TCA treatment. Flavourzyme was selected as the suitable enzyme to hydrolyze proteins 

since it is reported
 
to hydrolyse 60-70% milk protein, and it has been employed before for 

EPS isolation and quantification (Goh et al., 2005a). Results showed that EPS produced 

using method D  had higher recovery but lower degree of purity compared with those 

TCA produced without using Flavourzyme (Method A and B). 

            It was concluded that ethanol precipitation, followed by TCA precipitation 

provided the highest level of recovery with a low level of final protein content.  

 3.4.3   Sugar composition of isolated EPS   
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Figure 3.4: Elution chromatography of EPS isolates using different methods: Method A 

(black line), Method B (gray line), Method C (black broken line);  Method D (gray  

broken line). Isolates from milk fermented with S. thermophilus  CHCC-5086 (EPS++).     
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            To better compare the EPS  isolation methods, sugar analysis of the extracts was 

performed using HPAEC with pulsed amperometric detection(Degeest  et al., 2001;  

Vaningelgem et al., 2004). The elution chromatograms of EPS isolates produced by S. 

thermophilus EPS++  after separation with different methods is shown in Figure 3.4.   

          In all cases, the profiles confirmed that the isolates contained  heteropolymers 

composed of rhamnosyl, glucosyl, galactosyl, and mannosyl. These results agree with 

previous reports on the composition of EPS produced by S. thermophilus strains. The 

EPS has been shown before to contain mannose, glucose, galactose, as well as rhamnose 

(Vaningelgem  et al., 2004).  The results shown in Figure 3.4,  comparing different 

isolation methods, also suggest that in the extracts obtained using methods A and B, the 

ratio of glucose, rhamnose and galactose are similar,  apart from a higher percentage of 

mannose found in the case of EPS isolated with method B (Table 3.2).  On the other 

hand, the samples pre-treated with enzyme showed  different compositions, reflecting the 

lower purity of the extracts.   The difference between the isolation methods A and B may 

suggest that the use of ethanol before TCA extraction (Method B),  in addition to higher 

yields, also causes the recovery of different polysaccharide chains.    

 In a second set of experiments  method B was employed to  isolate EPS produced 

from milk fermented using three different strains, S. thermophilus CHCC-5086 (EPS++ ),  

S. thermophilus CHCC-8833 (EPS+), and Lactococcus lactis subsp. cremoris, JFR1.  

Results of the chromatographic analysis are shown in Figure 3.5.  All three EPS extracts 

were heteropolymers composed of rhamnosyl, glucosyl, galactosyl, and mannosyl, but 

with sugar ratios varying depending on the strains (Table 3.3).  Variations of EPS  
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Table 3.2:  Ratio of monosaccharides calculated from HPAC analysis of EPS isolated 

using different methods from milk fermented with S. thermophilus  CHCC-5086  

(EPS++).    

 

Ratio 

Rhamnose Galactose Glucose Mannose 

Method A 0.5 1.1 1 0.13 

Method B 0.4 1.1 1 0.5 

Method C 0.85 1.8 1 0.95 

Method D 1.6 1.8 1 0 
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Figure 3.5:  Elution chromatography of EPS isolates obtained using Method B from milk 

fermented with different three different strains producing EPS: S. thermophilus CHCC-

5086  (EPS++) (gray broken line), S. thermophilus CHCC-8833 (EPS+) (black line), 

Lactococcus Lactis.subsp. Cremoris, JFR1 (black broken line).   
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Table 3.3:  Ratio of monosaccharides calculated from HPAC analysis of EPS isolated 

using method B from milk fermented by S. thermophilus  CHCC-5086  (EPS++), S. 

thermophilus  CHCC-5086 (EPS+) and   Lactococcus lactis subsp. cremoris, JFR1.   

strain 

Ratio 

Rhamnose Galactose Glucose Mannose 

EPS ++ 0.4 1.1 1 0.5 

EPS  + 1.1 4.2 1 0.4 

JFR1 0.3 0.9 1 0.15 
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composition are expected between different strains ( De Vuyst & Degeest 1999; Goh et 

al., 2005c; Grobben et al., 1997). 

3.4.4 Molecular characterization of EPS by SEC MALLs 

Radius and molecular mass parameters for the different EPS isolates were 

determined using size exclusion chromatography (SEC) coupled with a series of on line 

detectors,  namely,  UV, RI and multiangle laser light scattering (MALLs). Figure 3.6 

shows that the UV signal of EPS isolated from milk fermented with EPS++ using three 

different methods,  A, B and C.  There was a small UV peak  corresponding to the RI 

peak signal, indicating that in all samples there were traces of protein.  Method C showed 

the highest UV signal.  The signals were quite low, in agreement with the data shown in 

Table 3.1,  that suggested low amounts of protein recovered in the freeze dried extracts. 

Figure 3.7 compares the UV and RI traces for the three isolates obtained using 

method B from milk fermented with different strains. The RI traces were similar for the 

three polymers (Figure 3.7A),  and low levels of protein were noted for all three extracts 

(Figure 3.7B) as shown also in Table 3.1.  

Analysis of the light scattering signal obtained from the three isolated EPS was 

carried out to obtain values of molecular mass and root mean square radius.   Figure 3.8 

shows the elution of the isolates obtained from milk fermented using EPS++, extracted 

using different methods, as well as the molar mass distribution in the eluted peaks.    

Table 3.4 summarizes the values of molecular mass and root mean square radius for the 

isolates.  
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Figure 3.6:  RI (A) and UV  (280 nm, B) traces as a function of elution time for three 

isolates of  EPS extracted using Method A (gray broken line),  B (gray solid line) and C 

(black solid line) from milk fermented with S. thermophilus CHCC-5086, EPS(++). 
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Figure 3.7:  RI (A) and UV  (280 nm, B) traces as a function of elution time for three 

isolates of  EPS extracted using Method B from milk fermented with S. thermophilus 

CHCC-5086, EPS(++) (gray broken line),  CHCC-8833  (EPS+) (black solid line ),  

Lactococcus Lactis.subsp. Cremoris, JFR1  ( black broken line). 
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Figure 3.8: Molar mass as a function of elution time for EPS purified from CHCC-5086 

(EPS++) strain using Method A (black broken line, empty symbols), Method B (gray 

line, gray symbols) and Method C  (enzyme pretreatment, black solid line, black 

symbols).  
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Table 3.4: Molecular parameters determined by size exclusion chromatography coupled 

with light scattering detection for EPS purified from milk fermentations with strain 

CHCC-5086 (EPS++) using  different isolation methods (Method A, B and C). Results 

are the average of three independent fermentations.  

 

 

 

 

 

 

 

 

 

 

 

Mw (g/mol) (e
+6

) Mz (g/mol) (e
+6

) Rw (nm) Rz (nm) 

Method A 2.27±0.70 2.32±0.68 90.5±3.2 89.4±1.3 

Method B 3.70±0.97 3.77±1.37 62.0±1.7 62.1±3.2 

Method C 5.39±0.78 5.57±0.14 60.8±1.8 61.4±2.6 
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            The EPS isolated by method A and B showed similar RI elutions, while method C 

showed a shift in the peak elution to lower elution times, suggesting some break down of 

the polysaccharide, due to the enzymatic treatment.  The molecular mass distributions 

were different between treatments, with method A showing the smallest molecular mass 

(2.210
6
 Da), with method C showing a much larger average Mw  (5.210

6
 Da) (Table 

3.4. The estimated average radii of the EPS isolated using Method A, B & C were about 

91 nm, 62nm and 61nm, respectively. The result suggested that the EPS isolated using 

Method C, after proteolytic treatment with a commercial preparation, was a more 

compact molecule than the EPS isolated using other two methods. In addition, there were 

differences between method A and B,  as in method A the polysaccharide showed a 

smaller Mw but a more extended structure.  As previously noted, the two methods 

showed a difference in the ratio of monosaccharides as well as a difference in molecular 

mass, perhaps suggesting the presence of a second polysaccharide in the preparation 

obtained with method B. These results would confirm previous reports (Goh et al., 

2005a) that variations in the purification methods can cause differences in the molecular 

characteristics of the EPS. 

The three isolates obtained from milk fermented by EPS-producing strains 

obtained using method B were also analyzed to observe differences in their molecular 

mass.  Figure 3.9 summarizes the differences in molecular mass distribution as a function 

of the chromatographic elution. Table 3.5 summarizes the results of the light scattering 

calculations.   The purified EPS produced by the two S. thermophilus strains showed a 

smaller molecular mass compared to the EPS made by L. lactis  JFR1 strain.   
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Figure 3.9:  Molar mass as a function of elution time for EPS purified from three 

different strains, using method B.  CHCC-5086 (EPS++) (gray broken line, gray 

symbols), CHCC-8833  (EPS+) (black solid line, black symbols) and JFR1  (black 

broken line, empty symbols).  
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Table 3.5: Molecular parameters determined by size exclusion chromatography coupled 

with light scattering detection for EPS purified from milk fermentations with strain JFR1, 

CHCC-5086 (EPS++), and CHCC-8833 (EPS+)  purified by Method B. Results are the 

average of three separate fermentations. 

 

             

 

 

 

 

 

  

 

Mw (g/mol) (e
+6

) Mz (g/mol) (e
+6

) Rw (nm) Rz (nm) 

JFR1 7.48±0.45 7.75±0.37 74.5±1.2 73.9±2.3 

EPS++ 3.70±0.97 3.77±1.37 62.0±1.6 62.1±3.2 

EPS+ 1.73±0.60 1.74±0.65 48.9±1.5 50.2±1.8 
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 EPS produced by EPS+ showed the smallest molecula mass (1.710
6
 Da) while 

the polysaccharide extract from Strept. Thermophilus strain CHCC-5086 (EPS++) had an 

average molecular mass of 3.710
6
 Da. The EPS extracted from milk fermented by L. 

lactis subsp. cremoris (JFR1) was the largest, with an average molecular mass of  around 

710
6
 Da. In addition, JFR also showed the largest radius, followed by EPS++ and EPS+ 

(Table 3.5).  The result suggested that the EPS produced by Thermophilus CHCC-8833 

(EPS+) is a more compact molecule than the EPS produced by other strains. Previous 

researchers have reported molecular masses for EPS ranging from 100 kDa to 4000 kDa 

depending on strain (De Vuyst & Degeest 1999; Ruas-Madiedo et al., 2002b; Ruas-

Madiedo & de los Reyes-Gavilan, 2005). The large variability in molecular mass was 

confirmed in this study. 

 

3.5   Conclusions   

            Isolation method A, using TCA as first step in purification is adequate to 

obtaining a purified fraction of polysaccharide. However, the results of this study suggest 

that TCA precipitation at the beginning of the isolation results in high losses of EPS. By 

using ethanol precipitation (method B) prior to TCA precipitation, it may be possible to 

obtain higher yields.  Although with large fermentation volumes, this may require a pre-

concentration of the sample, the extract should contain more EPS and minimize losses, 

result in higher EPS recoveries obtained, and the lowest recovery of protein. The results 

also indicated that enzymatic treatment results in lower degree of purity of the extracts.  
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In addition, the results suggested that the sugar composition and their ratio as well as the 

molecular mass distribution may be influenced by EPS isolation procedures. 
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CHAPTER 4 

INTERACTIONS BETWEEN A POLYSACCHARIDE PRODUCED 

FROM STREPTOCOCCUS THERMOPHILUS AND MILK 

PROTEINS STABILIZED EMULSIONS AS A FUNCTION OF pH 

 4.1 Abstract 

          Polysaccharides produced from lactic acid bacteria are of great interest as they may 

act as structuring agents in dairy products. This work focused on the interactions of a 

polysaccharide produced by Streptococcus thermophilus with proteins stabilized 

emulsions. The interactions were observed, in situ, during acidification of the emulsions 

using glucono-delta-lactone (GDL). The apparent diameter of the oil droplets stabilized 

by sodium caseinate or β-lactoglobulin was measured as a function of pH in the presence 

or absence of the polysaccharide, using light scattering, under diluted or concentrated 

conditions (using DLS or diffusing wave spectroscopy, DWS).  At neutral pH, no 

changes were noted under diluted conditions; however, in concentrated systems, the 

presence of EPS affected the turbidity of the emulsions.  As the pH decreased, control 

sodium caseinate emulsions showed aggregation at pH 5.3. Control β-lactoglobulin 

stabilized emulsions aggregated earlier, at pH 5.8.  In both cases, the presence of 

polysaccharide delayed the onset of aggregation, suggesting an association of the 

polysaccharides with both milk proteins at the interface.  This study clearly demonstrated 

that emulsion droplets could be employed as a model to study the interactions between 

proteins and polysaccharides isolated from lactic acid bacteria, and to determine the 

reactivity of these molecules when present in dairy matrices.  
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4.2 Introduction 

            Some Lactic Acid Bacteria (LAB) strains produce polysaccharides during 

fermentation. These polysaccharides molecules, often referred to as exopolysaccharides 

(EPS), have been studied extensively because of their application in dairy products 

(Cering 1990; Ruas-Madiedo et al., 2002a).  Their structuring behaviour in dairy products 

may result from thermodynamic incompatibility or associative interactions with milk 

proteins. The interactions between the molecules in milk will be affected by changes in 

environmental conditions (pH, temperature, concentration). In addition, charge density, 

and other molecular characteristics such as size and branching will affect the final 

properties of the matrix (De Kruif & Tuinier, 2001; Tuinier et al., 1999a).  EPS have been 

reported to cause thickening, gelling and increase the water holding capacity of 

fermented dairy matrices without the addition of other ingredients (De Vuyst et al., 2001; 

Hassan et al., 2003b; Rawson & Marshall, 1997). Previous authors have hypothesized 

that the production of EPS molecules during fermentation aids in the association between 

bacterial cells and milk proteins, ultimately affecting the rheological properties of the gel  

(Doleyres et al., 2005; Hess et al., 1997).  

            To optimize the utilization of EPS producing cultures in dairy products is 

fundamental to better understand if and when interactions exist between EPS and milk 

proteins. As EPS produced by different strains may vary greatly in composition, 

structure, molecular weight, rigidity, charge and ability to interact with proteins (Duboc  

& Mollet,  2001), it is important to develop strategies to study such interactions in 

complex food matrices. Emulsion droplets have been used as model systems to determine 

interactions between polysaccharides and milk proteins (Khalloufi et al.,2009; Liu et al., 
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2007; Maruziene & de Kruif, 2000).  Milk proteins, i.e. caseins and whey proteins are 

known to adsorb at the interface, and, in sufficient amounts, to impart stability to the oil 

droplets (Dalgleish, 1997; Dickinson, 1999; McClements, 2004). The formation of 

complexes can be followed using light scattering, under diluted conditions, as previously 

shown, for example, in a mixture of gum arabic and whey proteins (Weinbreck et al., 

2003). In the present work light scattering was conducted under diluted conditions (DLS) 

as well as in situ without dilution (DWS). In the presence of associative interactions 

between the polysaccharide and the protein, a lower diffusion coefficient of the oil 

droplets is expected.  On the other hand,  depletion interactions are not easily measured 

by light scattering under diluted conditions, but they can be followed even at low 

polysaccharide concentrations by observing the changes in turbidity (1/l*) using DWS  

(Acero-Lopez, et al ., 2010). 

            The objective of this work was to determine the presence and type (associative or 

dissociative) of interactions occurring between polysaccharide extracted from milk 

fermented with Streptococcus thermophilus (CHCC-5086 EPS++ strain, Chr. Hansen) 

and emulsion droplets stabilized either with caseins or whey proteins. The results of this 

work would improve our understanding of the interactions occurring between proteins 

and bacterial polysaccharide in a complex milk matrix.  

 

4.3 Materials and Methods 

4.3.1 Emulsion preparation 
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            Sodium caseinate (New Zealand Milk Proteins, Mississagua, Ontario) and β-

lactoglobulin (from bovine milk, containing both  A and B variant, Sigma Chemical Co., 

St. Louis, MO, USA) solutions were prepared by dispersing 0.5% (w/w) protein (Na-

caseinate or lactoglobulin) and 0.02% sodium azide in ultrapure water with continuous 

stirring at least 3 h to ensure complete hydration. The solutions were adjusted to pH 6.8 

with NaOH solution, and filtered through a 0.8 µm filter (Millex-HV Millipore Co., 

Billerica, MA). Soybean oil (Sigma) was then added to the solution, to obtain a 10 % 

(w/w) oil-in-water emulsion.  The samples were premixed for 1 min using a high-speed 

blender (PowerGen 125, Fisher Scientific, Co., Nepean, ON) and then homogenized with 

a high-pressure homogenizer (Emulsiflex C5, Avestin, Ottawa, ON) with two passes at 

40 MPa. The average diameter of the sodium caseinate and β-lactoglobulin emulsions 

prepared (D3,2, as measured with Mastersizer 2000, Malvern Instruments Ltd, UK) was 

0.35±0.02 and 0.32±0.01 µm, respectively.  

            EPS was isolated from milk fermented with S. thermophilus  (CHCC-5086, Chr. 

Hansen, Copenhagen, DK) using a sequential precipitation using ethanol and followed by  

TCA (as described in Chapter 3). The polysaccharide’s molecular mass was about 3.6× 

10
6
 g/mol, and contained rhamnosyl, glucosyl, galactosyl, and mannosyl. Aliquots (10 

mg freeze dried EPS) were dissolved in 5 mL ultrapure water with continuous stirring, 

and the dispersion was heated at 90 
°
C for 3 h to ensure dissolution. After cooling to 

room temperature, the pH of the solution was adjusted to pH 6.8 using 0.1M NaOH 

solution. 
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4.3.2 Light scattering and zeta potential experiments 

            The changes occurring during acidification of the emulsions as a function of pH 

were measured using dynamic light scattering, both under extensively diluted conditions 

and in situ, without dilution.  Emulsions were diluted 1:1 with either ultrapure water 

(control) or with EPS solutions to reach a final concentration of 5% oil and 0.1% EPS. 

The suspensions were then mixed with varying concentrations of GDL, and kept at room 

temperature overnight, to reach pH values ranging from 7.0 to 3.5. The pH was measured 

immediately before analysis using a pH meter (AR15, Fisher Scientific, USA).  

            The acidified emulsion droplets were then analyzed by DLS (Zetasizer Nano ZS, 

ZEN3600, Malvern Instruments) after dilution with their corresponding serum. This 

serum was obtained by centrifuging  5 mL of emulsion in a 6 mL UF sterile tube (Spin-X 

UF, 6-10 kDa cutoff, Corning, England), at 5000 g for 30 min at 20 °C (Heraeus 

Multifuge X1R, Thermo Electron LED GmbH D-37520 Osterode, Germany).  

           In addition to the measurements under diluted conditions, the emulsions with or 

without 0.1% EPS were analyzed in situ, without dilution, using DWS. In this case, 

acidification was carried out by addition of 0.075% (w/v) GDL, and light scattering 

properties measured as a function of pH. Immediately after mixing, the samples were 

transferred in a 5 mm cuvette (100-Os, Hellma-Analytics, Concord, ON, CA). The 

cuvette was immersed in a water tank maintained at 30
°
C throughout the experiment. 

DWS experiments were carried out using a custom made equipment, with a 532 nm, 100 

mW laser. The scattered light was collected by a single fiber optic, connected to 

photomultipliers (HC120-03, Hamamatsu, Loveland, OH, USA) and a correlator 
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(FLEX2K-12 × 2, Bridgewater, NJ, USA) (Alexander and Dalgleish, 2005; Sandra et al., 

2007). The intensity of laser was calibrated daily using standard latex spheres of 260 nm 

diameter (Portland Duke Scientific, Palo Alto, CA, USA) dispersed in MilliQ water. 

Measurements were taken at 2 min intervals ( Gancz et al., 2006; Kristo et al., 2011).  

Data were analyzed using specialized software (DWS-Fit, Mediavention Inc., Guelph, 

ON, Canada). The pH was continuously measured in parallel with the diffusing wave 

spectroscopy measurements. 

 4.3.3 Statistical analysis 

            Experiments were performed at least twice using freshly prepared samples, the 

data was calculated from these measurements using one-way ANOVA and the statistical 

software package R2.12.2 (R for Windows 2.12.2, R Development Core Team). Average 

of data were expressed with standard deviation and compared using the Tukey method. 

For significant effects, the  differences were considered significant at p<0.05. 

 

4.4 Results and Discussion 

            The apparent diameter of the emulsion droplets was measured as a function of pH 

using DLS, as shown in Figure 4.1.  At pH >6.0, both emulsions showed a constant size. 

Droplets stabilized with sodium caseinate showed an apparent diameter of 261 ± 7 nm. In 

the case of emulsions stabilized by β-lactoglobulin, the initial apparent diameter was 279 

± 14 nm. At pH >6.0 there were no differences between emulsions containing EPS or not 

containing EPS, suggesting that the purified EPS did not associate with the protein at the 

interface at these pH values.   
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Figure 4.1: the average apparent diameter of emulsion droplets stabilized with sodium 

caseinate (A) or -lactoglobulin (B) in the presence (filled symbols) or absence (empty 

symbols) of  0.1% EPS, as a function of pH.  Diameter measured by DLS, bars represent 

standard deviations for 3 independent experiments.  
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            With a decrease in pH, destabilization of the emulsion droplets occurred. Both 

caseinate and whey protein emulsion droplets showed a steep increase in the apparent 

diameter at a critical pH, close to the isoelectric point of the protein. In control emulsions, 

the increase of droplet size was noticed at pH 5.97 ± 0.08 for droplets stabilized with β-

lactoglobulin, and at 5.37±0.03 for those prepared with sodium caseinate (Figure 4.1, 

empty symbols). It is known that close to the isoelectric point of the protein, there is a 

decrease in interfacial charge, and as a consequence, a decrease of electrostatic and steric 

repulsion forces at the interface.  The droplets are then more prone to approach each other 

and aggregate (Dickinson, 2008). Emulsions containing EPS showed aggregation at a 

different pH value compared to control, suggesting improved stability with acidification 

(Figure 4.1, filled symbols).  At these pH values, the EPS molecules interact with the 

proteins at the interface, forming complexes which hinder the aggregation of the oil 

droplets. This behaviour may occur because of negative charges on the polysaccharide 

chains, which would interact with positively charged patches present on the proteins at a 

pH close to their isoelectric point. However, it is important to note that complexes 

between milk proteins may form at a critical pH also with neutral polysaccharides, once 

the charge of the protein has been sufficiently neutralized, as in the case of complexes of 

xanthan with  β-lactoglobulin (Turgeon, et al., 2007). 

            To better understand the interactions occurring between EPS and proteins at the 

interface, the zeta-potential values of emulsion droplets as a function of pH were also 

measured, as shown in Figure 4.2. Zeta potential is an important and useful indicator of 

emulsion stability. The greater the charge on the emulsion interface, the more likely the 

colloidal suspension will be stable, because the charged particles repel one another and  
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Figure 4.2: Zeta-potential of emulsion droplets stabilized with sodium caseinate (A) 

and β-lactoglobulin (B) in the presence (filled symbols) or absence (empty symbols) 

of 0.1% EPS, as a function of pH.  Values are average of three independent 

experiments, and bars represent standard deviations.  
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thus overcome the natural tendency to aggregate. In both emulsions systems, the overall 

charge was about -60 mV at pH 6.5.  In the case of sodium caseinate, the charge started 

to decrease at pH around 5.8, quickly reaching values close to 0 at pH <5.3, confirming 

that the mechanism of destabilization is the decrease in charge at pH close to the 

isoelectric point. In the presence of EPS, the charge remained negative and decreased 

more gradually reaching a plateau near neutral at pH 4.6.  These results led to conclude 

that EPS molecules were negative charged at pH around 5.0.   

            The zeta-potential values for control β-lactoglobulin emulsion droplets also 

showed a decrease in magnitude rapidly at pH of about pH 5.8, consistent with the 

aggregation data reported in Figure 4.1 B.   As already observed with sodium caseinate 

stabilized emulsions,  also in the case of β-lactoglobulin emulsions, in the presence of 

EPS, the negative charge was maintained until pH 5.0, indicating a shift in the pH of 

destabilization. The results shown in Figure 4.2 clearly demonstrated that EPS interacted 

with both proteins at pH around 5, and that the complex formed helped stabilize by 

electrostatic repulsion the interface, shifting to a lower pH the destabilization point.     

            In addition to measuring the charge and size of the emulsions as a function of pH 

using varying concentrations of GDL, experiments were also conducted by addition of 

GDL to the emulsions in situ.  This allowed following the changes in the light scattering 

properties of the emulsions as a function of pH without dilution, by using DWS.  In both 

emulsion systems, after addition of 0.075% GDL, the emulsions showed a gradual 

decrease in pH and the presence of EPS did not affect the rate of acidification (data does 

not shown).  Moreover, it has been shown that at pH near neutral, small concentrations of 

non-interacting polysaccharides in protein dispersions cause a decrease in the turbidity of  
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Figure 4.3:  Apparent radius and  turbidity parameter (1/l*) as a function of pH for 

emulsions stabilized by sodium caseinate (A,C) and -lactoglobulin (B,D). Control 

(empty symbols) and emulsions with 0.1% EPS (filled symbols). Two replicate samples 

are shown.   
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 the emulsion, due to microscopic phase separation (Corredig et al., 2011; Liu et al., 

2007).  

           Figure 4.3 shows the changes in apparent radius, calculated from the diffusivity 

data caseinate and -lactoglobulin stabilized emulsions as a function of pH, before and 

after the addition of EPS. At pH >6.0 , there were no changes in the diffusivity and radius 

of the emulsion droplets with pH (Figure 4.4 A and B).  Similarly, there were no changes 

in the turbidity parameter at pH near neutral; it indicates that the emulsions were stable at 

these pH values.  

           There were differences in the turbidity parameter (1/l*) between emulsions with 

and without EPS at the initial pH. In the case of sodium caseinate emulsions (Figure 

4.3C) ,the turbidity value decreased in the presence of EPS. This may indicate that EPS 

caused some depletion interactions at neutral pH, as a decrease in 1/l* has been 

previously demonstrated in mixtures containing polysaccharide and sodium caseinate 

emulsions (Khalloufi et al., 2008; Liu et al., 2007).  On the other hand, in the case of -

lactoglobulin emulsions, the turbidity parameter increased in the presence of EPS, 

indicating, changes in the spatial correlation between the droplets (Alexander et al., 

2006).  

           Similar to the observations in Figure 4.1, in both emulsions in situ without 

dilution, at a critical pH, the droplets showed aggregation, indicated by the steep increase 

in the apparent radius (Figure 4.3A and B). In control sodium caseinate emulsions, the 

critical pH was 5.28±0.03, in agreement with the DLS experiments. In the presence of 

EPS,  the emulsions did not show aggregation until a much lower pH value, at pH 
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4.8±0.02 (Figure 4.3A).  This shift in stability to a lower pH value was also clearly shown 

in the changes of the 1/l* parameter (Figure 4.3C).   This behaviour is fully consistent 

with the presence of interactions between charged polysaccharides and sodium caseinate 

adsorbed at the interface (Dickinson et al., 1998; Liu et al., 2008; Maroziene & de Kruif, 

2000). The decrease of pH caused the appearance of positively charged patches on the 

protein stabilized interface, and a decrease of the negative charge, causing the formation 

of complexes. EPS adsorbed onto the oil droplets, stabilizing them by electrostatic and 

steric repulsion.  As the surface charge of the protein-polysaccharides complex layer 

continues to be lowered with decreasing pH, then flocculation of the oil droplets occurs 

(Bonnet et al., 2005; Liu 2007, Weinbreck et al., 2003).    These results clearly confirmed 

that EPS isolated from milk fermented with EPS-producing S. thermophilus CHCC-5086 

strain interacted with sodium caseinate, and maintained stability of the emulsions by 

steric and electrostatic repulsion.  

           A similar behaviour was also observed in the case of β-lactoglobulin stabilized 

emulsions.  The control emulsion showed a critical pH at 5.8±0.05.  The presence of EPS 

once again delayed the destabilization to pH 5.55±0.03. This was a significantly lower 

pH of gelation compared to that of control emulsions (Figure 4.3B).  The destabilization 

also was clearly noted by the rapid decrease of the turbidity after the critical pH value 

(Figure 4.3D).  Complex formation between β-lactoglobulin and polysaccharides has 

been shown before in this pH range  (Weinbreck et al, 2003). Above the pKa of the 

polysaccharide, β-lactoglobumlin is able to interact with an anionic polysaccharides to 

form soluble complexes, aggregate and form precipitates depending on the ratio between 

the macromolecules (Ganzevles et al., 2006). It is possible to hypothesize that, under the 
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conditions of this study, there was association of EPS to β-lactoglobulin at the interface. 

This caused a shift in the aggregation pH of the emulsions.   

 

4.5 Conclusions 

            This study demonstrated that EPS isolated from milk fermented with S. 

thermophilus CHCC-5086 strain forms complexes with milk proteins at the interface.  

Emulsion droplets were used as a model to study the interactions between EPS and milk 

proteins.  In both sodium caseinate and -lactoglobulin stabilized emulsions, the presence 

of EPS caused a shift in the critical pH of destabilization,  and around pH 5,  EPS-protein 

complexes maintained a negative charge at the oil water interface, suggesting that the 

isolated EPS had a negative charge at this pH. 

            The result for this study shows that the isolated CHCC-5086 EPS can associate 

with milk proteins at the emulsion interface, and stabilize emulsion droplets significantly. 

The interaction between isolated EPS and milk proteins is affected by pH.    
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CHAPTER 5 

INTERACTIONS BETWEEN POLYSACCHARIDES FROM LACTIC 

ACID BACTERIA AND MILK PROTEINS   

5.1   Abstract 

            The objective of this study was to better understand the interactions occurring 

between exopolysaccharide (EPS) produced from lactic acid bacteria and milk proteins. 

EPS was isolated from milk fermented with Streptococcus thermophilus CHCC-5086, 

and then added at a concentration of 0.2g/L to unheated skim milk or skim milk heated at 

85 
°
C for 10 min.  Milk was then acidified using glucono delta lactone (GDL). In heated 

milk, milk was also acidified by the addition of non EPS-producing bacteria. Changes 

occurring during acidification were followed using rheology or Diffusing Wave 

Spectroscopy (DWS). When milk was acidified using GDL, the presence of purified EPS 

did not affect the aggregation of casein micelles in heated skim milk; however, there 

were differences in the case of unheated milk.  In this case, the milk containing EPS 

showed aggregation at a higher pH of gelation (pH 4.73) than the unheated control 

sample (pH 4.69). The addition of 0.2 g/L of EPS affected the viscoelastic properties of 

the gel at the end of fermentation,  and resulted in higher G’ values after shearing in both 

heated and unheated milk. Different results were obtained when acidification was carried 

out using S. thermophilus CHCC-742, a non EPS producing strain.  In this case, the 

presence of EPS showed significant effect on the gelation pH of heated milk, and also 

caused a decrease of the ability of the gels to recover after fermentation and structure 

breakdown. These results suggest that the presence of bacteria and heat induced whey 



80 
 

protein complexes may also participate in interactions with EPS during acid induced 

gelation. 

   

5.2 Introduction 

            Lactic acid bacteria (LAB) can produce polysaccharides, often referred to as 

exopolysaccharides (EPS). These bacterial strains are employed to improve the texture, 

stability and ‘mouthfeel’ of fermented milk products, as in milk, they transform lactose 

into EPS (Ruas-Madiedo et al., 2002a). The presence of EPS results in milk gels less 

susceptible to syneresis, more viscous, and with a higher water holding capacity than 

those with no EPS (Hassan et al., 2003a). In addition, it has been proposed that the 

presence of EPS may impart health benefits to dairy products ( Broadbent et al., 2001; 

Hong and Marshall, 2001; Moreira et al., 2003; Rawson and Marshall, 1997). When the 

addition of stabilizers to fermented milk samples is not desirable, these polysaccharides 

may be a valuable option to add as a thickener; however, their interactions with milk 

proteins are not fully understood.   

            There are a number of studies carried out on fermented products made with EPS-

producing strains, and on the effect of EPS on the rheological properties of fermented 

milk gels (De Vuyst et al., 2003; Duboc and Mollet, 2001; Hassan et al., 2003a).  It has 

been reported that the gels fermented with EPS-producing strain have higher viscosity 

than those made with non-EPS producing cultures (Hassan et al., 1996a; Kristo et al., 

2011; Rawson et al., 1997; Van Marle and Zoon, 1995). It also has been hypothesized by 

previous authors that the concentration of EPS increases during fermentation, and that the 
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changes in the gel physical properties are related to the interactions of EPS molecules 

with bacterial cells and milk proteins (Doleyres et al., 2005; Hess et al., 1997). It is also 

important to know that the interactions may vary with pH during fermentation.  

Furthermore, the amount of EPS produced is often not reported.  A few studies have 

attempted to determine the effect of EPS by adding high purity EPS to milk, or adding 

model polysaccharides such as dextran (Meden et al., 2013). In this case, the 

polysaccharides are better characterized in terms of composition, molecular mass and 

charge. 

            It has been reported that negatively charged EPS (EPS-HYD 1545, EPS-MS 907, 

EPS-ST 716 and EPS-GY 785 with a molecular mass ranging from 0.5 to 1.510
6
 Da)  

added at 0.01% or 0.5% concentration at the beginning of the fermentation formed stiffer 

acid milk gels. The gels containing EPS also showed a higher pH of gelation and a lower 

ability to recover their structure after shearing (Girard et al., 2007). On the other hand, 

crude or  isolated  EPS  extracted from MRS media fermented with Lactobacillus 

rhamnosus RW-9595M added to milk (500 mg L
-1

 based on solids) acidified with a non-

EPS producing starter, showed very little effect on the final gels (Doleyres et al., 2005).   

Loose EPS as well as capsular EPS (> 85% pure) isolated from S. thermophilus ST-143 

were tested in acid gels prepared with glucono-delta-lactone (GDL) or S. thermophilus 

(Mende et al., 2013).  The concentration of free EPS had a significant effect on gel 

stiffness, but capsular EPS did not. Furthermore, fermented milk with freeze-dried cells 

ST-143 with attached EPS showed no significant effect on the properties of the gel 

(Mende et al., 2013). In general, there seems to be agreement that the  EPS proteins 



82 
 

interactions are key to the properties of the final gel, and the amount of EPS present may 

not be a good indicator for rheological properties of the final acid gel.    

            The present research focused on the interactions between EPS isolated from milk 

fermented by a Streptococcus thermophilus strain and milk proteins during acid gelation 

of unheated and heated skim milk. Denaturation of whey protein will occur in milk 

heated above 70°C, and whey protein complexes play an important role in development 

of texture in acid induced gels (Dalgleish et al., 1989; Lucey et al., 1996; Singh, 1995). 

As final gels obtained using GDL are different from those acidified with bacteria, the 

properties of the gel were also studied after fermentation with Streptococcus 

thermophilus CCHC-742 (a non EPS producer).  No other studies have been carried out 

on the comparison of the effect of addition of high purity EPS on the acid induced 

aggregation of casein micelles, comparing chemical and bacterial acidification. The 

presence of bacteria may bind with protein and EPS, resulting in a very different 

functional complex.  

            To better understand the effect of  EPS on the aggregation of the milk protein in 

milk, the structure development of the gels containing purified EPS was followed using 

DWS and rheology. In addition, the rheological properties of the gels were also studied 

after cooling. 

 

5.3 Materials and Methods 

5.3.1 EPS preparation  
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            EPS was isolated from milk fermented with Streptococcus Thermophilus CHCC-

5086 (Chr. Hansen, Copenhagen, DK) using a ethanol TCA sequential precipitation, as 

described in Chapter 3.  The molecular weight of the EPS was around 3.6 10
6
 g/mol. 

The hydrolyzed EPS contained rhamnose, glucose, galactose, and mannose (see Chapter 

3 for more details).  EPS was dissolved in ultrapure water to a final concentration of 2.5 

mg/mL with continuous stirring, and heated at 90
0 

C for 3 h. After cooling, the pH of the 

solution was adjusted to 6.8 using 0.1 M NaOH. 

5.3.2 Sample preparation  

            Sodium azide (0.02% w/v) was added to fresh pasteurized skim milk (Crown 

Dairy Co., Guelph, Ontario, Canada). Heat treatment was carried out by placing milk in 

glass bottles and heating at 85 
°
C for 10 min (including 3 min for temperature to reach 85 

°
C). The samples were cooled by placing them immediately into ice water.  

            Acidification was conducted either by the addition of glucono-delta-lactone 

(GDL) for heated and unheated milk, or by bacteria for heated milk. GDL (1.2% w/v) 

was mixed for 2 min at room temperature with fresh pasteurized skim milk (Crown Dairy 

Co., Guelph, Ontario, Canada) or milk heated to 85 
°
C

 
for 10 min.  2 mL of EPS (2.5 

mg/mL) were then added to milk to a final concentration of 0.2 mg/mL of milk.  Control 

samples contained MilliQ water instead, to account for the dilution. In the case of 

bacterial acidification, 2 mL of EPS (2.5 mg/mL) was added to skim milk heated at 85 
°
C

 

for 10 min, which without addition of sodium azide. Milk was then inoculated with a non 

EPS producing strain of Streptococcus thermophilus (CHCC-742, Chr. Hansen). The 

culture was added in freeze dried form directly to milk at a 0.2% (w/v). The mixture 
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solutions were immediately placed in the Rheometer and DWS to follow acidification, 

and incubated at 40 ºC. Acidification was also followed by continuous recording of the 

pH during fermentation with an AR15 pH meter (Fisher Scientific) connected to a 

computer software (pH-store, Mediavention Inc., Guelph, ON, Canada). Plots of the 

measured pH against time were analyzed by curve-fitting using Sigmaplot 10.0 (SPSS, 

Chicago, IL, USA).  

5.3.3 Rheological Measurements 

            Rheological measurements were carried out using a controlled stress rheometer 

(Paar Physica MCR 301, Anton Paar, Graz, Austria) and a concentric cylinder-measuring 

cell, rinsed with ethanol. Immediately after the sample preparation, milk samples (18 mL) 

were loaded into the concentric cylinder and maintained at 40 
°
C, a time sweep 

experiment was performed at a fixed frequency of 1 Hz and 0.1 % strain. The elastic and 

viscous moduli (G’ and G’’) as well as loss tangent (tan δ, in which δ is the loss angle) 

were recorded until the sample reached pH 4.6.  The temperature of the samples in 

rheometer cell was then decreased to 4 
º
C in 30 min. The viscosity of the mixture at 4 

º
C 

was tested by carrying out a steady state viscosity measurement at shear rates of 0.1-200 

s
-1

.  After reaching 200 s
-1

 (in 10 min),  the recovery of structure was followed by 

measuring the elastic and viscous moduli (G’ and G’’) for 10 h at 4
0
C  at a fixed 

frequency of 1 Hz and 0.1 % strain (Girard & Schaffer-Lequart, 2007; Kristo et al., 

2011). 

5.3.4 Diffusing Wave Spectroscopy measurements          
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            Transmission DWS was used to follow the aggregation of the casein micelles as 

previously described (Kristo et al., 2011). Samples were transferred to an optical glass 

cuvette with 5 mm path length (Hellma Canada Limited, Concord, ON, Canada), 

immersed in a tank of water kept at 40°C. The intensity of laser was calibrated daily 

using standard latex spheres with a diameter of 260 nm (Portland Duke Scientific, Palo 

Alto, CA, USA) dispersed in MilliQ water. The correlation functions and the scattered 

light intensity were measured continuously each 2 min (118 s collection, 2 s intervals 

between measurements) until the end of fermentation. The turbidity parameter (1/l*) and 

the diffusion coefficient were derived from the correlation function using daily 

calibration with latex spheres (Ion Titapiccolo et al., 2011). The apparent radius of the 

casein micelles in milk was calculated using the Stokes-Einstein equation.  The data 

acquired were analyzed using specialized software (DWS-Fit, Mediavention Inc., 

Guelph, ON, Canada). The pH was continuously measured in parallel with the Diffusing 

wave spectroscopy measurements. 

5.3.5 Statistical analysis 

            Experiments were performed at least twice using freshly prepared samples, 

averages and standard deviations’ were calculated from these measurements. The data 

were analyzed using one-way ANOVA and the statistical software package R2.12.2 (R 

for Windows 2.12.2, R Development Core Team). Means of data were expressed with 

standard deviation and compared using the Tukey method for all pairwise comparisons. 

For significant effects, the least square means were contrasted and differences were 

considered significant at p<0.05. 
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Figure 5.1:   Changes in apparent radius ( A) and 1/l* (B) as measured by DWS , and 

changes in rheological parameter tan  (C) and G’ (D),  for unheated (circles) and heated 

milk (squares) during acidification by GDL.  Samples containing EPS (filled symbols) 

were compared with samples with no EPS added (empty symbols). Data are 

representative of 3 replicate experiments, for statistical analysis see Table 5.1.  
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5.4 Results and Discussion 

5.4.1 Gelation behaviour with GDL  

5.4.1.1 Structure formation 

            The development of gel structure was followed using DWS and rheology, to 

evaluate possible differences in structure formation. The results are summarized in Figure 

5.1. In all cases, there were no changes in the apparent radius of the casein micelles 

(Figure 5.1A)   nor the elastic modulus (Figure 5.1D) in the initial stages of acidification, 

but at a critical pH, a rapid increase for both parameters was observed, indicating 

aggregation of the micelles and rapid structure formation.  The initial diffusion 

coefficient (shown in Table 5.1) for both heated and unheated milk was not different in 

the presence or in the absence of EPS, indicating that the diffusivity of the casein 

micelles (and the microviscosity of the serum phase) was not affected. It was concluded 

that when 0.2 mg/mL were added to milk, neither associative nor depletion interactions 

were present at pH above gelation.  

The pH of gelation was measured both using DWS and rheology, as shown in 

Table 5.1. As well known in the literature (Corredig et al., 1996; Lucey et al., 1998), the 

pH of gelation of heated milk was higher than in the case of unheated milk.  In the case of 

heated milk aggregation pH was 4.9, while in the case of unheated milk it was about 4.7 

(see Table 5.1 for statistical analysis).  There was no effect of EPS on the aggregation pH 

for heated milk with GDL acidification. In unheated milk,  there was a statistically 

significant change in the pH of gelation measured by DWS, albeit very small (from pH 

4.69 to 4.73 for EPS and control, respectively).   
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Table 5.1: Average parameters measured during gel formation using rheology and DWS 

for heated milk and unheated milk with the presence of EPS or absence of EPS. pH of 

gelation measured as tan δ Values are the average of two or three independent 

experiments. Statistical significance at p<0.05. 

 

 

  GDL  GDL+EPS 

 

 

 

 

Heated milk 

pH (G’, gel)  4.89±0.16
a
 4.95±0.05

a
 

pH (radius, gel) 4.92±0.08
 a
 4.85 ±0.03

 a
 

Dif-coeff (initial)(e
-12

) 2.24±0.05
 a
 2.06 ±0.35

 a
 

pH  (1/l*onset) 5.37±0.09
 a
 5.35±0.02

 a
 

1/l* (max) 2.61±0.24
 a
 2.51±0.12

 a
 

Tan (max) 0.61±0.02
 a
 0.60±0.02

 a
 

pH (Tan max) 4.81±0.11
 a
 4.75±0.03

 a
 

G’ ( pH 4.6) (Pa) 5.16±0.11
 a
 27.3±7.21

 b
 

 

 

Unheated 

milk 

pH (G’, gel)  4.67±0.01
a
 4.65±0.02

a 
 

pH (radius, gel) 4.69±0.01
 a
 4.73±0.02

 b
 

Dif-coeff (initial) (e
-12

) 2.20±0.26
 a
 2.06±0.03

 a
 

pH  (1/l*onset) 5.26±0.09
 a
 5.30±0.03

 a
 

1/l* (max) 2.81±0.22
 a
 3.57±0.49

 b
 

G’ ( pH 4.6) (Pa) 0.79±0.02
 a
 1.06±0.05

 b
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           Figure 5.1 also shows the changes in the turbidity parameter for heated and 

unheated milk in the presence of EPS.  The behaviour of the 1/l* as a function of pH was 

similar to that previously reported in the literature for skim milk during acidification 

(Kristo et al., 2011). There was no significant difference in the onset of 1/l* with EPS 

addition in both heated and unheated milk.  The onset of 1/l* indicates a change in the 

light scattering properties of the milk in the early stages of aggregation, because of a 

change in the refractive index contrast between the casein micelles and the serum and a 

partial collapse of the -casein layer (Acero-Lopez et al., 2010).  The turbidity parameter 

reaches a maximum at pH of about 4.9 in all treatments, regardless of heating treatment 

or presence of EPS. This pH corresponds to the pH of gelation in case of heated milk.  

The value of 1/l* at the maximum ranged between 2.6 and 2.8 in heated milk or unheated 

milk, but in the case of unheated milk,  in the presence of EPS this value was 

significantly higher, reaching a value >3. The higher turbidity may indicate an increase in 

protein-protein interactions at this pH in the presence of EPS.   

            Figure 5.1C illustrates the tan δ behaviour during gelation of heated and unheated 

milk. A maximum in tan δ is shown for heated milk samples at pH 4.8 with no effect of 

EPS. The maximum in tan δ has been explained as partial loosening of weak gel that 

formed at high pH by initial denatured whey protein, transits to a network dominated by 

casein-casein interaction at low pH value (Lucey et al., 2000).  There was no maximum 

tan δ value for unheated milk samples, in agreement with previous studies (Lucey et al., 

2000).  As shown in Figure 5.1D,  the presence of EPS did not show significantly impact 

on the pH of aggregation of casein micelles, as the steep increase in the elasic modulus 

occurred at a similar pH. However, in both heated and unheated milk samples, at the later 
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stages of the gelation process, EPS caused significantly stiffer gel network with 

significantly higher G’ value compared with control gel networks (Table 5.1).  

5.4.1.2 Rheological properties of milk gels  

            Figure 5.2 shows the viscosity of heated and unheated milk samples as a function 

of shear rate measured after cooling the gels to 4 °C.  The viscosity of heated milk was 

significantly higher than for unheated milk gels, with a value of about 0.08 Pa s for 

heated milk, compared to 0.03 Pa s for unheated milk at 50 s
-1

 (Table 5.2).  There was no 

effect of EPS on viscosity of the gels prepared with unheated milk after cooling, 

measured at 50 and 100 s
-1

. On the other hand,  in heated milk, there was a higher (albeit 

small) apparent viscosity for milk gels containing EPS. These results are in contrast with 

previous studies that showed that gels containing EPS have significantly higher apparent 

viscosities than control gels with no EPS (Kristo et al., 2011; Hassan et al., 2003a). This 

is mostly due to  the type of polysaccharide molecules, as well as the fact that in this 

study, a purified fraction was added. As shown in Table 5.2, in the present work, small 

differences were shown only in heated samples.    

            Figure 5.3 illustrates the recovery of the elastic modulus as a function of time at 

4°C, after shearing the gels at 200 s
-1

. In all cases,  there was an increase in G’ as a 

function of time after shearing.  As expected, higher G’ values were measured for heated 

milk gels compared to unheated skim milk gels.  Addition of EPS caused higher G’ 

values in both heated milk and unheated milk system. The results are in full agreement 

with other reports suggesting that presence of EPS might improve structure recovery after 

shear (Folkenberg et al., 2005).  However this is not always the case,  as for example 
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Figure 5.2: Apparent viscosity as a function of shear rate measured at 4 
0
C for the gels of 

milk acidified by 1.2% GDL with the presence of isolated form EPS (filled circles) or 

absence of EPS (empty circles),  and the gels of heated milk acidified by 1.2% GDL with 

the presence of isolated form EPS (filled squares) or absence of EPS (empty squares).     
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Table 5.2 :Apparent viscosity at selected shear rates for gels of both heated milk and 

unheated milk acidified by 1.2% GDL with the presence of isolated form EPS or absence 

of EPS  

 

Shear rate(s
-1

) 

Heated  

apparent viscosity (Pa.s) 

Unheated  

apparent viscosity (Pa.s) 

with EPS  without EPS with EPS  without EPS 

50 0.077±0.006
 a
 0.090±0.005

 b
 0.026±0.001

 a
 0.025±0.001

 a
 

100 0.050±0.004
 a
 0.058±0.002

 b
 0.021±0.001

 a
 0.021±0.001

 a
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 Figure 5.3:    Recovery of  G’  after shearing  of gels  of unheated (circles) and heated 

(squares) skim milk, acidified by 1.2% GDL with the presence of isolated form EPS 

(filled symbols) or absence of EPS (empty symbols).  Samples measured at 4°C. 
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for EPS produced from Lactococcus lactis subsp. cremoris, In this case the gels showed 

lower G’ after stirring (Krist, et al., 2011).  It is important to point out that in the present 

case, isolated EPS was added to the milk before gelation and it was not produced in situ. 

5.4.2 Gelation behaviour of skim milk with isolated EPS, and acidified with CHCC-

742 strain 

5.4.2.1 Structure formation   

            When S. thermophilus CHCC-742 was incubated at 40 °C in heated skim milk,     

Light scattering and rheological parameters during acidification are shown in Figure 5.4. 

For heated milk sample with the presence of isolated EPS, there was a dramatic increase 

at pH 5.30±0.01, a pH significantly higher than for control samples (pH 5.08±0.04)
 
 

(Figure 5.4 A, Table 5.3).
 
The turbidity parameter value recorded by DWS also showed a 

similar pattern with or without EPS (Figure 5.4 B, Table 5.3), and the onset of 1/l* 

change occurred at pH about 5.4 in both cases.  However, the milk sample with the 

presence of EPS appeared a significantly higher maximum 1/l* value, with a turbidity 

parameter reaching a plateau at a pH value slightly higher than control (5.06 and 4.98 for 

sample with EPS and control, respectively). The results suggested that the addition of the 

isolated EPS caused small changes in the casein micelle aggregation in a heated skim 

milk system, when acidified with bacterial cultures. In comparison, for the GDL treated 

samples, the apparent particle radius data showed that the milk sample with EPS and 

control have similar value of pH gelation at around pH 4.9.  
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Figure 5.4:   The average apparent particle radius (A), turbidity parameter 1/l*  (B) 

measured by DWS, and the rheological parameters tan  (C) and G’ (D) for heated milk 

fermented with S. thermophilus CHCC-742 strain in the presence (filled symbols) or 

absence (empty symbols) of EPS.  
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            The rheological data shown in Figure 5.4 C &D confirmed what discussed for 

light scattering data. The presence of EPS caused the higher value of pH gelation in 

heated milk (pH 5.09 and 4.95 for sample with EPS and control, respectively) (Figure 5.4 

D). Further, a maximum in tan delta was observed in both milk samples (with EPS and 

control), and the maximum in tan delta of gels with EPS was shown at a pH value 

significantly higher than for control milk with no EPS (Table 5.3). The tan δ behaviour 

reflects the casein-casein interactions during gelation. As the pH decreases towards the 

isoelectric point of caseins, the repulsion between casein particles is reduced. A 

maximum in tan delta occurs as there is an increasing solubilisation of colloidal calcium 

phosphate and an increase in charge repulsion between micelles (Lucey et al, 1997). The 

presence of EPS seemed to contribute to these rearrangements of the network structure, 

with the earlier pH of the peak of tan  (van Vliet et al., 1991). This behaviour was not 

shown in the case of GDL acidified samples. For the milk sample with EPS, a stiffer gel 

with significantly higher value of G’ was obtained at the end of fermentation (pH 4.6), as 

shown in Table 5.3.   These results showed the first time that there is a difference in the 

gelation behaviour of casein micelles when isolated EPS is added, depending on 

acidification conditions, GDL or bacterial culture.  The slow acidification caused by 

bacterial culture may be the reason for the difference, but the possibility that bacteria 

cells may be involved in the interactions can not be excluded.     

5.4.2.2   Rheological properties of the gels after acidification  

           The viscosity of heated milk samples containing isolated EPS and fermented with 

an non EPS producing culture (CHCC-742) was measured after cooling.    
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Table 5.3: Average parameters measured during gel formation using rheology and DWS 

for heated milk fermented with CHCC-742 strain with the presence of EPS or absence of 

EPS.  pH and time of gelation measured as Tan δ = 1.  Values are the average of two or 

three independent experiments. Statistical significance at p<0.05 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

  

  

CHCC-742 

 

CHCC-742 +EPS 

pH (G’, gel)  4.95±0.02
a
 5.09±0.04

b
 

Radius (initial)   (nm) 0.14±0.03
a
 0.26±0.07

b
 

pH (radius, gel) 5.08±0.04
 a
 5.30±0.01

 b
 

pH (l/l* max) 4.98 ±0.01
 a
  5.06±0.07

 b
 

1/l* (max)  3.47±0.46
 a
  4.34±0.38

 b
 

Tan (max) 0.55±0.003
 a
 0.56±0.01

 a
 

pH (Tan max) 4.80 ±0.02
 a
 4.92±0.08

b
 

G’ (pH 4.6) (Pa) 30.95 ±1.22
 a
 48.90±5.94

b
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            There was no significant difference in the viscosity of the gels at acid pH, once 

cooled at 4 °C, with or without EPS.  In both cases, the viscosity measured at 100 s
-1

 

ranged between 0.04 and 0.05 Pa s.  The recovery of structure was then followed after 

shearing  at 200  s
-1

, and in this case also there was no significant difference of the 

addition of EPS on the gels.  

 

 5.5 Conclusions  

            In present study, very little differences were noted when acid milk gels were 

prepared after addition of isolated EPS. In heated milk acidified with GDL, no 

differences were observed in the changes in diffusion coefficient, radius and the turbidity 

parameter of casein particles between the sample with the presence or absence of EPS. 

The presence of EPS significantly increased the storage modulus of the gels at pH 4.6, 

and the ability of the gel to recover after shearing. This suggested that, in heated milk, 

although the addition of isolated EPS did not significantly affect the preliminary stages of 

gelation, it caused changes in the structure after gelation.  In contrast, slight differences 

were noted for unheated milk acidified with GDL, as the samples containing EPS showed 

a higher pH of gelation.  Finally, EPS effect was also shown when acidification was 

carried out using bacteria. This was probably due to the slower acidification,  although 

the possibility of the bacterial cells to participate in the interactions.  
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CHAPTER 6 

STRUCTURAL MODIFICATONS OCCURRING DURING 

FERMENTATION OF MILK BY LACTIC ACID CULTURES 

PRODUCING EXOPOLYSACCHARIDE  

 

6.1 Abstract 

            Lactic acid bacteria producing polysaccharides have been widely used in 

fermented milk products to improve their texture properties. However, in spite of their 

widespread application, very little is known on the details of the interactions between 

these polysaccharide molecules and casein micelles during gelation.  As many reactions 

can occur during acidification,  and both the concentration of the polysaccharide as well 

as the environmental conditions are continuously changing, gathering experimental 

evidence on the effect of the polysaccharide on structure formation is a challenge. The 

objective of this work was to characterize the effect of exopolysaccharide (EPS) 

produced in situ on the aggregation of the casein micelles. Milk was incubated with two 

strains of S. thermophilus (CHCC-5086 and CHCC-8833) at 40 ºC until pH 6.2 was 

reached, to allow for EPS production.  Sodium azide was then added as a bacteriostatic, 

to avoid any further drop in pH. Aggregation of the casein micelles was then induced 

either by rennet or by the addition of glucono-delta-lactone (GDL), to determine the 

effect of presence of EPS on the aggregation behaviour of the caseins. Control milk 

samples were prepared using a non EPS producing S. thermophilus strain (CHCC-742). 

The viscosity of the milk fermented with EPS producing cultures was higher than that of 

the control milk at pH 6.2, suggesting the presence of EPS in the samples. When rennet 

was added to the samples at pH 6.2,  aggregation was significantly hindered by the 
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presence of EPS.  When GDL was added to milk at pH 6.2,  the milk samples showed a 

significantly  different gelation pH compared to the control. The results also suggested a 

difference between EPS producing strains.  This work clearly demonstrated that the 

presence of EPS affects the aggregation behaviour of the casein micelles, regardless of 

the type of aggregation. Furthermore, this work showed a novel  approach to the study of 

EPS interactions in situ  during gelation. 

  

6.2 Introduction 

            Polysaccharides produced by lactic acid bacteria during fermentation are often 

referred to as exopolysaccharides (EPS),  described as either associated to the cell surface 

(Hassan et al., 1995) or secreted in the extracellular environment (Cerning, 1995; De 

Vuyst et al., 2001). The most common EPS molecules produced by lactic acid bacteria 

are composed of different sugar moieties, including glucose, galactose and rhamnose 

(Duboc et al., 2001b; Hassan, 2008; Monsan et al., 2001). These polysaccharides have 

gained considerable attention because of their potentially beneficial processing 

functionality, in other words, their ability to thicken, gel, hold water and stabilize dairy 

matrices (Dabour et al., 2005; Hassan, 2008).  The use of EPS-producing strains is of 

great interest, as it may allow the development of dairy products with cleaner ingredient 

labels.   

           To date, many studies have been carried out on the effects of the EPS on the 

rheological properties and microstructure of milk gels (Hassan et al., 2002a; Purwandari 

et al., 2007; Ruas-Madiedo et al., 2002b).  EPS may remain attached to cells and interact 



101 
 

with proteins (Girard et al., 2007; Hassan, 2008), or may be secreted into the milk serum 

phase. The interaction between polysaccharides and proteins may be attractive or 

repulsive depending on the type of the biopolymers, and the environmental conditions 

(Tuinier et al. 1999b). The polysaccharide molecules may show associative interactions. 

For example, when the pH is lowered close to or below the isoelectric point of the 

proteins, the negatively charged EPS may form complex coacervates with the proteins. 

On the other hand, EPS may be thermodynamically incompatible with the proteins, and 

cause phase separation. The polymers’ concentrations, pH and ionic strength of the 

mixture are major determining factors (de Kruif and Tuinier 2001; Tuinier 2000). In the 

case of EPS produced by LAB in situ, the amount of polysaccharide will gradually 

increase, and the interactions between the macromolecules will continuously change. 

Both attractive and repulsive interactions may occur at some point of the process (Tuinier 

et al., 1999b).  

          It also has been suggested that the type of polysaccharide (capsule forming or non 

capsule forming) affects the aggregation behaviour of caseins during acidification 

(Hassan et al., 2002a); however, there are few reports on how to test the interactions 

between EPS and milk proteins, and how to determine the molecular details of such 

interactions, especially under the complex conditions of milk fermentation. EPS 

structural features such as stiffness of its backbone, its molecular weight and size, its 

branching, the nature of its side groups, will affect the final microstructure and texture of 

milk gels (Faber et al., 2001; Tranchant et al., 2001; Tuinier et al., 1999b; 2000;). 

            Gelation of milk is often induced either by acidification or renneting, or a 

combination of the two mechanisms. During cheese making, these two processes occur 
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concomitantly, and eventually lead to the destabilization of the casein micelles and the 

formation of a protein network.  Rennet coagulation is a two stage process; first, the 

enzyme (rennet) specifically hydrolyzes κ-casein on the surface of the casein micelle, 

causing a decrease in steric stabilization. When more than 85% of the κ-casein has been 

hydrolyzed, aggregation of the protein particles occurs (Dalgleish, 1992; Li and 

Dalgleish, 2006). Alternatively, gelation can be induced using acid, for example, using 

lactic acid bacteria fermentation. The decrease in pH causes the release of the colloidal 

calcium phosphate from the micelles, and a decrease in the overall charge of the proteins. 

This results in a collapse of the hairy layer of κ-casein, again, decreasing steric 

stabilization, causing the casein micelles to coagulate and form a gel at around pH 4.9 

(Alexander and Dalgleish, 2004; Dalgleish, 1992; de Kruif, 1997; de Kruif, 1999; Donato 

et al., 2007). During combined acidification and renneting, both mechanisms are at play 

simultaneously (Castillo et al., 2006; Lucey, 2000; Tranchant et al., 2001).  The effect of 

the presence of EPS on the aggregation of the casein micelles is not yet fully understood.   

            Although much work has been carried out to understand the effect of EPS on 

aggregation of milk, most studies used isolated EPS or model polysaccharides, and this 

approach may not fully explain the changes occurring during fermentation, as the 

dynamics of the interactions may change during processing. More importantly, the 

purification of the EPS molecules may also affect their structure and their functionality 

(Girard and Schaffer-Lequart, 2008). The study of in situ production of EPS and its effect 

on structure formation is therefore fundamental to better understand the changes in the 

interactions between protein and polysaccharides during processing. 
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            The objective of this study was to study the aggregation behavior of casein 

micelles induced by rennet or acidification, using rheology and diffusing wave 

spectroscopy. To ensure production in situ of EPS, milk was incubated with different S. 

thermophilus strains to pH 6.2, sodium azide was then added to hinder further growth of 

bacteria and the casein micelles were then destabilized either by rennet or glucono-delta-

lactone (GDL).  This experimental approach may show potential as a screening tool to 

evaluate in situ the effect of various EPS producing strains on milk gelation. 

  

6.3 Materials and Methods  

6.3.1 Bacterial cultures and fermentation conditions 

            Streptococcus thermophilus strains (CHCC-5086 and CHCC-8833, and CHCC-

742) donated from Chr. Hansen (Copenhagen, Denmark) were employed for this study. 

CHCC-742 was used as control strain since it does not produce detectable amounts of 

EPS, CHCC-5086 is a high EPS producer and will be indicated as EPS(++) in this work, 

CHCC-8833 also causes ropiness in fermented milk, but to a lower extent, and it will be 

indicated as EPS(+).  The freeze dried strains were added directly to fresh pasteurized 

skim milk (Crown Dairy Co., Guelph, Ontario, Canada) at a 0.02% (w/v) concentration.   

              Fresh pasteurized skim milk was incubated at 40 ºC immediately after addition 

of the cultures. When the milk samples reached pH 6.2, 0.02% sodium azide was added 

to as a bacteriostatic. Rennet was then added (Chymostar Danisco, Cranbury, NJ, USA) 

at a final concentration of 1.5×10
-3

 international milk clotting units per mL.  

Alternatively, 1.2% glucono-delta-lactone (GDL) was added, and acidification was 
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followed by continuous recording of the pH during fermentation with an AR15 pH meter 

(Fisher Scientific) connected to a computer (pH-store, Mediavention Inc., Guelph, ON, 

Canada). In this case, plots of the measured pH against time were analyzed by curve-

fitting using Sigmaplot 10.0 (SPSS, Chicago, IL, USA).  

6.3.2 Rheological measurements 

           Rheological measurements were carried out using a controlled stress rheometer 

(Paar Physica MCR 301, Anton Paar, Graz, Austria) and a concentric cylinder-measuring 

cell, rinsed with ethanol. Immediately after addition of the lactic acid bacteria to 

pasteurized milk, samples (18 mL) were loaded into the concentric cylinder and 

maintained at 40 ºC.  The flow behaviour of each sample was measured at the initial pH 

(pH 6.6) and prior to pH 6.2, by running a shear rate ramp from 0.1 to 100 s
-1

.  

          After reaching this pH, sodium azide was added, the samples mixed either with 

rennet or GDL (see above) and then 18 mL of the mixture was loaded in the rheometer.  

The experiment was carried out at 40 ºC, and measurements were performed at a fixed 

frequency of 1 Hz and 0.1 % strain. The elastic and viscous moduli (G’ and G’’) as well 

as loss tangent (tan δ, in which δ is the loss angle) were recorded until the sample gelled. 

            In the case of acid gels, once the samples reached pH 4.6,  the temperature was 

decreased to 4 
º
C (in 30 min). The flow behaviour of the gel was then tested in the range 

0.1-200 s
-1

.  After this test, which lasted 10 min, the recovery of structure was then 

followed by measure the elastic and viscous moduli (G’ and G’’)  as well as loss tangent 

for 10 h at 4 
0
C  at a fixed frequency of 1 Hz and 0.1 % strain (Girard & Schaffer-

Lequart, 2007; Kristo et al., 2011). 
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6.3.3 Diffusing Wave Spectroscopy measurements          

            Transmission Diffusing Wave Spectroscopy (DWS) has been employed to follow 

the diffusivity and the optical properties of the casein micelles during fermentation to pH 

6.2, as well as after the addition of rennet or acid (Kristo et al., 2011). Samples were 

transferred to an optical glass cuvette with 5 mm path length (Hellma Canada Limited, 

Concord, ON, Canada), immersed in a tank of water kept at 40°C. The correlation 

functions and the scattered light intensity were measured continuously each 2 min (118 s 

collection, 2 s intervals between measurements). The turbidity parameter (1/l*) and the 

diffusion coefficient were derived from the correlation function using daily calibration 

with latex spheres (Ion Titapiccolo et al., 2011). The apparent radius of the casein 

micelles in milk was calculated using the Stokes-Einstein equation. The data acquired 

were analyzed using specialized software (DWS-Fit, Mediavention Inc., Guelph, ON, 

Canada). 

6.3.4 Quantification of EPS production at pH 6.2 

The milk samples were inoculated with S. thermophiles strains, while one of the sample 

was added 3 volumes of 95% ethanol immediately and mixed well, and the other one 

with the same culture was fermented to pH value reach 6.2. Then the fermented samples 

was also added 3 volumes of 95% ethanol immediately and mixed well. The samples 

were stored in the refrigerator at 4 
0
C overnight before centrifuged (8000 g for 20 min at 

4 C). The pellet was dissolved in milliQ water, extensively dialyzed for 3 days changing 

water twice per day ( with membranes 6-8 kDa cutoff) ( Miao, 2011).  
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The amount of total carbohydrates in the dialyzed samples were analysed using the 

phenol sulphuric method (DuBois et al., 1956).  25 µL of 80% phenol (Fisher Sci., 

Mississagua, ON, Canada) solution was mixed well to 1 mL sample, and incubate for 5 

min. Then 2.5 mL of 98% sulfuric acid (Fisher Scientific) was added,   and the mixture 

was kept in room temperature for 30 min. The absorbance at 490 nm was measured using 

UV-1601 visible spectrophotometer (Mandel Scientific Co. Ltd., Mississagua, ON, 

Canada). A standard curve were prepared each time using different concentration of 

glucose solutions ( Miao, 2011).  

6.3.5 Confocal laser scanning microscopy 

            Confocal laser scanning microscopy (CLSM) was carried out using an inverted 

microscope (Leica TCS SP2, model Leica DM IRE2) with an Ar/Kr visible light laser 

and 60 x (oil) objective. The differences in the microstructure of the GDL acidified 

samples containing the three strains were observed at the final pH of fermentation, pH 

4.6.  

            Lactic acid bacteria (Streptococcus thermophilus strains CHCC-5086, CHCC-

8833 and control strain CHCC-742) were added to fresh milk at 0.02% (w/v), incubated 

at 40 
º
C until pH 6.2. After, 0.02% sodium azide was added, and 1.2% glucono delta 

lactone (GDL) was mixed to continue acidification. Rhodamine B (a fluorescent dye with 

543 and 625 nm, excitation and emission wavelengths, respectively), was employed to 

visualize the protein network, 20 µL aliquots (0.5% solution) was added to 5 mL of 

above sample, In addition, 0.1% solution of fluorescent lectin (50 µL) (from Glycine 

max, conjugated with Fluor 488, Molecular Probes, Eugene, OR, USA; with an excitation 
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and emission wavelength of 500 and 530 nm, respectively) was added to selectively stain 

the polysaccharide (Goh et al., 2005c) . The samples were mixed well, transferred to a 

concave slide, placed in the dark in an ice bath and viewed with CLSM within 30 min.  

6.3.6 Statistical Analysis 

            All measurements were carried out at least twice. The data were analyzed using 

one-way ANOVA and the statistical software package R for Windows (version 2.12.2, R 

Development Core Team). The means of data were expressed with standard deviation 

and compared using the Tukey method for all pairwise comparisons. For significant 

effects, the least square means were contrasted and differences were considered 

significant at p<0.05. 

 

6.4 Results and Discussion 

            To evaluate the effect of EPS, produced in situ, on aggregation of casein micelles 

during rennet induced or acid induced gelation, milk was incubated with EPS producing 

(EPS++ and EPS+) and non EPS producing cultures (control) until pH 6.2 was reached. 

At this pH, the overall viscosity of the milk fermented with EPS(++) was higher than 

control and EPS(+) (Table 6.1) indicating the presence of EPS at pH 6.2.  It is known that 

although at this pH, there is a release of colloidal calcium phosphate into the serum 

phase,  little changes have occurred to the casein micelles size (Alexander  and Dalgleish, 

2004). Indeed, in the control sample, as well as for EPS(+)sample, the viscosity at pH 6.2 

was not significantly different compared to that measured in the initial stages (pH 6.6.).  
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Table 6.1.   Viscosity measured at 50 s
-1

 and at 40ºC for milk inoculated with three 

different S. thermophilus strains,  EPS (++), EPS (+) and EPS (-), at the initial pH (6.6) 

and at pH 6.2. Values are the average of three independent experiments, within a row, 

different superscript letters show statistical significance at p<0.05. 

 

 

Viscosity at 50 s
-1

 

 

EPS (++) 

 

EPS (+) 

 

EPS (-) 

 

pH 6.6  10
-3 

(Pa.s) 

 

1.2±0.01
a
 

 

1.2±0.02
a
 

 

1.2±0.01
a
 

 

pH 6.2   10
-3

 (Pa.s) 

 

2.6±0.04
 b
 

 

1.2±0.08
 a
 

 

1.3±0.06
a
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Table 6.2   Amount of total sugar (mg/L of milk) measured at pH 6.6 and pH 6.2 for milk 

inoculated with three different Streptococcus thermophilus strains,  EPS (++), EPS (+) 

and EPS (-).  Values are the average of two independent fermentations.  

 

  

EPS (++) 

 

EPS (+) 

 

EPS (-) 

 

pH 6.6 (mg/L) 

 

198±12 

 

182±13 

 

223±6 

 

pH 6.2 (mg/L) 

 

415±6 

 

331±6 

 

331±4 

 

Estimated amount of 

EPS at pH6.2 (mg/L) 

 

217±18
 c
 

 

149±19
 b
 

 

108±10
 a
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Figure 6.1: Changes occurring during gelation measured by DWS and rheology.  

Apparent radius (A), G’ (B),  1/l* (C) and tan  (D) as function of time from addition of 

rennet at pH 6.2.  The milk was inoculated with Streptococcus thermophilus strains: EPS 

(++) (filled circles), EPS (+) (filled diamonds) and EPS (-) (empty squares). At pH 6.2, 

sodium azide was added to stop acidification.   Rennet was added at pH 6.2 samples were 

incubated at 40 ºC.   Representative runs.  
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Table 6.3   Average parameters measured at the preliminary stages of gelation using 

DWS and Rheometer for the three Streptococcus thermophilus strains. After the 

acidification of milk sample was stopped by Sodium Azide,  the Rennet was added at pH 

6.2 ,and measured at  40 
0
C. 

 

 

  

EPS(++) 

 

EPS(+) 

 

EPS(-) (Control) 

Gelation Time (Tanδ=1)  

(min) 

 

45.0±6.0
a
 

 

44.0±1.0
a
 

 

33.1±0.5
b
 

Aggregation Time 

(radius) (min) 

 

42.0±3.0
 a
 

 

42.7±0.3
 a
 

 

35.7±0.4
 b
 

Initial Radius  (µm) 0.034±0.003
 a
 0.037±0.003

 a
 0.035±0.001

 a
 

Initial 1/l* (mm
-1

) 0.90±0.03
 a
 0.94±0.05

 a
 0.90±0.03

 a
 

Time(1/l* onset)(min) 20.7±0.9
 a
 19.3±0.3

 a
 17.0±1.0

 b
 

Time(1/l* max)(min) 45.1±4
 a
 40.2±1

 a
 36.1±1

 b
 

1/l* (max) 1.44±0.06
 a
 1.56±0.04

b
 1.48±0.01

 a
 

Tan δ at plateau 0.38±0.004
 a
 0.37 ±0.003

a
 0.38 ±0.002

 a
 

G’ at plateau (Pa) 13.3±0.7
 a
 14.2±0.7

a
 20.8±0.5

b
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           To determine the presence of EPS at this pH, the amount of total sugar was also 

measured using the phenol sulfuric assay at pH 6.6 and pH 6.2, as shown in Table 6.2. 

The amount of total sugar measured confirmed the presence of EPS in the milk fermented 

with EPS producing strains.    

            Light scattering (DWS) measurements were also carried out during the 

fermentation,  and the diffusion coefficient and turbidity of the milk was continuously 

measured. The presence of EPS did not affect the light scattering parameters, once again 

confirming that in these early stages of fermentation no changes occurred to the casein 

micelles. It was concluded that, in spite of the presence of EPS in the milk, at pH >6.2 , 

the polysaccharide molecules produced by the S. thermophilus strains did not affect the 

casein micelles diffusivity nor their spatial arrangements. However, the presence of EPS 

caused a change in the bulk viscosity of the milk (for the EPS++ strain). 

6.4.1 Rennet induced gelation   

            As rennet activity is affected by the pH of gelation, the continuous acidification of 

the milk would make the interpretation of the results very challenging  (Miao et al., 

2014). Hence, in this study, after production of EPS by S. thermophilus strains, at pH 6.2, 

bacterial growth was halted using sodium azide, and the pH remained constant for the 

remainder of the experiment.  The effect of EPS on the aggregation of the casein micelles 

induced by rennet was then studied. The effect of rennet to skim milk has been well 

characterized in the literature (Dalgleish, 1992; Sandra et al., 2007).  The proteolysis of 

κ-casein results in a decrease of the steric repulsion forces of the casein micelles, when 

>85% of the κ-casein is hydrolyzed (Dalgleish, 1992; Li and Dalgleish, 2006). Hence, the 



113 
 

presence of a non interacting polysaccharide in the continuous phase may affect their 

ability to collide, aggregate and form a continuous network.  The aggregation behaviour 

of such model system containing in situ EPS and aggregating casein micelles, may serve 

as a screening tool to understand the impact of EPS presence in the milk. Rheological and 

DWS measurements were conducted during the preliminary stages of aggregation, as 

shown in Figure 6.1. The average values are summarized in Table 6.3.  

           The apparent radius of the casein micelles showed a constant value in all 

treatments,  until a steep increase around 40 min (Table 6.3).  This indicated, as 

previously shown for the fermentation to pH 6.2, that the EPS production did not affect 

the diffusivity of the casein micelles. There was a significantly slower aggregation time 

for casein micelles in milk fermented with EPS (+) and EPS (++), as clearly shown in 

Figure 6.1A. Similar findings were noted also during rheology experiments (Figure 6.1B 

and D). There was a steep increase in the value of the elastic modulus at about 40 min 

(Figure 6.1B), with an earlier time of gelation for control milk, fermented by EPS (-) 

strain.  This is also clearly shown by the change in the Tan δ value (Figure 6.1D).  It was 

concluded that the aggregation induced by rennet was significantly affected by the 

presence of EPS (Table 6.3).  

            It is also important to note that the structure development seemed to be slightly 

slower for the samples containing EPS (Figure 6.1B) with the value of G’ significantly 

lower than  in the case of EPS (-) control samples.  Nonetheless, there were no 

differences in the values of the Tan d at plateau (Table 6.3).  Figure 6.1C also illustrates 

the changes in the turbidity parameter, 1/l*, during renneting.   The initial 1/l* value was 
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0.9 for all milk samples at pH 6.2, regardless of the culture used during fermentation 

(Table 6.3).   

            In the early stages, about 20 min after the addition of rennet, there was a clear 

increase of the 1/l* value, and the onset was significantly earlier for control milk, 

compared to milk fermented with EPS producing cultures (Table 6.3). The increase of the 

1/l* indicates the initial stages of the interactions between casein micelles (Alexander and 

Corredig, 2007; Hemar et al., 2004),  when the casein micelles change their spatial 

correlation. It has been shown that this change in the 1/l* corresponds to about 70% of κ-

casein hydrolysized (Sandra et al., 2007).  At the point of gelation, the turbidity 

parameter reached a plateau at about 1.5 mm
-1

, regardless of the treatment.  Once again, 

the plateau was reached earlier in control samples, compared to the milk fermented with 

EPS (+) and EPS (++) cultures (Table 6.3).   

            The results clearly demonstrated that the presence of EPS hindered the 

aggregation of the casein micelles.  Although the polysaccharide increased the bulk 

viscosity of the milk at pH 6.2 (see Table  6.1),  it did not affect the mobility of the casein 

micelles until  the critical point, when > 85% of the -casein was hydrolysed and the 

micelles would aggregate upon collision.  It may be possible to hypothesize that the EPS 

molecules were closely associated with the casein micelles, and the presence of EPS 

caused slower structure formation by hindering the casein micelles interactions. Although 

the value of G’ at plateau was lower for samples containing EPS, the protein bonds in the 

network were not significantly affected, as the value of Tan δ was similar between the 

treatments. It is important to note that a difference in the number of cells present should 



115 
 

not have an impact on structure formation,  as  a higher volume fraction of caseins does 

not affect the rennet induced aggregation of the casein micelles (Sandra et al.,2011).  

            In previous research, fresh skim milk was incubated at 40 ºC with the same 

bacterial cultures used in this study, and rennet was added after pH 6.2 was reached,  but 

without halting acidification.  In that case, the gelation point occurred at significantly 

higher pH values in milk containing EPS producing cultures (Miao et al., 2014).  

However, the combined acid and rennet gelation did not allow for a careful control of the 

environmental conditions. In this work it was possible to observe the effect of EPS 

without confounding the factor of the acidification.  It is therefore important to point out 

then that the processing conditions can significantly change the effect of EPS on the 

aggregation of casein micelles. 

6.4.2 Acid induced gelation 

            To better understand if the presence of EPS would affect the aggregation of casein 

micelles also in the case of acidification, milk was incubated with Streptococcus 

thermophilus strains to pH 6.2 as described above, and fermentation was then halted by 

addition of sodium azide.  Casein micelles aggregation was then induced by the addition 

of  GDL, as this allowed for a better control of the rate of acidification. Figure 6.2 

illustrates the changes in the light scattering (DWS) and rheological parameters during 

acidification, as a function of pH.  The average parameters are summarized in Table 6.4.            
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Figure 6.2: Changes occurring during gelation measured by rheology and DWS.  G’ (A), 

apparent radius (B) and 1/l* (C) as function of  pH, after addition of GDL at pH 6.2.Milk 

was inoculated with Streptococcus thermophilus strains: EPS (++) (filled circles), EPS 

(+) (filled diamonds) and EPS (-) (empty squares). At pH 6.2, sodium azide was added to 

stop acidification. GDL was added and samples were inclubated at 40 ºC. Representative 

runs.  
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Table 6.4:   Average parameters measured by rheology and DWS for milk incubated with 

three Streptococcus thermophilus strains. Acidification was induced using GDL. Values 

are the average of at least three replicate experiments. . 

 

 EPS(++) EPS(+ ) EPS(-)(Control) 

Gelation pH 

(Tanδ=1) 

 

4.65±0.002
b
 

 

4.75±0.02
a
 

 

4.74±0.003
a
 

Aggregation pH 

(radius) 

 

4.66±0.01
b
 

 

4.77±0.015
 a
 

 

4.71±0.05
a
 

pH (1/l*max) 4.74±0.004
 b
 4.90±0.03

 a
 4.82±0.05

 a
 

G’ (pH 4.6)( Pa) 0.64±0.10
a
 1.46±0.07

 c
 1.16±0.15

 b
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Figure 6.3:    Viscosity as a function of shear rate measured at 4 
0
C for the gels of 

unheated milk fermented with S. Thermophiles CHCC-5086 EPS++( filled circles); 

CHCC- EPS(+) (filled diamonds); CHCC-742  EPS(-) (bland squares). 
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Table 6.5 : Apparent viscosity at selected shear rates measured at 4 
0
C for gels of 

unheated milk fermented with Streptococcus Thermophilus CHCC-5086 (EPS++), 

CHCC(EPS+), and CHCC-742 (EPS-) stains. 

  

Shear rate (1/s) 

CHCC-5086 

EPS(++)  

Viscosity (Pa.s) 

   CHCC-8833 

 EPS(+)  

  Viscosity (Pa.s) 

CHCC-742  

EPS(-)   

Viscosity (Pa.s) 

50 0.044±0.008
 b
 0.032±0.0001

 a
 0.033±0.0003

 a
 

100 0.032±0.004
 b
 0.023±0.001

 a
 0.023±0.002

 a
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Figure 6.4:    Recovery of  G’  after shearing  of gels  of  skim milk acidified by 1.2% 

GDL with the presence of EPS(++) (filled circles), EPS(+) (filled diamonds ), and control 

(empty squares) for 10 h, at 4 
0
C. 
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           The results shown in Figure 6.2 are in agreement with what has been previously 

reported for acid gelation in unheated milk (Donato, et al.,2007). Structure development 

occurred after casein micelles reached a value of pH close to the isoelectric point of the 

proteins. Gelation pH was 4.75 for control and milk incubated with EPS(+),  while 

significantly lower, at pH 4.65 for EPS (++) (Figure 6.2A).  Similar results were also 

noted by observing the aggregation pH using light scattering,  as the steep increase in 

radius occurred at pH 4.66 for EPS(++) containing cultures  (Figure 6.2B).  Similarly, the 

value of 1/l* showed an increase in the sample EPS(++) at a pH of approximately 5.16, 

and peaked at pH of 4.74, significant lower than the control sample EPS(-)  with 

significant increase occurred at a pH of 5.27, and maximum at pH of 4.82( Table 6.4).  

The results suggested that the presence of EPS produced by EPS (++) culture in situ 

affected the pH induced aggregation of the casein micelles, shifting the gelation pH to a 

lower value compared to control or EPS (+) cultures. The same study, carried out on 

heated milk, did not show any effect of EPS in the acid induced coagulation when EPS 

added in isolated form.  

            The results obtained during gelation of unheated milk are in agreement with a 

previous report, which showed that the addition of isolated EPS caused a change in the 

properties of fermented milk gel than the EPS producing in situ during milk acidification 

( Doleyres et al., 2005 ).  At the later stages of the gelation process, EPS (++) caused 

significantly weaker gel network with lower G’ value compared with EPS(+) and control 

gels(Table 6.4), while EPS(+) caused significantly stiffer gel network than control. This 

result suggested one more time that type of EPS is the major factor which affects EPS 

effect on final gel properties.  
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            Figure 6.3 shows the viscosity of unheated milk samples as a function of shear 

rate measured after cooling the gels to 4 0C.  The viscosity of gel fermented with CHCC-

5086 EPS(++) produced in situ was significantly higher than the viscosity of unheated 

milk gels with CHCC-8833 (EPS+) or control non EPS (Table 6.5). The results are in 

agree with previous studies (Kristo, et al., 2011) that there was effect of EPS on viscosity 

of the gels with presence of CHCC-5086 ( EPS++)  after cooling measured at 50 and 100 

s
-1

. On the other hand, the milk gel containing CHCC-8833 (EPS+) produced in situ did 

not show significantly different apparent viscosity with control milk gels.  This may be 

due to the type of polysaccharides produced. 

            The recovery of structure of milk gel at 4 
0
C was observed by small deformation 

rheology (Figure 6.4),  the value of G’ did not change with time after the first few 

minutes of recovery.   The sample obtained by incubation with EPS (++) showed much 

lower G’ values than control and the sample containing EPS(+).  These results confirmed 

what previously reported for acid induced gels obtained by fermentation with EPS 

producing strain Lactococcus lactis subsp. Cremoris (Kristo et al. 2011). 

          However, these results differed from those obtained using purified EPS obtained 

using EPS(++) culture,  where higher G’ values were noted for samples of both heated 

milk and unheated milk containing EPS compared to control.  Higher G’ were also 

reported by other authors after shear (Folkenberg et al., 2005).  The authors suggested 

that gels containing EPS would increase the ability of the gels to regain the structure after 

breakdown and stirring (Folkenberg et al., 2005).  
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Figure 6.5: Confocal laser scanning micrographs of milk acidified gels  for  milk 

fermented with S. Thermophiles  to pH 6.2, and GDL added and incubated at 40 
0
C . Milk 

samples presence of CHCC-5086 EPS (++)(A,B), presence of CHCC-8833 EPS (+) 

(C,D), and control (E,F). All samples were observed at pH 4.6, with Rhodamine B 

(A,C,E) and with fluorescently labeled lectin (B,D,F) . Scale bar, 50µm. 
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. 

          It is important to note that the differences may be due to the use of purified EPS, 

instead of EPS produced in situ, as well as differences in the strains used and the type of 

polysaccharide. The isolation procedure may change the charge or other properties of 

EPS, or may EPS produced in situ created different solution environment as EPS added 

as ingredient.  The charge properties of EPS may affect the rheological characteristics of 

the fermented milk (Pleijsier et al., 2000),  It has also been suggested that  

monosaccharide composition, charge, linkages between units, presence of repeated side 

chains, or length and frequency of branching of EPS might affect the rheological 

properties of fermented milk  (Duboc et al., 2001) 

          To better understand whether any differences in the microstructure of the milk acid 

gels with or without EPS, confocal microscopy was carried out in the gels when pH of 

4.6 once reached.  EPS was stained with lectin SBA Alexa Fluor 488 that has been 

reported to be able to selectively stain the β-galactopyranosyl residues which present in 

many EPS structures  produced from LAB during fermentation (Gruter et al., 1993).  This 

fluorescent conjugate of lectin has been employed by several researchers to image the 

location and distribution of EPS in culture medium (Goh et al., 2005c).  Rhodamine B 

was also used in combination with lectin to stain protein network.  

            There were no visible bacterial cells in the Figure 6.5. Gels containing EPS 

exhibited loose structures (Figure 6.5 A&C). The lower ropy EPS-producing culture 

indicates a less porous structure. Control gel showed a much thicker protein network.  

Similar result have been addressed by previous studies that gels obtained with the EPS (-) 
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control culture, showed a thick protein network-like structure similar to that of previous 

reports of gels produced by lactic acid bacteria (Azim et al., 2010; Goh et al., 2005b, 

Miao, 2011). 

 

6.5 Conclusions 

            To determine the effect of the presence of polysaccharide produced by S. 

thermophilus on the aggregation of the casein micelles after incubation at 40 ºC. The 

employment of a number of techniques in this work to follow the interactions between 

proteins and EPS in fermented systems. The study showed the presence of EPS produced 

in situ significantly delayed rennet-induced aggregation of casein micelles when the pH 

was kept at 6.2. For chemical acidification with GDL resulted in significantly lower pH 

of gelation compared to the control for milk sample with S. thermophilus CHCC-5086 

EPS(++). On the other hand, the presence of S. thermophilus CHCC-8833 EPS (+) in 

milk sample cause higher pH of gelation than control in acid aggregation, but the 

difference was not noticeable with control.  

            Comparison of the result with a previous study, combined rennet and acidification 

samples coagulated at significantly higher pH in the presence of EPS-producing strain 

compared to the control (Miao,2011); The addition of isolated S. thermophilus CHCC-

5086 EPS in milk did not cause noticeable changes in acid aggregation in heated milk 

system,  but the addition of the same EPS slightly shifted the gel point to higher pH in 

unheated skim milk system. On the other hand, the addition of the same amount of EPS 

showed significant effect on heated milk aggregation when presence of living EPS–non 

producing bacteria of S. thermophilus. These research results demonstrate that, for the 



126 
 

first time, the effect of EPS on the aggregation of casein micelles can be significantly 

affected by the processing conditions.   
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CHAPTER 7 

GENERAL CONCLUSIONS 

 

            Polysaccharides producing lactic acid bacteria cultures have been widely used in 

fermented milk products to improve texture properties.  Few studies have focused on the 

detail of interactions between EPS and proteins. In particular, no studies have compared 

various isolation methods and  determined different means to follow the function and 

interactions of EPS with proteins.  Furthermore, studies have either used purified EPS or 

EPS produced in situ, and this work clearly showed that the systems are not comparable. 

            An improved EPS isolation method was developed.  Ethanol precipitation 

followed by TCA precipitation resulted in higher yields than the conventional TCA 

precipitation, and the isolated EPS showed little residual protein.  The study also showed 

that the molecular mass and composition of the polysaccharide may vary with the 

isolation method.   

A model system was tested to study the interactions of isolated EPS with -

lactoglobulin and caseins, the main protein components in milk, as a function of pH.  At 

neutral pH, purified EPS did not show interactions with proteins, but at pH values near 

the isoelectric point of the proteins, the polysaccharide chains interacted with the proteins 

at the interface.  This caused a shift in the pH of aggregation.  This result demonstrated 

clearly that emulsion droplets could be employed as a model to study the interactions 

between proteins and polysaccharides isolated from lactic acid bacteria. 
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            The interactions between isolated EPS and proteins were also studied under more 

realistic conditions, i.e. in unheated or heated skim milk system using rheology and 

Diffusing Wave Spectroscopy (DWS). The presence of EPS did not affect the 

preliminary stages of gelation in heated skim milk acidified with GDL, but resulted in a 

higher storage modulus of milk gels and higher recovery of the gels after shearing.   In 

contrast, there was also a higher pH of gelation in unheated milk acidified with GDL.  

Gelation was also carried out with a non EPS producing S. thermophilus strain. In this 

case,   in heated milk, there were slight differences in the pH of gelation,  and higher 

elastic modulus at pH 4.6 for gels with the presence of isolated EPS, albeit no differences 

in the shear recovery. These results point to differences in the behaviour of EPS 

depending on the kinetics of acidification.   

           As the isolation of EPS may affect its structure, and hence its functionality,  

studies were also conducted after fermentation of S. thermophilus in situ.  For the first 

time, a novel approach to the study of EPS protein interactions was tested. Skim milk was 

incubated with EPS producing cultures until a pH of 6.2 was reached.  The light 

scattering properties were followed, and the amount of EPS produced was estimated. At 

pH 6.2,  EPS did not affect the mobility of the casein micelles and did not interact with 

the proteins,  although it caused a change in the bulk viscosity of the milk.    

 Immediately after reaching pH 6.2,  fermentation was halted by the addition of 

sodium azide. Then rennet or glucono-delta-lactone (GDL) were added, to  determine any 

effect of the EPS had on the different modes of aggregation of the casein micelles. The 

presence of EPS significantly affected both rennet and acid induced gelation of the casein 

micelles.   
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The results of this thesis clearly indicate that the effect of EPS on the aggregation 

of casein micelles can be significantly affected by processing conditions, and provide 

relevant information for the challenges of incorporating EPS in various dairy products.  
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           For the increases in radius ( or others) as a function of pH, the above figure shows 

the way I took the data. The data was read at crossing point, then analyzed using one way 

ANOVA and the statistical software package R2.12.2.Means of data were expressed with 

standard deviation and compared using the Tukey method for all pairwise comparisons. 

For significant effect were considered significant at p<0.05%. 

  

 


