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To date, novel crosslinking enzymes, 
including transglutaminase (TG), have not 
been widely applied in the dairy industry. In 
traditional manufacturing methods for sour 
milk products, a high protein content is 
needed to obtain a viscous and firm 
structure. This incurs additional costs. In 
this work, the economical manufacturing 
methods utilized for sour milk products 
were developed with the aid of TG. 
Commercial TG products are powders 
which are difficult to dose at factory scale 
because of the high pressure in the tanks, 
which creates dust. This dust might result in 
allergies in employees. This thesis describes 
a method to produce a novel liquid form of 
TG, which maintains its activity and 
microbial quality. This liquid TG was 
compared to powdered TG in the production 
of yogurt. In this work high pressure 
homogenization of yogurt milk was also 
studied. The present study demonstrates 
that high-quality sour milk products can be 
manufactured with liquid TG and high 
pressure homogenization. 
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Abstract 
  
The dairy food sector traditionally utilizes enzymes such as rennet. To date, novel 

crosslinking enzymes, including transglutaminase (TG; EC 2.3.2.13), have not been widely 
applied in the dairy industry. Microbial TG is a transferase which forms both inter- and 
intramolecular isopeptide bonds between glutamine and lysine amino acids. It forms bonds 
between similar proteins and caseins that are good substrates for TG. The first investigation of 
TG in yogurt was published approximately 14 years ago. TG has been mostly studied in set 
yogurts and stirred yogurts. A few studies of TG in kefir have been published, but studies of 
fermented milk and viili are lacking. In traditional manufacturing methods for sour milk 
products, a high protein content is needed to obtain a viscous and firm structure. This incurs 
additional costs. In this work, the economical manufacturing methods utilized for sour milk 
products were developed with the aid of TG. 

    
In yogurt production, the protein content was decreased by 12%. High-pressure 

homogenization at 400 bar significantly improved yogurt viscosity, which was 57% more 
viscous than traditionally homogenized (230 bar) and TG-treated yogurt. In fermented milk 
production, the protein content was decreased by 9%. The formation of flakes was avoided with 
a preincubation step. In viili production, the protein content was decreased by 25%. The lower 
protein level in yogurt, fermented milk and viili production could be achieved without any loss 
of viscosity or firmness and sensory properties. 

  
Commercial TG products are powders which are difficult to dose at factory scale because of 

the high pressure in the tanks, which creates dust. This dust might result in allergies in 
employees. This thesis describes a method to produce a novel liquid form of TG, which 
maintains its activity and microbial quality. This liquid TG was compared to powdered TG in 
the production of yogurt. Liquid TG was extremely stable at -20 °C for 6.5 months. The 
powdered TG and liquid TG were equally efficient in the production of yogurt. The viscosity of 
both yogurts was approximately 70 mPas. The present study demonstrates that high-quality 
sour milk products can be manufactured with liquid TG and high pressure homogenization. 
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Tiivistelmä 
  
Meijeriteollisuus perinteisesti hyödyntää entsyymejä kuten juoksetetta. Nykyään uusia 

ristisilloittavia entsyymejä, sisältäen transglutaminaasin (TG; EC 2.3.2.13), ei ole laajasti 
käytetty meijeriteollisuudessa. Mikrobi TG on transferaasi, joka muodostaa sekä molekyylin 
välisiä että sisäisiä isopeptidisidoksia glutamiini ja lysiini aminohappojen välille. Se muodostaa 
sidoksia samanlaisten proteiinien välille ja kaseiinit ovat hyviä substraatteja TG:lle. 
Ensimmäinen tutkimus TG:stä jogurtissa julkaistiin noin 14 vuotta sitten. TG:tä on pääasiassa 
tutkittu set-jogurtissa ja sekoitetuissa jogurteissa. Muutamia tutkimuksia TG:stä kefiirissä on 
julkaistu, mutta TG tutkimukset piimässä ja viilissä puuttuvat. Perinteisissä 
hapanmaitotuotteiden valmistusmenetelmissä tarvitaan korkea proteiinipitoisuus viskoosin 
ja kiinteän rakenteen aikaansaamiseksi. Tämä aiheuttaa lisäkuluja. Tässä työssä TG:n avulla 
kehitettiin taloudellisia hapanmaitotuotteiden valmistusmenetelmiä. 

  
Jogurtin valmistamisessa proteiinipitoisuutta pystyttiin laskemaan 12%. 

Korkeapainehomogenointi 400 bar paineessa merkittävästi paransi jogurtin viskositeettiä, 
joka oli 57% viskoosimpaa kuin perinteisesti homogenoitu (230 bar) ja TG käsitelty jogurtti. 
Piimän valmistuksessa proteiinipitoisuus pystyttiin laskemaan 9%. Hiutaleiden 
muodostuminen onnistuttiin välttämään esi-inkubointi vaiheella. Viilin valmistamisessa 
proteiinipitoisuus pystyttiin laskemaan 25%. Alempi proteiinitaso jogurtissa, piimässä ja 
viilissä saavutettiin ilman, että tuotteen viskositeetissä tai kiinteydessä ja aistinvaraisissa 
ominaisuuksissa olisi havaittu heikkenemistä. 

   
Kaupalliset TG tuotteet ovat jauheita, joita on hankala annostella tehdasmittakaavassa, koska 

tankeissa on usein ylipainetta, joka aiheuttaa pölyämistä. Tämä pölyäminen saattaa aiheuttaa 
allergiaa työntekijöille. Tässä väitöskirjassa kuvataan menetelmä uuden nestemäisen TG:n 
valmistamiseksi, joka säilyttää aktiivisuutensa ja mikrobiologisen laadun. Nestemäistä TG:tä 
verrattiin jauhemaiseen TG:seen jogurtin valmistamisessa. Nestemäinen TG oli erittäin 
stabiili -20 °C:ssa 6.5 kuukautta. Jauhemainen TG ja nestemäinen TG olivat yhtä tehokkaita 
jogurtin valmistamisessa. Molempien jogurttien viskositeetti oli noin 70 mPas. Tutkimus 
osoittaa, että korkealuokkaisia hapanmaitotuotteita voidaan valmistaa nestemäisen TG:n ja 
korkeapainehomogenoinnin avulla. 
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ABBREVIATIONS 

 
-la  -lactalbumin  

AU  Anson unit  
-lg  -lactoglobulin 

CCP  Colloidal calcium phosphate 
CWP ratio Casein whey protein ratio 
C(TG)   Enzyme powder concentration (g/l) 
E/S  Enzyme/substrate ratio 
EDTA  Ethylenediaminetetraacetic acid 
ELISA  Enzyme-linked immunosorbent assay  
GDL   D-(+)-gluconic acid -lactone  
-GGT  -glutamyl transferase 

GSH   Glutathione 
HPLC  High-performance liquid chromatography 
Ig  Immunoglubulins 
IMCU  International milk clotting units 
KS-VA  Transglutaminase-containing lactose, maltodextrin and vegetable oil 
MFGM  Milk fat globule membrane 
MS  Mass spectrometric analysis 
N-CBZ-Gln-Gly N-carbobenzoxyl-L-glutamyl-glycine 
n(inhibitor) Molar concentration of inhibitor (mol/l) 
n(TG)  Molar concentration of TG (mol/l) 
ONPGU  o-nitrophenyl- -D-galactopuranoside unit 
SDS-PAGE  Sodiumdodecyl sulphate polyacryl amide gel electrophoresis 
SNF   Solids-non-fat 
SMP  Skimmed milk powder 
TG  Transglutaminase 
TG-MP  Transglutaminase containing lactose and maltodextrin 
TG-YG  Transglutaminase containing lactose, yeast extract, maltodextrin and  

safflower oil 
TG-WM  Transglutaminase containing maltodextrin 
U  Unit 
UF   Ultrafiltration 
UHT  Ultra-high heat-treated 
USP  United states pharmacopeia 
WHC  Water holding capacity  
WPC  Whey protein concentrate 
(v/v)  Volume per volume (ml/ml × 100%) 
(w/v)  Weight per volume (g/ml × 100%) 
(w/w)  Weight per weight (g/g × 100%) 
X(milk)   Amount of added milk (%) 
X(TG)   Protein concentration (%) 
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1 INTRODUCTION 

In this work, the literature section presents the composition of milk, the production of fer-
mented milk products, the transglutaminase enzyme and the transglutaminase enzyme in 
fermented milk products. The experimental part studied milk’s cognative enzyme 
-glutamyl transferase ( -GGT) in raw milk and different milk factions and whether -GGT 

can crosslink Na-caseinate. The effect of heat treatment on crosslinking of milk proteins 
and hardness of chemically acidified gels was studied. Methods of improving the crosslink-
ing ability of milk proteins were studied. TG was studied in different milk products and a 
liquid transglutaminase was developed. This liquid transglutaminase was tested in yogurt 
production.  

 
Fermentation is one of the oldest methods practised by human beings for transforming 
milk into products with an extended self-life (Tamime and Robinson, 2007). The exact origin 
of the making of fermented milks is difficult to establish, but it could date from some 
10−15,000 years ago as the way of life of humans changed from foraging to producing food. 
Sour milk products are produced by fermenting milk with lactic acid bacteria under con-
trolled conditions. In 2011, 8,255,000 tonnes of sour milk products were produced in the 
EU, and 207,000 tonnes in Finland (Table 1). 
 
Table 1. Production of sour milk products in selected countries (IDF 458, 2012) 
 
1,000 tonnes    
Country 2011 Country 2011 
Asia  Other Europe  
China 3,924 Russia 2,481 
Iran 2,000 Ukraine 474 
Turkey (A) 1,466 Switzerland 258 
Japan 923 Norway 131 

    
EU-27  North and Central America  
Germany 1,912 United States of America (B) 1,938 
France 1,668 Mexico 603 
Spain 781 Canada 328 
Poland 627   
Netherlands 396 South America  
United Kingdom 377 Argentina 517 
Sweden 263 Chile 149 
Finland 207   
Estonia 42 Africa  

  South Africa 324 
  Egypt 212 

(A) Kefir excluded. (B) Production of yogurt only.  
 
The traditional methods applied to improve the texture of sour milk products and decrease 
syneresis include the enrichment of dry matter (total solids) and/or protein content, as well 
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as the addition of hydrocolloids like gelatine and starch (Gauche et al., 2009). Important 
physical properties that determine the physical structure of sour milk products are firm-
ness, syneresis and viscosity (Walstra, 1999). Several product and process variables affect 
firmness:  
 

a) The casein content of the milk; firmness is directly proportional to the casein 
content of milk.  
b) Fat content; the higher the fat content the weaker the gel, because the fat glob-
ules interrupt the network.  
c) Homogenizing the milk leads to a much enhanced firmness because the fat glob-
ules then contain fragments of casein micelles in their surface coating, by which 
they can participate in the network upon acidification.  
d) Heat treatment of milk considerably enhances firmness by denaturing whey pro-
teins. Milk is generally heat-treated for 5–10 min at 85–90 °C.  
e) Sour milk cultures vary in the firmness they produce, but as a rule the difference 
is small. 
f) The pH; generally, sour milk is firmer at a lower pH. The preferred pH is between 
4.1 and 4.6.  
g) Incubation temperature; the lower the temperature is the longer it takes to acid-
ify and the firmer the gel is.  
h) The temperature of the sour milk product. For the same incubation temperature, 
a lower measuring temperature gives grater firmness. The explanation of this is 
that casein micelles swell when the temperature is lowered.  

 
The firmness of a sour milk product is often estimated by lowering a probe of a given 
weight and dimensions into the product over a given time. Syneresis is for the most part 
due to a rearrangement of the network. The network then tends to shrink, thereby expel-
ling interstitial liquid. Factors that affect syneresis are:  
 

a) Incubation temperature; the higher the incubation temperature the more whey-
ing off will occur.  
b) Disturbance of the gel; if the gel is slightly shaken at a time when gel formation 
has just started and the gel is still weak, this may increase syneresis.  
c) Fat content; the higher the fat content the less wheying off will occur.  
d) Air removal; syneresis is lower in milk where air is removed by evaporation or 
deaeration processes.  

 
The viscosity of a sour milk product is a measure of its resistance to gradual deformation by 
shear stress. The apparent viscosity at a given shear rate of stirred sour milk product de-
pends on:  
 

a) The firmness of the gel before stirring; the higher it is, the higher the viscosity af-
ter stirring will be.  
b) The intensity of stirring; the more vigorous the stirring, the lower the apparent 
viscosity but also the smoother the product.  
c) Syneresis; the more syneresis occurs after stirring, the less viscous and lumpier 
the product becomes.  
d) Bacterial strains applied. Considerable variation occurs among strains; it appears 
that this is mainly due to variation in inhomogeneity of the gel formed. An inhomo-
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geneous gel readily creates large lumps on stirring, and the more homogenous it is, 
the more viscous and smooth the sour milk product is.  

 
Viscosity is most easily determined by means of a Ford cup; a given amount of a sour milk 
product is allowed to flow from the opening at the conical lower end of the cup, and the 
time needed for that is a measure for the viscosity. Typically, viscosity is measured with 
viscometers and rheometers. In rheology, viscosity is determined as the ratio between 
shear stress and shear speed. 
 
In the traditional production methods of sour milk products, no crosslinking enzymes are 
applied. The development of cheap microbial TG in the late 1980s (Chu et al., 1995) led to 
research into TG in yogurt in the late 1990s. The use of enzymes is considered acceptable 
by consumers, as they require high specification and are only used in catalytic processes; 
thus they present a reduced probability of toxic compounds and are considered to be more 
‘natural’ than chemical treatments (Gauche et al., 2009). By applying TG in sour milk prod-
ucts, it is possible to increase gel strength, viscosity, water-holding capacity and stability, as 
well as to decrease permeability (Özrenk, 2006). 
 
TG is a transferase that forms both inter- and intra-molecular isopeptide bonds in and be-
tween many proteins by crosslinking of the amino acid residues of protein-bound glutamine 
and lysine (Bönisch et al., 2007b). The TG reaction results in the formation of a 
-( -glutamyl)lysine isopeptide bond, when protein-bound lysine residues act as an acyl 

acceptor (Ando et al., 1989). Crosslinking affects the functional properties of food proteins 
(Chu et al., 1995). Milk proteins, especially caseins, have been shown to be good substrates 
for TG due to their open and flexible structure (Bönisch et al., 2007a). 
 

1.1 Milk composition 

 
Milk is a very variable biological fluid. Therefore, only a rough estimate of the average com-
position of milk can be given (Table 2). Milk varies with the individuality of the animal, the 
breed, health, nutritional status, stage of lactation, age, interval between milkings, etc. (Fox 
and McSweeney, 1998). Milk composition varies considerably across the seasons (Auldist et 
al., 1998; Lindmark-Måsson et al., 2003; Heck et al., 2009). In Finland, the fat and protein 
content are being typically lowest during summer and highest during winter (Anon, 2011). 
In this thesis, milk from domesticated healthy cows is examined.   
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Table 2. The approximate composition and variation of the main components in milk (Fox 
and McSweeney, 1998; Walstra, 1999; Bylund, 2003) 
 

 
 
 
 

1.1.1 Milk proteins 

 
Normal bovine milk contains about 3.5% protein. The concentration changes significantly 
during lactation (Fox and McSweeney, 1998). Milk protein contains about 80% caseins and 
20% whey proteins. Casein proteins precipitate on acidification to pH 4.6 at around 30 °C. 
Proteins which remain soluble under these conditions are referred to as whey proteins. In 
addition milk contains small amount of proteins, glycoproteins and enzymes which are as-
sociated to milk fat globule membrane (Fong et al., 2007). Some information about the 
molecular weight and amino acid composition of the major milk proteins is presented in 
Table 3. 
 
  

Average content Average content 
in milk Variation in dry matter

Component [% w/w] [% w/w] [% w/w]
Water 87.3 85.3-88.7
Total solids 12.7 10.5-14.5
Solids-non-fat 8.9 7.9-10.0
Fat in dry matter 31 22-38
Lactose 4.8 3.6-5.5 36
Fat 4.0 2.5-6.0 31
Protein 3.4 2.9-5.0 25
    casein 2.7 1.7-3.5 20
Mineral substances 0.7 0.57-0.9 5.4
Organic acids 0.17 1.3
Miscellaneus 0.15 1.2
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Table 3. Molecular weight, total residues, number of lysine and glutamine of major milk 
proteins (Fox and McSweeney, 2003) 
 

    
 
 
 
1.1.1.1 Caseins 
 
About 80% of milk proteins are present in casein micelles, which are large spherical com-
plexes containing 92% protein and 8% low molecular mass, mainly inorganic salts, principal-
ly calcium phosphate (Fox and McSweeney, 2003). Roughly 65% of calcium exists in casein 
micelles and only 10% is present as free calcium ions. Caseins represent four individual ca-
sein molecules: s1-, s2-, - and -casein. Their account for approximately 38%, 10%, 35% 
and 15% of milk casein, respectively. The average diameter of casein micelles is from 
150−200 nm (Dalgleish and Corredig, 2012). One casein micelle contains several thousand 
individual protein molecules. The molecular mass of a casein micelle ranges from 106 Da to 
109 Da (average 108 Da) (Fox and McSweeney, 1998). The micelles are highly hydrated, with 
approximately 3.5 kg of water per kilogram of protein. Thus, although the caseins make up 
approximately 2.5% of the total weight of milk, the micelles occupy approximately 10% of 
the volume. Caseins have high surface hydrophobicity. They have a fairly high negative 
charge (Walstra, 1999). Casein molecules cannot, or can hardly, be denatured because they 
have little secondary or tertiary structure.  
 
Since the late 1960s, there has been debate about the internal structure of the micelle (Fox 
and Brodkorb, 2008). The submicellar hypothesis was formulated first (Waugh et al., 1970). 
In this model, small protein aggregates (submicelles) were linked together by small domains 
of calcium phosphate (Schmidt, 1982). The latest suggestion has been made by Dalgleish 
(2011) (Figure 1). In this model, -casein is present on the surfaces of micelles. It has been 
suggested on the basis of the known surface area covered by individual caseins on the in-
terfaces of emulsion droplets that the amount of available -casein is insufficient to cover 
all of the micellar surface and that other caseins must be present in the surface layer. The 
question of the location of a large amount of water in the micellar interior has not generally 
been considered in most models. It is important because it is known that micelle is, to some 
extent, porous given that -casein can be removed from the micelle by cooling and large 
molecules can penetrate the micelle. In this model, it has been suggested that water chan-
nels within the micelle can be stabilized by -casein interacting with the hydrophobic por-
tions of nanoclusters. Trejo et al. (2011) have demonstrated by cryo-transmission electron 

Component Molecular weight Total residues Number of lysine Number of glutamine
[kDa]

Caseins

s1-casein 23,612 199 14 15

s2-casein 25,228 207 24 15
-casein 23,98 209 11 21
-casein 19,005 169 9 14

Whey proteins
-lactoglobulin 18,362 162 15 9
-lactalbumin 14,174 123 12 5
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tomography analysis the presence of water-filled cavities (around 20–30 nm in diameter), 
channels (with diameter greater than 5 nm), and several hundred high-density nanoclusters 
(6–12 nm in diameter) within the interior of the micelles. No spherical protein submicellar 
structures were observed. 

 
 
Figure 1. Schematic section through a micelle, showing the regions of water within the 
structure (in white). The s- and -caseins (in orange) are attached to and link the calcium 
phosphate nanoclusters (the grey spheres). Some -casein (in blue) hydrophobically binds 
to other caseins and can be removed by cooling. The para- -casein (in green) and the ca-
seinomacropeptide chains (in black) are on the outermost parts of the surface. The image is 
not to scale, and the sizes of the water channels are exaggerated for clarity (Dalgleish and 
Corredig, 2012). 
 
During acidification, changes occur not only to the hairy surface of the micelle, but also to 
its internal structure (Dalgleish and Corredig, 2012). When the pH of milk decreases from 
6.6 to 6.0, the net negative charge of the casein micelles decreases (Lee and Lucey, 2010). 
Only a small amount of colloidal calcium phosphate (CCP) is solubilized at pH values above 
6.0. As the pH of milk decreases further from 6.0 to 5.0, the negative charge on the casein 
micelles greatly decreases and the rate of solubilisation of CCP increases, which weakens 
the internal structure of casein micelles. In milk, CCP is completely solubilised in casein mi-
celles by a pH of about 5.0. When the pH of milk becomes close to the isoelectric point of 
casein (pH 4.6), there is a decrease in the net negative charge on the casein, which leads to 
decreased electrostatic repulsion between casein molecules. On the other hand, casein–
casein attractions increase due to increased hydrophobic and plus–minus (electrostatic) 
charge interactions. The acidification process results in the formation of a three-
dimensional network consisting of clusters and chains of caseins. 
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1.1.1.2 Whey proteins 
 
About 20% of the total protein in bovine milk belongs to a group of proteins generally re-
ferred to as whey or serum proteins (Fox and McSweeney, 2003). This group includes 

-lactoglobulin, -lactalbumin, blood serum albumin, immunoglubulins and proteose pep-
tones. Additionally, whey contains non-protein nitrogen. Non-protein nitrogen is a very 
heterogeneous faction which includes, for example, urea, -amino nitrogen, creatine and 
uric acid. Most whey proteins are typically globular proteins: they have a relatively high 
hydrophobicity and compactly folded peptide chains (Walstra, 1999).  
 

-lactoglobulin ( -lg) represents about 50% of total whey protein and 12% of the total pro-
tein in milk (Fox and McSweeney, 1998). There are ten known genetic variants of bovine -
lg (Thompson et al., 2009). It contains two intramolecular disulphide bonds and 1 mol of 
cysteine per monomer of 18 kDa (Fox and McSweeney, 2003). The cysteine is especially 
important since it reacts, following heat denaturation, with disulphide of -casein. It is also 
responsible for the cooked flavour of heated milk. -Lg is a highly structured protein: in the 
pH range 2–6, 10–15% of the molecule exists as -helices, 43% as -sheets and 47% as un-
ordered structures, including -turns. -lg has a very compact globular structure: each 
monomer exists almost as a sphere, about 3.6 nm in diameter. At pH values below 3.5 and 
above 7.5, -lg dissociates to monomers of 18 kDa. Between pH 5.5 and 7.5, -lg forms 
dimers of 36 kDa. Between pH 3.5 and 5.2, and especially around pH 4.6, -lg forms octam-
ers of 144 kDa. The isoelectric point is pH 5.2 (Walstra, 1999). 
 

-lactalbumin ( -la) represents about 20% of total whey protein and 4% of the total pro-
tein in milk (Fox and McSweeney, 1998). It is rich in sulphur (1.9%) which is present in cys-
teine. It has four intramolecular disulphide bonds. It is a metallo-protein; it binds to Ca2+ per 
mol in a pocket containing four Asp residues. The isoelectric point is pH 4.8. -La is a com-
pact globular protein which exists in a solution as a prolate ellipsoid with dimensions of 
2.5 nm × 3.7 nm × 3.2 nm (Fox and McSweeney, 2003). About 26% of the sequences occur 
as -helices, 14% as -structures and 60% as unordered structure. The Ca-containing pro-
tein is quit heat stable (the most heat stable of the principal whey proteins). When the 
pH is reduced to less than around pH 5, the Asp residues become protonated and lose their 
ability to bind Ca2+. The metal-free protein is denatured at quite low temperature and does 
not renature on cooling. 
 
Normal bovine milk contains a low level of blood serum albumin (BSA; 0.1–0.4 g/l), pre-
sumably as a result of leakage from blood (Fox and McSweeney, 2003). The molecular 
weight is around 66 kDa. The molecule contains 17 disulphides. The molecule is elliptical in 
shape. Mature milk contains 0.6–1 g/l immunoglubulins (Ig), but colostrum contains up to 
10% of Ig, the level which decreases rapidly post-partum. Immunoglobulins are very com-
plex proteins. The molecular weight of Ig is 161 kDa (Thompson et al., 2009). The physiolog-
ical function of Ig is to provide various types of immunity. The proteose-peptone (PP) 
fraction is defined as the 12% trichloroacetic acid-insoluble proteins in acid (pH 4.6) whey 
prepared from milk heated at 90 °C for 30 min (Fox and McSweeney, 2003). PPs normally 
represent ~10% of the pH 4.6-soluble N and the value increases in late lactation or during 
mastitis. The non-protein nitrogen (NPN) fraction of milk contains those nitrogenous com-
pounds soluble in 12% trichloroacetic acid. It presents about 5% of the total N (~300 mg/l). 
The principal components are urea, creatine, -amino nitrogen, uric acid, ammonia and 
creatinine.  
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Exposing the whey proteins to heating results in denaturation and aggregation of the pro-
teins (Thompson et al., 2009). The immunoglobulins are most heat labile, and -la is the 
most heat stable, with -lg and bovine serum albumin being intermediate. In general, sig-
nificant denaturation of the major whey proteins -la and -lg occurs only on heating milk 
to temperatures above around 70 °C. The denaturation of whey proteins is a kinetic phe-
nomenon and depends on both temperature and the duration of heat treatment. In milk, 
denatured whey proteins interact with -casein and with each other. There is clear evi-
dence that disulphide bonds are involved in complex formation between -casein and -lg 
when milk is heated. 
 

1.1.2 Indigenous enzymes of milk 

About 70 indigenous enzymes have been reported in normal bovine milk (Fox and Kelly, 
2006a). About 20 of these have been isolated and characterized in considerable detail; 
most of them have some technological significance (Fox and McSweeney, 2003). The re-
maining enzymes are of little or no significance. The indigenous enzymes originate from 
four principal sources: (1) blood, which enters through leaky junctions; (2) cell cytoplasm, 
some of which may be trapped within some fat globules by the encircling milk fat globule 
membrane (MFGM) during excretion from the cell; (3) the MFGM itself, the outer layer of 
which is derived from the apical membrane of mammary cell, and which, in turn, originates 
from the Golgi membranes (this is probably the source of most of the enzymes in milk); (4) 
somatic cells (leucocytes), which enter the mammary gland from the blood to fight bacteri-
al infection (mastitis), and thence enter the milk. The indigenous enzymes in milk are found 
in or associated with casein micelles, fat globule membrane, milk serum and somatic cells. 
The main indigenous enzymes are presented in Table 4.  
 
Table 4. The main indigenous enzymes in milk (Fox and Kelly, 2006a and 2006b)  
 
Enzyme EC number 
Lactoperoxidase (EC 1.11.1.7) 
Catalase (EC 1.11.1.6) 
Xanthine oxidoreductase (EC 1.13.22; 1.1.1.204) 
Proteinases 
      Plasmin 
      Catepsin D 

 
(EC 3.4.21.7) 
(EC 3.4.23.5) 

Lipases 
      Bile salts-stimulated lipase 
      Phospholipase 

 
(EC 3.1.1.3; 3.1.1.13) 
(EC 3.1.1.-) 

Esterases 
      Arylesterase 
      Cholinesterase 
      Carboxylesterase 

 
(EC 3.1.1.2) 
(EC 3.1.1.7; 3.1.1.8) 
(EC 3.1.1.1) 

Amylase (EC 3.2.1.-) 
Alkaline phosphatase (EC 3.1.3.1) 
Acid phosphatase (EC 3.1.3.2) 
Ribonuclease (EC 3.1.26.-) 

-N-acetylglucosaminidase (EC 3.2.1.30) 
Lysozyme (EC 3.1.2.17) 
-Glutamyl transferase  (EC 2.3.2.2) 

Superoxide dismutase (EC 1.15.1.1) 
Sulfhydryl oxidase (EC 1.8.3.-) 
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1.1.2.1 -Glutamyl transferase 
 
Milk naturally contains a cognate enzyme for transglutaminase called -glutamyl transfer-
ase ( GGT, EC 2.3.2.2.) (Fox and Kelly, 2006b). GGT catalyses the transfer of -glutamyl 
residues from -glutamyl-containing peptides. 
 

-Glutamyl-peptide + X -> peptide+ -glutamyl-X, 
 
where X is an amino acid. 
 
-GGT has been isolated from the fat globule membrane (Fox and McSweeney, 1998). Its 

molecular mass is higher than microbiological transglutaminase. It has a molecular mass of 
about 80 kDa, compared to the 37 kDa of microbiological transglutaminase (Baumrucker, 
1979 and 1980). -GGT consists of two subunits of 57 kDa and 26 kDa. It is optimally active 
at pH 8.5–9 and about 45 °C and has an isoelectric point of pH 3.85 (Fox and Kelly, 2006b). 
Microbial transglutaminase is optimally active at pH 5–8 and around 50 °C and has an isoe-
lectric point of pH 8.9 (Schorch et al., 2000). Bovine milk GGT is stable at 20 °C, but its activ-
ity is reduced by more than 80% in pasteurized (72–75 °C for 15 s) milk (Fox and 
McSweeney, 2003).  
 
-GGT is most active in colostrum and its activity in bovine milk varies during different stag-

es of lactation (Fox and Kelly, 2006b). -GGT functions in the regulation of cellular glutathi-
one and may be involved in the transportation of amino acids from blood into the 
mammary gland via the -glutamyl cycle, and thus may be involved in the biosynthesis of 
milk proteins. 
 

1.2 Production of fermented milk products 

1.2.1 Yogurt 

 
Yogurt is probably the most popular fermented milk product (Walstra, 1999). It is made in a 
variety of compositions (fat and dry matter content), either plain or with added substances, 
e.g. fruits, sugar and gelling agents. It is a traditional fermented milk product which origi-
nates from the Middle East (Tamime and Robinson, 2007). Fermentation has been used for 
thousands of years to produce milk products.  
 
Yogurts are prepared by fermentation of milk with thermophilic bacterial cultures consist-
ing of a mixture of Streptococcus subsp. thermophilus and Lactobacillus delbrueckii subsp. 
bulcaricus (Lee and Lucey, 2010). There are two major types of yogurt: set and stirred. Set 
yogurt is incubated and cooled in packaging, and stirred yogurt is incubated in a tank, 
stirred, cooled and packed. Of these, stirred yogurt is the most common type. The main 
manufacturing process of stirred yogurt is presented in Figure 2.  
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Figure 2. Block diagram of the preparation process of stirred yogurt (adapted from Tamime 
and Robinson, 2007)  
 
The preparation of yogurt often begins with raw milk separation and standardization of the 
fat and protein content. In the separation of raw milk, fat is separated from raw milk by 
utilizing centrifugal force. The cream ends up in a lighter phase and skimmed milk separates 
as a second fraction. After that, the fat content can be standardized by adding cream to the 
skimmed milk to the desired level. The protein content and dry matter can be adjusted by 
evaporation under vacuum, membrane processing (i.e. reverse osmosis and ultrafiltration) 
or adding milk powders, whey protein concentrates or milk protein concentrates (Tamime 
and Robinson, 2007).  
 
Stabilizers such as pectin or gelatine are often added to the milk base to improve or main-
tain the appropriate yogurt properties including texture, mouthfeel, appearance, viscosi-
ty/consistency and the prevention of whey separation (Tamime and Robinson, 2007).  
 
Homogenization of the milk base is an important processing step for yogurts containing fat 
(Lee and Lucey, 2010). Milk is typically homogenized by using a two-stage homogenizer. 
The typical pressures are 100–200 bar in the first stage and 50 bar in the second stage at a 
temperature range of 55–65 °C. Homogenization results in milk fat globules being disrupted 
into smaller fat globules, which greatly increases the combined surface area of all the fat 
globules. This new surface layer is covered with caseins and whey proteins (Fox, 1995). The 
use of homogenization prevents fat separation during fermentation or storage, reduces 
whey separation, increases whiteness and enhances the consistency of yogurts (Lee and 
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Lucey, 2010). Homogenized milk fat globules act like protein particles due to the presence 
of protein on the surface of the fat. Ultra-high-pressure homogenization at 2,000 bar or 
3,000 bar was investigated for the production of yogurt (Serra et al., 2007, 2008 and 2009). 
Compared with conventional homogenization at 150 bar, the use of ultra-high pressure 
homogenization resulted in an increase in yogurt firmness and water-holding capacity. Ul-
tra-high pressure causes whey protein denaturation as well as partial disruption of the ca-
sein micelles (López-Fandiño, 2006). 
 
Heating milk is an important processing step for the preparation of yogurt, since it greatly 
influences the physical properties and microstructure of yogurt (Lucey et al., 1998). The 
temperature/time combinations commonly used in the yogurt industry include 85 °C for 
30 min and 90–95 °C for 5 min (Tamime and Robinson, 2007). This heat treatment destroys 
unwanted micro-organisms and denatures whey proteins. Denaturation of whey proteins 
improves the firmness of yogurt.  
 
After heat treatment, the milk base is cooled to the incubation temperature, typically 
40−45 °C, and the starter is added (Lee and Lucey, 2010). Bacterial fermentation converts 
lactose into lactic acid, which reduces the pH of milk. During acidification of milk, the pH 
decreases from 6.7 to 4.6 or less. This typically takes 4–6 h. Gelation occurs at pH 5.2–5.4 
for milk which was pasteurized at a high temperature for 5–30 min. Yogurt bacteria Strep-
tococcus thermophilus and Lactobacillus deldrueckii ssp. bulgaricus have a stimulating ef-
fect on each other’s growth (Figure 3) (Walstra, 1999). The proteolytic rods enhance growth 
of the streptococci by forming small peptides and amino acids. The cocci enhance the 
growth of the rods by producing formic acid out of pyruvic acid under anaerobic conditions, 
and by rapid production of CO2. In the homofermentative lactic acid bacteria, pyruvate-
formate lyase enzyme is essential for anaerobic pyruvate metabolism leading to formic 
acid. Anaerobic conditions are required because pyruvate-formate lyase enzyme is rapidly 
inactivated if O2 is present. During yogurt fermentation other flavour compounds are 
formed in addition to lactic acid which provide the typical yogurt flavour (Tamime and Rob-
inson, 2007). These include in particular acetaldehyde, acetone, acetoin and diacetyl.     
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Figure 3. Outline of the stimulation and inhibition of the growth of yogurt bacteria in milk. 

 = formation of lactic acid;  = formation of growth factors;  = 
stimulation;  = inhibition (Walstra, 1999). 
 
When yogurts have reached the desired pH (e.g. 4.5–4.6), they are stirred and the mass is 
smoothed with a sieve, back-pressure values or high shear devices (Lee and Lucey, 2010). 
After that, the yogurts are partially cooled (to around 20 °C) before fruit preparation or 
flavouring ingredients are added and the yogurts are packed. Yogurt products are often 
blast-chilled to below 10 °C (e.g. 5 °C) in refrigerated storage to reduce further acid devel-
opment (Tamime and Robinson, 2007).  
 

1.2.2 Fermented milk 

 
Fermented milk is consumed in the Nordic countries, Russia and Baltic countries (Hämä-
läinen, 2012). It is made using whole milk, semi-skimmed milk or skimmed milk (Tamime, 
2006). Typically the protein content is not concentrated. Fermented milk is produced with 
different mesophilic starters, Lactococcus lactis strains and a Leuconostoc strain. The Leu-
conostoc strain produces exopolysaccharides, which make the sour milk structure ropy.  
 
In the traditional home manufacture of fermented milk, propagation of microflora was ini-
tiated with small quantity of a previously prepared product (Tamime, 2006). Nowadays, 
production has evolved to industrial-scale manufacture. The manufacturing process of fer-
mented milk is presented in Figure 4. First, raw milk is separated and standardized to a de-
sired fat content as presented in section 1.2.1. Typically, the protein content is not 
concentrated (Tamime, 2006). Second, the air is removed under vacuum as the starter bac-
teria are anaerobic bacteria. Third, standardized milk is homogenized (e.g. at 200 bar in the 
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first stage and 50 bar in the second stage at 65 °C) as presented in section 1.2.1. Next, the 
standardized milk is heat-treated (e.g. at 90–95 °C for 5 min) as presented in section 1.2.1. 
After heat treatment, the milk base is cooled to the incubation temperature, typically 
18−22 °C, and the starter is added. The inoculated milk base is ripened in a tank at room 
temperature to pH 4.6 or below. The ripening typically takes 18–24 h. Lactococcus lactis is a 
homofermentative bacteria that produces mainly lactic acid (Law, 1997). The Leuconostoc 
strain is a heterofermentative bacterium that produces ethanol, acetate and CO2 in addition 
to lactic acid. During the fermentation process of fermented milk, flavour compounds are 
also formed. These include in particular diacetyl, acetaldehyde, acetoin and 2,3-butanediol 
(Salminen et al., 2004). When the sour milk has reached the desired pH (e.g. 4.5–4.6) it is 
stirred, cooled (e.g. to 8 °C or below) and packed. Packed fermented milk products are fur-
ther cooled (e.g. to 5 °C) in refrigerated storage.  
 

 
 
Figure 4. Block diagram of the preparation process of fermented milk (Anon, 2012)  
 

1.2.3 Viili 

 
Viili is a traditional Finnish fermented set-type milk product (Kahala et al. 2008). Viili is pro-
duced with different mesophilic starters: Lactococcus lactis strains, Leuconostoc mesenter-
oiden subsp. cremoris strain, and Geotrichum candidum mould. Viili has a ropy texture 
which is caused by exopolysaccharide producing lactic acid bacteria. Viili is made from un-
homogenized milk and this creates a layer of cream on the top. The Geotrichum candidum 
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grows in this cream layer and creates a mouldy layer that makes viili’s surface smooth and 
velvety (Raitamaa, 2006). In the production process there is now air removal, as viili mould 
is an aerobic microbial. Viili mould consumes oxygen from the airtight retail sale cup and 
produces carbon dioxide, which is partially dissolved in the milk, resulting in a slight car-
bonation of the product (Kahala et al. 2008). 
 
In the traditional home manufacture of viili, propagation of microflora was initiated with a 
small quantity of previously prepared product (Kahala et al., 2008). The production of viili 
has now evolved to industrial-scale manufacture, but traditional starter cultures consisting 
of a mixed population of lactococci and leuconostoc are still in use. The manufacturing pro-
cess for viili is presented in Figure 5. First, raw milk is separated and standardized to the 
desired fat content as presented in section 1.2.1. Typically, the protein content is not con-
centrated (Tamime, 2006). Second the standardized milk is heat-treated, as presented in 
section 1.2.1. After heat treatment, the milk base is cooled to the incubation temperature 
and the starter is added, as presented in section 1.2.2 (Raitamaa, 2006). Inoculated viili milk 
is packed and ripened in packaging at room temperature to pH 4.6 or less. This ripening 
typically takes 18–24 h. During viili fermentation, flavour compounds are also formed. 
These include in particular diacetyl, acetaldehyde, acetoin and 2,3-butanediol (Salminen et 
al., 2004). Geotrichum candidum mould does not metabolize lactose; it metabolizes a small 
amount of glucose and galactose (Law, 1997). It also utilizes lactate as a carbon source 
(Boutrou and Guéguen, 2005). Then CO2, ethanol and lactic acid are formed. The viili mould 
is lipolytic and it hydrolyses triglycerides into free fatty acids and glycerol. Finally, viili cups 
are cooled to around 5 °C in refrigerated storage (Raitamaa, 2006). 
 
 
 
 

 
 
 
Figure 5. Block diagram of the preparation process of viili (Anon, 2012) 
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1.3 Transglutaminase enzyme 

 
Transglutaminase (EC 2.3.2.13) is a class of enzymes that catalyse the acyl transfer between 
the -carboxyamine group of peptide-bound glutamine residue and the primary amino 
group of various substrates (Whitaker et al., 2003). TG was first discovered in guinea pig 
livers and characterized and identified as an enzyme catalysing incorporation of polyamines 
into glutamine residues of proteins or peptides. Since then, the reaction of blood-clotting 
Factor XIII-catalysing polymerization of fibrin has been found to be identical to that of liver 
TG. Transglutaminases are found in various animal tissues, fish, plants (Nielsen, 1995) and 
micro-organisms (Folk, 1977). They are involved in several biological functions, including 
blood clotting, wound healing, epidermal keratinization and in a number of human disease 
states (Rastal, 2007). Tissue transglutaminases are calcium-dependent (Whitaker et al., 
2003). An amino acid sequence GQCWVF (glycine-glutamine-cysteine-tryptophan-valine-
phenylalanine) is found at the putative active site region for TG reaction. The cysteine resi-
due in the active site is considered to be a catalytic site (Kashiwagi et al., 2002). The scarcity 
and complicated separation and purification procedure for obtaining tissue TG have result-
ed in extremely high prices, which has limited its wider applications in the food industry 
(Chu et al., 1995). This led to the development of microbial TG in the late 1980s. Extracellu-
lar transglutaminases were found in cultures of Streptomyces mobaraensis (previously 
Streptoverticillium mobaraense) (Zhu et al., 1998; Motoki et al., 1989), Streptoverticillum 
sp. (Ando et al., 1989), Streptomyces sp. (Ando et al., 1993; Macedo et al., 2010), Strep-
toverticillium ladakanum (Ho et al. 2000), and from Streptoverticullium lydicus (Faergemand 
et al., 1998). Intracellular TG has also been found in Bacillus subtilis and Physarum poly-
cephalum (Tsai et al., 1996). Recently, transglutaminases were found in cultures of Bacillus 
circulans (De Souza et al., 2011). Microbial fermentation makes it possible to achieve mass 
production of TG from cheap substrates.    
 
An amino acid sequence for Streptoverticillum TG has been determined (Kanaji et al., 1993). 
This TG consists of 331 amino acid residues with a chemical molecular weight of             
37,863 g/mol. It is a monomeric protein. The secondary structure consists of eight -strands 
surrounded by 11 -helixes (Jaros et al., 2006). The TG is a calcium-independent enzyme. 
The active site sequence was predicted to be YGCVGV (tyrosine-glycine-cysteine-valine-
glycine-valine) and cysteine residue is considered to be a catalytic site (Whitaker et al., 
2003). TG is a transferase which forms both inter-and intra-molecular isopeptide bonds in 
and between many proteins by crosslinking of amino acid residues of protein bound gluta-
mine and lysine (Bönisch et al., 2007b). Transglutaminase-catalysed reactions are schemati-
cally shown in Figure 6. If suitable primary amines are not available, it is possible to use 
water as the acceptor. In this case, TG catalyses the deamidation of glutaminyl residues and 
ammonia is released (Lorenzen, 2002), but this reaction has no practical importance. The 
crosslinking reaction (Figure 6, (2)) precedes other reactions in protein-containing food 
systems (Kuraishi et al., 2001). As a result of crosslinking of peptide-bound glutamine and 
lysine residues, -( -glutamyl)lysine isopeptide bonds and high-molecular weight polymers 
are formed (Sharma et al., 2001). 
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Figure 6. Transglutaminase-catalysed reactions: (1) Acyl transfer reaction; (2) the crosslink-
ing reaction; and (3) the deamidation reaction (Chu et al., 1995) 
 
The isoelectric point of Streptoverticillium TG is pH 8.9 and the optimal pH of the reaction is 
6–7, with some residual activity at pH 4.0 and 9.0, pointing toward stability over a wide pH 
range (Ando et al., 1989, Jaros et al., 2006) (Figure 7). The optimum pH for Bacillus circulans 
TG was 5.7–8.7 (De Souza et al., 2011), and for S. ladakanum TG it was 5–7 (Ho et al. 2000). 
Bönisch et al. (2007a) discovered that Streptoverticillium TG is stable in the pH range 
4.5−7.0 at 20 °C for a 120 min incubation time. Ando et al. (1989) determined an optimum 
reaction temperature of 50 °C at pH 6.0 (Figure 8). Zhang et al. (2012) determined an opti-
mum activity for Streptomyces transglutaminase at 55 °C and pH 6.0. The enzyme was sta-
ble within a pH range of 5.0–10.0 at 4 °C for 12 h and pH 5.0–9.0 at 37 °C for 30 min. The 
enzyme retained some residual activity near freezing point, but at 70 °C it lost its activity 
within a few minutes (Jaros et al., 2006). Menédez et al. (2006) showed that irreversible 
enzyme inactivation was achieved after 2 min at 80 °C and 1 bar. The enzyme was highly 
resistant to high-pressure treatment. The enzyme showed residual activity of 50% after 
12 min at 6,000 bar and 40 °C. TG maintained 60% of its initial activity after 60 min at 
6,000 bar at 25 °C (Lee and Park, 2002). The active centre, which is located in an expanded 

-strand domain, is resistant to high hydrostatic pressure and pressure-induced inactivation 
is caused by destruction of -helix elements, with a corresponding influence on the enzyme 
stability in solution. In the experimental part of this work, the effect of high-pressure 
treatment on TG activity is studied.  
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Figure 7. Relative reactivity of microbial Streptomyces mobaraensis TG as a function of pH 
(Anon, 2014). 
 

 
 
Figure 8. Relative reactivity of microbial Streptomyces mobaraensis TG as a function of 
temperature (Anon, 2014). 
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Animal-derived transglutaminases require Ca2+ as an activator. Microbial transglutaminase 
from Streptoverticillium mobaraense is, however, totally independent of calcium (Yokoama 
et al., 2004; Motoki and Seguro, 1998). Microbial TG inhibitors are N-ethylmaleimide, 
cystamine, monoiodoacetate and parachloromercuribenzoic acid, and a variety of metal 
ions (Cu2+, Zn2+, Pd2+ and Li+) (Jaros et al., 2006). These known inhibitors react with the free 
thiol group of the cysteine residue of the catalytic site. In milk a temperature sensitive in-
hibitor has been detected with an estimated molecular weight of 200–250 Da (De Jong et 
al., 2003). The chemistry of this milk-based TG inhibitor is unknown. TG is moderately inhib-
ited by Ni2+, Co2+ and Fe2+. However, K+, Na+, Mg2+, Ca2+ and Ba2+ did not affect the activity of 
TG (Özrenk, 2006). Streptomyces transglutaminase was slightly inhibited by Fe2+, Mg2+ and 
Mn2+, and strongly by Cu2+ and Zn2+. TG activity was not affected by K+, Na+, Ca2+ or Ba2+ 
(Zhang et al., 2012).  
 
Transglutaminase-catalysed reactions can be used to modify the functional properties of 
food proteins (Chu et al., 1995). TG has been used to catalyse the cross-linking of number of 
proteins, such as casein, whey proteins, soya proteins, gluten, myosin and actomyosin. Ca-
seins are good substrates for TG due to their open and flexible structure (Bönisch et al., 
2007a). Whey proteins are poor substrates due to their globular structure. The susceptibil-
ity of milk proteins to TG decreases in the order -casein > -casein > -caseins > 

-lactalbumin > -lactoglobulin (Sharma et al., 2001, Yüksel and Erdem, 2009). However, 
the susceptibility of individual caseins is influenced by temperature, pH and mineral equilib-
ria (Hinz et al., 2012). In casein micelle, -casein is located on the surface of the micelle and 

-casein forms the backbone structure, whereas -casein is in a dynamic state (Figure 9). 
Figure 9 presents a schematic diagram of intra-micellar covalent bonds. In milk, the caseins 
are preferentially crosslinked above the whey proteins (Bönisch et al. 2007b). The suscepti-
bility of whey proteins to TG can be improved by denaturation of whey proteins before TG 
treatment. This can be done by preheating (Sharma et al., 2001), heat treatment at 50 °C 
and high pH (e.g. (Eissa et al., 2004) and treating with dithiothreitol (Eissa and Khan, 2006). 
However, Nieuwenhuizen et al. (2004) have demonstrated that -lactoglobulin in its native 
state may well be affected by TG in the presence of Z-Gln-Gly, 6-aminohexanoic acid or 
poly-lysine. On the other hand, it is reported that milk whey powder proteins 
( -lactalbumin and -lactoglobulin) show reactivity towards TG without the need for any 
prior treatment at a high whey protein content of 35.9 g/l and a high TG content of 
50 U/g(milk protein) (Gauche et al., 2008).  
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Figure 9. Schematic presentation of intra-micellar covalent bonds catalysed by TG. The 
green lines are covalent linkages, the orange lines are s- and -caseins, the blue lines are 

-casein, the grey spheres are calcium phosphate nanoclusters, the green ellipses are pa-
ra- -casein, the black are caseinomacropeptide chains, and the white is water. (Modified 
from Dalgleish and Corredig, 2012.) 
 
TG enzyme can reduce the allergenicity of proteins (Zhu et al., 1995). Enzymatic crosslinking 
decreased the allergenicity of native -casein by 6% after treatment with TG (Monogiougi, 
2011). Yamauchi et al. (1991) developed a method where s1-casein allergenicity was re-
duced by treating s1-casein with TG at 25 °C for 20 h in water to manufacture crosslinked 
casein.  
 
There are two TG manufacturers in the world: Amano Enzyme (Japan) and Yiming Biological 
Products (China). The enzyme suppliers currently active in the market are Ajinomoto (Ja-
pan), TFI (Germany) and Campus (Italy).  
 

 1.3.1 Indigenous transglutaminase inhibitor in milk 

 
De Jong et al. (2003) and EP 1201136 described the presence of an indigenous TG inhibitor 
in bovine, goat, sheep and human milk. This TG inhibitor inhibited microbial, plasma and 
guinea pig liver TG. The molecular mass was estimated at 200–250 Da based on chromato-
graphic separation. The calculated concentration of TG inhibitor in skimmed milk was 
7.5 M. Bönisch et al. (2004) have shown that micellar casein suspended in native UF per-
meate results in very low degree of protein polymerization.  
 
When preparing dairy products with microbial transglutaminase, it is important to inacti-
vate the TG inhibitor. The TG inhibitor can be inactivated by heat treatment of milk. The 
inhibitor can be completely destroyed at temperatures of 80 °C and 100 °C for 30 min in a 
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solution of low protein content (De Jong et al., 2003). For this purpose, caseins can be pre-
cipitated from skimmed milk by precipitating at pH 4.4 and centrifuging. Preheating raw 
milk at 85 °C for 15 min improves crosslinking reaction (Sharma et. al., 2001). Formation of 
isopeptides by TG has been found only when milk is preheated above 72 °C (Mautner et. al., 
1999). Rodriguez-Nogales (2006) studied different preheating temperatures of 70–90 °C 
and times of 15–60 min for raw milk and discovered that optimum preheating conditions 
were 84.5 °C for 60 min to get maximum crosslinking. Bönisch et al. (2004) discovered that 
UHT treatment (140 °C for 40 s) of milk UF permeate completely inactivates the TG inhibi-
tor.  
 
Membrane separation techniques can also be used to remove the TG inhibitor from micel-
lar casein (Bönisch et al., 2006). The TG inhibitor permeated through MF (with a nominal 
pore size of 0.1 m) and UF (with a cut-off of 25 kDa) membranes. 
 
Addition of glutathione to micellar casein suspended in milk serum containing a TG inhibitor 
has been observed to improve crosslinking (Bönisch et al., 2007b). Glutathione mainly af-
fected interactions between TG and an indigenous TG inhibitor present in milk serum. The 
addition of glutathione allows crosslinking in milk products by TG without requiring prior 
heat treatment of milk. The reaction mechanism of glutathione and TG inhibitor has not 
been studied.  
  

1.3.2 Transglutaminase activity measuring method 

 
TG activity can be measured with the hydroxamate method (Folk, 1970) (Figure 10.). This 
method uses N-carbobenzoxyl-L-glutamyl-glycine (N-CBZ-Gln-Gly) as the substrate. In the 
reaction, TG catalyses the formation of hydroxamate from the substrate and hydroxyla-
mine. After that, hydroxamate forms a red ferric complex with FeCl3, which is measured 
spectrophotometrically at 525 nm. The enzymatic activity unit is the amount causing the 
formation of 1 mol of hydroxamate in one minute (Folk and Cole, 1966).  
 

 
   
Figure 10. Reaction catalysed by TG with the TG activity measuring method 
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1.3.3 Analytical methods for measuring formed crosslinks 

 
Different methods for analysing the degree of crosslinking in foods have been described in 
the literature. The SDS-PAGE (Sodiumdodecyl sulphate polyacryl amide gel electrophoresis) 
method has been used in analysing the oligomers and polymers formed (Motoki and Nio, 
1983, Kuraishi et al., 2001). In the method, proteins are denatured by heating in a buffer 
which contains anionic detergent SDS and -mercaptoethanol, which reduces thiol groups. 
Native proteins will reduce to subunits, protein chains will unfold and SDS binds to the pro-
tein chains. Protein-SDS-complexes move as anions in the electrical field such that the 
movability is directly proportional to the logarithm of molecular weight. SDS-PAGE analyses 
the formation of intermolecular crosslinks and it does not analyse the formation of intra-
molecular crosslinks. The degree of polymerization has been calculated and analysed by 
size exclusion chromatography, where TG-treated proteins are separated into monomers, 
dimers, trimers and oligomers (Lauber, 2000). The amount of isopeptides can be analysed 
by cation-exchange chromatography or reversed-phase HPLC analysis (Jaros et al., 2006). 
Prior to chromatographic separation, the protein samples are subjected to exhaustive pro-
teolytic digestion using several enzymes, such as pronase, leucine aminopeptidase, 
prolidase and carboxypeptidase, resulting in amino acids and isopeptides. Schäfer et al. 
(2005) developed a rapid HPLC method which is surpassed in the detection and quantifica-
tion of isopeptides by mass spectrometric detection in the mass spectrometric (MS) mode. 
     

1.4 Transglutaminase enzyme in fermented milk products 

 
The production of transglutaminase by micro-organisms makes it possible to apply this en-
zyme in a variety of food processes (Chu et al., 1995). When applying TG to sour milk prod-
ucts, it is possible to increase gel strength, viscosity, water-holding capacity and stability, as 
well as to decrease permeability (Özrenk, 2006). TG has been mostly studied in set yogurts 
and stirred yogurts. There are a few studies of TG in kefir, but studies of fermented milk 
and viili are lacking. The studies concerning sour milk products will be reviewed here. 
 

1.4.1 Set yogurt applications 

In set yogurt applications, TG has been studied in many articles, which are presented in 
Table 5. TG increased firmness and reduced syneresis (Domagala et al., 2013; Sanli et al. 
2011; Wróblewska et al., 2011; Panunc et al., 2011; Demirkaya and Ceylan, 2009; Oner et 
al., 2008; Ozer et al., 2008; Abou El-Nour et al., 2004; Lorenzen et al., 2002; Lorenzen et al., 
1999; Færgemand et al., 1999). A degree of protein polymerization of about 15% is neces-
sary to obtain significant enhancement of the gel firmness of set yogurt (Lauber et al., 
2000). Scanning electron microscopic studies have revealed that TG treatment of milk leads 
to reduced mesh size of the protein network and more regular distribution of proteins in 
the yogurt gel (Sanli et al., 2011; Lorenzen et al., 2002).  
 
There have been different results about the effect of TG on fermentation time. TG does not 
influence fermentation time when it is added together with the starter and when the en-
zyme concentrations are low, e.g. 0.25–1.25 U/g(milk protein) (Wróblewska et al., 2011; 
Neve et al., 2001; Lorenzen et al., 2002). The yogurt starter bacteria are able to break down 



33 
 

a sufficient amount of casein before efficient crosslinking occurs. Microbial analysis of yo-
gurts confirmed that addition of TG did not result in changes of the number of S. ther-
mophilus and Lb. deldr. subsp. bulcaricus (Wróblewska et al., 2011). Hence it is concluded 
that the yogurt starter bacteria are able to break down sufficient amounts of milk casein 
before efficient crosslinking occurs. When TG treatment has been done prior to fermenta-
tion, there has been a delay in fermentation time (Demirkaya and Ceylan, 2009; Neve et al., 
2001; Lorenzen et al., 2002). However, the delay is minor when the enzyme concentration 
is as low as 0.5 U/g(milk protein) (Neve et al., 2001). The pretreatment of skimmed milk 
with TG for 2 h causes a minor imbalance of the growth association between S. thermophi-
lus and Lb. deldr. subsp. bulcaricus. The likely explanation for this is that the availability of 
low molecular peptides to the bacteria is decreased due to crosslinking, and thus growth of 
the bacteria is slowed down. Proteins become more stable against proteolysis as a result of 
crosslinking, and the tyrosine content of TG-treated samples was found to be lower than 
that of the control samples (Sanli et al., 2011; Yüksel and Erden, 2010). However, the tyro-
sine content in all samples where TG was active during storage did not change during stor-
age. TG had no significant effect on proteolysis at storage temperature. Possibly, 
crosslinked milk proteins were less suitable substrates for proteolytic enzymes in starter 
culture than native milk proteins, or proteolytic products such as peptides were crosslinked 
into milk proteins by TG. 
 
In sensory analysis, TG treatment mostly affected texture of the set yogurt. TG-treated yo-
gurt samples showed a dry, smooth, white shiny surface and the texture was thicker than 
the control (Dogmala et al., 2013; Demirkaya and Ceylan, 2009; Abou El-Nour et al., 2004; 
Lorenzen et al., 1999). A flakier and grittier structure of yogurt samples has been detected 
when the TG concentration has been too high (5 U/g(milk protein) or above) and the TG has 
been incubated together with the starter (Færgemand et al., 1999). However, Demirkaya 
and Ceylan (2009) did not detect any structural defects at high TG dosages (around 
59 U/g(milk protein)). In these experiments, TG was not active during acidification and this 
might explain the difference. In some studies, enzyme-treated yogurts had a milder taste 
and were less ‘yogurt specific’ (Abou El-Nour et al., 2004; Lorenzen et al., 2002; Lorenzen et 
al., 1999). The reason for this might be that TG caused a decrease in the amount of acetal-
dehyde, which is the most important aroma compound in yogurt (Oner et al., 2008; Ozer et 
al., 2007). However, in some studies TG treatment had no effect on aroma and odour 
(Dogmala et al., 2013; Demirkaya and Ceylan, 2009). Sanli et al. (2011) discovered that TG 
treatment did not affect the formation of yogurt aroma compounds, especially acetalde-
hyde. On the other hand, TG-treated yogurts have been found to be creamier in sensory 
analysis (Lorenzen et al., 2002). 
 
TG treatment has been found to affect the pH and titrated acidity of yogurt samples (Yüksel 
and Erden, 2010; Abou El-Nour et al., 2004; Lorenzen et al., 2002). TG-induced yogurt sam-
ples had lower titrated acidity than control samples. Samples where TG was active during 
acidification had lower titrated acidity than samples where TG was inactivated before add-
ing the starter. Yogurt where milk was pretreated with TG and inactivated before adding 
the starter developed less acidity during fermentation and cold storage. Post-acidification 
during cold storage has been found to be lower in TG-treated yogurts.  
 
In an investigation where microencapsulated probiotic L. helveticus bacteria was studied in 
TG-treated set yogurt, Pavunc et al. (2011) discovered that adding TG did not influence the 
probiotic cell viability. Wróblewska et al. (2009 and 2011) studied the effect of TG reaction 
on the immunoreactivity of milk proteins. Immunoreactivity is a measure of immune reac-
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tion caused by an antigen. Cow’s milk is a mixture of whey and casein proteins that can 
cause allergic reactions in sensitive patients. The most promising kind of modification re-
sulting in the decrease of the immunoreactivity of cow’s milk proteins was observed for 
lactic acid fermentation. Immunoreactivity is usually determined with the competitive ELISA 
method. They discovered that TG reduced immunoreactivity of all studied individual milk 
proteins of yogurt.   
 
Table 5. Effect of TG treatment on set yogurts 
 
TG dosage 
[U/g(milk pro-
tein)] 

TG addition 
step 

Effect on the product References 

1, 2 or 3  After pasteuri-
zation1) 

Modification of goat’s milk with TG improved the 
sensory quality, textural characteristic and reduced 
syneresis of set yogurt when compared to the con-
trol product. The best set goat’s milk yogurt was 
made using 2 U TG/g(protein). 

Domagała et 
al. (2013) 

1  After homoge-
nization1), after 
pasteurization2), 
together with 
starter2) 

When TG was active during acidification, gel strength 
increased and syneresis decreased. TG treatment did 
not affect the formation of aroma compounds. Pro-
teins became more stable against proteolysis as a 
result of crosslinking 

Sanli et al. 
(2011) 

1.25 Together with 
the starter2) 

TG treatment increased viscosity threefold at 37 °C 
and elevenfold at 42 °C. TG did not influence fer-
mentation time and there was no change in the 
number of yogurt bacteria. TG reduced the immuno-
reactivity of milk proteins. 

Wróblewska 
et al. (2011) 

1 Before pasteur-
ization1) 

TG increased gel strength and decreased whey sepa-
ration.  

Pavunc et al. 
(2011) 

5 After pasteuri-
zation2), after 
pasteurization1), 
together with 
the strater2) 

TG-active samples had greater WHC than TG-inactive 
samples and controls. All control yogurts had greater 
titrated acidity than TG-induced yogurts. When TG 
was active during fermentation and storage, the 
proteolytic activity of the samples decreased.  

Yüksel and 
Erden (2010) 

~59 After pasteuri-
zation1), to-
gether with the 
starter2) 

TG treatment decreased syneresis and increased gel 
strength. TG treatment prior to fermentation led to 
prolonged fermentation times. The increase was less 
in the sample where TG was active during acidifica-
tion. TG treatment had no effect on yogurt bacteria. 
TG treatment had no effect on aroma and odour. 

Demirkaya 
and Celyan 
(2009) 

1 After pasteuri-
zation1) 

TG-treated samples showed increased gel strength 
and less syneresis. It was determined that TG cased a 
decrease in acetaldehyde amounts. 

Oner et al. 
(2008) 

0–14 Together with 
starter2), after 
pasteurization1) 

An increase in the TG concentration reduced synere-
sis and increased viscosity. TG had a slight adverse 
effect on the growth of yogurt bacteria causing 
slower development in acidity and acetaldehyde 
production. 

Ozer et al. 
(2007) 

0.5–1.4 After pasteuri-
zation1) 

TG-treated yogurt developed less syneresis, higher 
firmness and apparent viscosity. TG-treated yogurt 
developed less acidity during fermentation.  

Adou El-Nour 
et al. (2004) 

0.25 and 0.5 After pasteuri-
zation1), to-
gether with 
starter2) 

TG tretated yogurts showed increased gel strength 
and less syneresis. TG treatment prior fermentation 
led to prolonged fermentation time, while TG to-
gether with starter had no influence on fermentation 
time. TG-treated yogurts were less yogurt spesific. 
 
 

Lorenzen et 
al. (2002) 
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TG dosage 
[U/g(milk pro-
tein)] 

TG addition 
step 

Effect on the product References 

0.5 After pasteuri-
zation1), to-
gether with 
starter2) 

Minor delay in fermentation time was noticed in TG 
pre-treated samples. TG active during acidification 
did not affect fermentation time. 
 
 
 
 

Neve et al. 
(2001) 

0.5 After pasteuri-
zation1) 

The gel strength of TG-treated samples was higher 
and whey syneresis was lower than in the controls. 
TG-treated yogurts were milder in taste. 

Lorenzen et 
al. (1999) 

0–15 Together with 
starter2) 

Increasing the TG dose increased the gel strength, 
decreased permeability and reduced whey drainage. 
TG-treated samples acidified at a lower rate than the 
controls. With higher TG dosages, a flakier and gritti-
er structure was detected.  

Færgemand 
et al. (1999) 

1) TG inactive during acidification 
2) TG active during acidification 

 
 

1.4.2 Stirred yogurt applications 

In stirred yogurt applications, TG has been studied in many articles, presented in Table 6. 
TG treatment increases the viscosity and reduces syneresis of stirred yogurt (Zhang et al., 
2012; Guyot and Kulozik, 2011; Gauche et al., 2009; Milanović et al., 2009; Bönisch et al., 
2007b; Bönisch et al., 2007a; Jaros et al., 2007; Farnsworth et al., 2006; Lorenzen et al., 
2005). Enzyme treatment has been more significant in improving the viscosity of yogurt 
compared to the method of increasing the total solids of the milk (Fransworth et al., 2006). 
In the yogurt experiments, TG treatment together with fermentation has been more effi-
cient than TG preincubation and inhibition before adding the starter (Milanović et al., 
2009). Bönisch et al. (2007b) discovered that when enzyme treatment is carried out during 
fermentation, 80% of the crosslinking effect is obtained within a pH range of 6.6–5.7. Guyot 
and Kulozik (2011) investigated the impact of TG-modified skimmed milk powder on the 
properties of fortified stirred yogurt. The resulting viscosity of yogurt produced with addi-
tion of crosslinked SMP was lower than yogurt samples with simultaneous addition of en-
zyme and starter culture. Furthermore, due to complete enzyme inactivation by means of 
heat treatment and spray drying, the viscosity of the yogurt samples remained constant 
during storage. Furthermore, with the use of TG-treated SMP, the same level of viscosity 
was reached with the addition of less powder to the yogurt milk. Thus, yogurt with compa-
rable properties in respect of structural behaviour was produced with a reduced amount of 
SMP. Cauche et al. (2009) investigated TG-treated yogurt samples which were manufac-
tured by substituting milk with liquid whey. Yogurt manufactured from 80% milk plus 20% 
whey followed by enzymatic treatment presented similar characteristics to traditionally 
manufactured control yogurt (100% milk) with no alteration in the syneresis of the samples 
and presented texture parameters similar to the control yogurt. Bönisch et al. (2007a) dis-
covered that the TG inhibitor which can be found in raw milk can be inactivated with a mi-
crobial TG preparation which contains yeast extract and especially glutathione (TG+GSH, 
TG-YG) and thus TG-YG was applied to enable non-inhibited crosslinking without requiring a 
pre-heat treatment beyond pasteurization conditions. Protein crosslinking was significantly 
enhanced by GSH, resulting in higher apparent viscosity and a higher degree of protein 
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polymerization than that given by TG without GSH; thus the application of TG-YG in un-
treated or pasteurized milk products becomes possible. Jaros et al. (2007) discovered in 
rheological measurements a significant but shear rate-dependent impact of enzymatic 
crosslinking on the properties of stirred yogurt. Under steady-shear conditions, the viscosi-
ty-enhancing effect was more pronounced at low shear rates or shear stresses, pointing out 
enhanced interactions among the aggregated proteins in the products made from cross-
linked milk. The crosslinked-induced viscosity-enhancing effect diminished with increasing 
shear rates. 
 
When TG is preincubated and inactivated before adding the starter, slightly longer fermen-
tation times are observed compared to the process where TG has been incubated together 
with the starter (Milanović et al., 2009). This is the same result as presented in set yogurt 
applications (section 1.4.1). Bönisch et al. (2007b) discovered in their research that TG 
treatment during acidification did not have any effect on the fermentation time compared 
to the non-enzyme-treated control. However, when yeast extract containing TG-YG is pre-
incubated and inactivated before fermentation, there are slightly faster fermentation times 
compared to the non-enzyme-treated control (Bönisch et al., 2007a). This observation can 
possibly be explained by the presence of yeast extract in the TG-YG preparation (TG-YG 
contains 19–32% yeast extract with a GSH content of 8%). Yeast extract is a well-known 
nutrient for starter cultures.  
 
There have been reports of a less smooth and slightly coarse and lumpy macroscopic struc-
ture of TG-treated yogurt when the degree of polymerization is too high (above 15%) 
(Bönisch et al., 2007a) or when the yogurt is fat-free (Lorenzen et al., 2005). However, oth-
er studies with fat-free skimmed milk have not reported a less smooth structure (Guyot and 
Kulozik, 2011; Jaros et al., 2007). When the protein content is 4.4% or higher, a visibly 
coarse structure has been observed during the shelf life of the TG-treated yogurt (Bönisch 
et al., 2007b). In these experiments, casein whey protein ratio (CWP) was changed by addi-
tion of sodium caseinate, and it seems that a coarse structure is generally related to the 
total casein content, which was shifted from a neutral CWP ratio of 80:20 to one of 86:14 
by addition of sodium caseinate. In these experiments, measurements of protein polymeri-
zation demonstrated that no formation of covalently crosslinked protein polymers occurred 
during storage. Milanović et al. (2009) also reported a coarse and lumpy structure in the 
experiments where they studied the effect of TG and WPC on the textural characteristics of 
low-fat stirred yogurt. Simultaneous addition of TG and WPC resulted in products whose 
structure was coarse and lumpy. However, Bönisch et al. (2007a) discovered that the struc-
ture of TG-YG-treated yogurt was smooth when the CWP ratio was lowered from 80:20 to 
71.4:28.6 by the addition of sweet whey protein powder. In these experiments, TG was 
inactivated by thermal treatment before fermentation, and they observed no changes in 
the structure of the crosslinked yogurt during storage for six weeks at 4 °C. When fat-
containing raw materials are used in the production of TG-treated yogurt, a less smooth 
structure has not been reported (Zhang et al., 2012; Gauche et al., 2009; Fransworth et al., 
2006). 
 
Fransworth et al. (2006) investigated the effects of transglutaminase treatment on the pro-
biotic culture survivability of goat’s milk yogurt. The probiotic cultures were relatively sta-
ble in goat’s milk yogurt and no significant differences in rate of change of population of all 
three studied probiotic cultures were observed between control and the TG-treated 
groups. Yak’s milk yogurt has a peculiar wet yak hair and/or sweat odour, which is more 
prevalent in winter (Zhang et al., 2012). It has been observed that TG-treated yak’s milk 
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yogurt presents a reduced wet hair and/or sweat odour. TG can be used to pave the way 
for novel yak’s milk products overcoming the peculiar wet yak hair and/or sweat odour. 
Lorenzen et al. (2005) discovered in sensory analysis that the odour and taste of TG-treated 
samples were less sour, less yogurt-like and the attributes displayed a lower total intensity.  
 
 
Table 6. Effect of TG treatment on stirred yogurts 
 
TG dosage 
[U/g(milk pro-
tein)] 

TG addition step Effect on the product References 

0–2 Together with 
starter2) 

TG-treated yak’s milk yogurt produced a strong acid 
gel, higher consistency, cohesiveness, index of 
viscosity and creamier mouth feel than the control. 
TG-treated yak’s milk yogurt presented a lower 
odour. 
 
 
 

Zhang et al. 
(2012) 

0–10 TG-treated SMP 
was used in the 
yogurt produc-
tion. 

The viscosity was lower with yogurt produced with 
TG-treated SMP than simultaneous addition of TG 
and starter. Skimmed milk yogurts fortified with TG-
treated SMP have higher viscosities and lower se-
rum loss compared to yogurt samples produced 
with addition of untreated SMP. Due to complete 
inactivation of enzyme SMP in the manufacturing 
process, the viscosity of the yogurt samples re-
mained constant during storage. 
 
 

Guyot and 
Kulozik (2011) 

0.5 After pasteuriza-
tion1) 

Addition of TG contributed to syneresis prevention 
and decreased the consistency index in yogurt 
samples manufactured with milk whey. Yogurt 
manufactured from 80% milk plus 20% milk whey, 
followed by TG treatment, presented similar charac-
teristics to traditionally manufactured control yo-
gurt (100% milk).  
 
 

Gauche et al. 
(2009) 

0.3 and 0.6 After pasteuriza-
tion1), together 
with the strater2) 

Samples with TG active during acidification had 30% 
higher firmness, consistency and cohesiveness and 
about 58% higher viscosity than the control. The 
fermentation times were slightly longer in TG-
treated samples. Simultaneous addition of TG and 
WPC resulted in products whose firmness and con-
sistency were lowest and with a coarse and lumpy 
structure, while their viscosity index was slightly 
better compared to the yogurt prepared with TG 
alone. 
 

Milanović et 
al. (2009) 

0.6 Together with the 
starter2) 

A higher viscosity and degree of polymerization was 
found in TG-treated yogurts compared to the con-
trol. There was no effect on fermentation time. It 
was discovered that 80% of crosslinking is obtained 
within a pH range of 6.6–5.7. It was observed that 
no formation of covalently crosslinked protein 
polymers occurred during storage.  
 
 

Bönisch et al. 
(2007b) 
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TG dosage 
[U/g(milk pro-
tein)] 

TG addition step Effect on the product References 

0-3 After pasteuriza-
tion1) 

The viscosity was higher and a degree of polymeri-
zation was higher for TG+GSH-treated yogurt com-
pared to the TG-treated yogurt without GSH. The 
fermentation time was faster for TG-YG-treated 
yogurt compared to the control, because yeast 
extract is a well known nutrient. When the degree 
of polymerization was too high (> 15%) the TG-YG- 
treated yogurt showed a less smooth structure.  A  
smooth structure could be achieved by decreasing 
CWP ratio of milk from 80:20 to 71.4:28.6 by adding 
sweet whey protein powder. Due to thermal inacti-
vation no changes in structure of the crosslinked 
yogurt was occurred during storage.   
 

Bönisch et al. 
(2007a) 

1.2 After pasteuriza-
tion1) 

The rheological measurements revealed a signifi-
cant but shear rate-dependent impact of enzymatic 
crosslinking on the properties of stirred yogurt. 
Under steady-shear conditions, the viscosity-
enhancing effect was more pronounced at low 
share rates or shear stresses, pointing to enhanced 
interactions among the aggregated proteins in the 
products made from crosslinked milk. The crosslink-
induced viscosity-enhancing effect diminished with 
increasing shear rates. 
 

Jaros et al. 
(2007) 

0-4 After pasteuriza-
tion1) 

TG treatment increased the viscosity and decrased 
the syneresis of goat milk yogurt compared to the 
control. The probiotic cultures were relatively sta-
bile in TG-treated goat milk yogurt. 
 

Fransworth et 
al. (2006) 

0.5 After pasteuriza-
tion1) 

TG-treated yogurt showed higher viscosity and 
lower syneresis than the control. In sensory analy-
sis, the odour and taste of TG-treated samples are 
less sour, less yogurt-like and the attributes display 
a lower total intensity. TG-treated skimmed milk 
samples were less smooth and they revealed a 
higher consistency.  
 

Lorenzen et 
al. (2005) 

1) TG inactive during acidification 
2) TG active during acidification 

 
 

1.4.3 Strained yogurt applications 

Dinkci (2012) studied the effect of TG on the physiochemical, microbiological and sensory 
properties of strained yogurt. Strained yogurt is derived from yogurt by draining its water 
and water-soluble components to a specified total solid content in cloth bags. In the 
strained yogurt experiments, the addition of TG (0.74, 1.29 and 1.85 U/g(milk protein)) was 
performed after yogurt pasteurization and TG was inactivated by heat treatment before 
adding the starter. TG was incubated at 40 °C for 2 h. Crosslinking of milk proteins by TG 
improved the physical properties of yogurts before straining. Surprisingly, no significant 
effect on the textural parameters of strained yogurt could be detected. However, the wa-
ter-holding capacity of strained yogurt samples could be significantly improved by approxi-
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mately 15% by TG enzyme treatment. Higher treatments of TG enzyme also decreased the 
proteolytic activity and acidity with increasing storage time. TG treatment had no signifi-
cant effect on the microbiological properties or sensory attributes of the samples.  
 

1.4.4 Drinking yogurt applications 

Sanli et al. (2013) studied the effect of TG on the properties of the Turkish drinking yogurt 
ayran. Ayran is a traditional salted yogurt drink. In the drinking yogurt experiments, TG 
addition was performed during starter culture addition at 45 °C. Also, samples were pre-
pared where TG was pretreated for 10 min and 1 h at 50 °C before adding the starter and 
TG was active during acidification. In these experiments, the added amount of TG was 
1 U/g(milk protein). TG addition did not cause significant changes to the chemical proper-
ties and did not cause any delay in fermentation time. However, physical properties of ay-
ran were improved by TG throughout the storage period. Compared to the untreated 
control sample, pretreatment of milk with the enzyme increased viscosity dramatically and 
prevented serum separation. Scanning electron microscopic studies revealed that TG 
treatment of milk led to more regular distribution of proteins in ayran gel and decreased 
permeability. TG treatment did not show any unfavourable effect on the sensory properties 
of the final product. 
 

1.4.5 Kefir applications 

Kefir is a fermented milk product produced by inoculating milk with the microflora kefir 
grains (Wróblewska et al., 2009). Kefir grains consist of diverse species of lactic acid bacte-
ria and yeasts. The production of kefir is unique due to the simultaneous combination of 
lactic acid and alcoholic fermentation of lactose. The effect of TG treatment on kefir is pre-
sented in Table 9. 
 
TG treatment increased the viscosity of kefir samples (Baranowska et al., 2012; Wróblewska 
et al., 2009) The texture parameters increased during storage, while in the non-TG-treated 
control the texture parameters did not change (Baranowska et al., 2012). However in a 
study by Wróblewska et al. (2009), the storage time did not affect changes in viscosity and 
the count of mesophilic lactic acid bacteria remained at the same level in all kefir samples.  
 
When TG is pretreated before fermentation and TG is active during fermentation, the fer-
mentation times are slightly longer (Wróblewska et al., 2009). This observation has been 
detected in both set yogurt and stirred yogurt applications (sections 1.4.1. and 1.4.2.). 
 
In sensory analysis, TG-treated kefir scored higher than the non-TG-treated control, most of 
all owing to the sensation of full flavour as well as smooth and creamy texture (Baranowska 
et al., 2012; Wróblewska et al., 2009). As a result of TG activity, the taste of low-fat stirred 
kefir with the enzyme was less sour and similar to that of products made with full-fat milk. 
 
Kefir produced with kefir grains and TG has been characterized by diminished immunoreac-
tive properties (Wróblewska et al., 2009). The formation of protein agglomerates with a 
molecular mass of about 200 kDa as a result of TG addition caused changes in proteins im-
munoreactivity. The immunoreactivity of casein fractions was suppressed; -lactoglobulin 
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was not detectable at all, whereas the immunoreactivity of the minor allergen 
-lactalbumin was slightly increased.  

 
Table 9. Effect of TG treatment on kefir. 
 
TG dosage 
[U/g(milk pro-
tein)] 

TG addition 
step 

Effect on the product References 

3 After pasteuri-
zation2) 

TG resulted in a thicker consistency, increased cohe-
siveness and viscosity index. During storage, texture 
parameters increased in the TG samples and did not 
increase in control samples which did not contain 
TG. In sensory analysis, TG-treated kefir scored 
higher, it had a full flavour as well as a smooth and 
creamy texture. Low-fat kefir with TG was less sour 
and similar to that of products made from full-fat 
milk. 

Baranowska 
et al. (2012) 

1.25 After pasteuri-
zation2) 

The viscosity of TG samples was slightly higher than 
the control. TG slightly increased the fermentation 
time. The storage time did not affect viscosity and 
the count of mesophilic lactic acid bacteria. TG di-
minished immunoreactive properties. 

Wróblewska 
et al. (2009) 

 
2)  TG active during acidification 

 
 

1.4.6 Patents and patent applications 

Patents and patent applications in the sour milk products area are presented in Table 10. 
 
Table 10. Patents and patent applications.  
 

Patent  
number 

Company Priority  
date 

Applied patent or patented method Reference 

EP0610649 
(B2) 

Ajinomoto 
Co Inc 

8 Jan 1933 Yogurt milk is pretreated with TG and 
inactivated before adding the starter. 

Ishii et al. 
(1993) 

EP1206192 
(A1) 

Friesland 
Bands Bv 

4 Aug 1999 Yogurt production method in which 
milk after yogurt pasteurization is TG-
treated during acidification. TG is al-
ways added also after fermentation in 
this method. 
 
 
 

Jonkman et 
al. (1999) 

JP2001252001(A) Koiwai 
Nyudyo Kk 

10 Mar 2000 TG is added at the fermentation phase, 
where the pH is decreased to nearly 5 
and at this pH fermentation is stopped 
by transferring yogurts to cold storage 

Nishida 
(2000) 

EP1197152 
(B1) 

Ajinomoto 
Co Inc 

10 Jan 2000 Yogurt milk is modified by a reducing 
agent such as the thiol compound 
glutathione and TG. After pretreat-
ment, the enzyme is inactivated  and 
yogurt is produced. 

Kumazawa 
et al. (2000) 

FI121525(B1) Valio Ltd 22 Nov 2005 TG and an enzyme-activating com-
pound such as glutathione are added 
together with the starter. 

Rajakari et 
al. (2005) 
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Patent  
number 

Company Priority  
date 

Applied patent or patented method Reference 

US2007/0134337
4 

Ajinomoto 
Co Inc 

2 May 2005 Whey protein is added to the yogurt 
milk, heat-treated under conditions in 
which the degree of denaturation of 
whey protein is from 25–93% and TG-
treated during acidification. 
 

Bönisch et 
al. (2005) 

FI124816(B) Valio Ltd 31 Aug 2011 Yogurt milk is high pressure homoge-
nized and TG-treated. TG is active 
during acidification. 
 

Rajakari and 
Myllärinen 
(2011) 

EP0689383 
(B1) 

Novo 
Nordisk A/S 

19 Mar 1993 Milk is treated with TG, acidified and 
the gel thus obtained is heat-treated. 
This gel can be used in manufacturing 
yogurt.  
 

Bundolfsen 
and Nielsen 
(1993) 

 

1.4.7 Effect of crosslinking on nutritional properties of food 

 
Crosslinking of food biopolymers is expected to affect the nutritional value of the food ma-
terial with possible impacts on digestibility, availability of essential amino acids or even 
allergenicity (Rastal, 2007). However, natural crosslinking occurs constantly in raw materials 
owing to different physical processes or certain endogenous enzymes. For example, natural 
milk protein crosslinking occurs when milk is heated at high temperatures for a long time 
(the Maillard reaction) (Al-Saadi et al., 2013). Also in UHT milk, which is stored for a long 
time at 37 °C and 45 °C, natural crosslinking will occur. Thus, crosslinked protein structures 
have invariably been part of human nutrition. However, milk contains TG inhibitors, and the 
natural crosslinks created by the transglutaminase enzyme may not be present in milk. 
 
The digestibility of TG-derived isopeptide bonds and subsequently the nutritional availabil-
ity of lysine in isopeptide bonds has been discussed. Finot et al. (1978) reported that the 
lysine derivative of the isopeptide was absorbed unchanged in the intestine and is hydro-
lysed in vivo. The isopeptide bond is known to be cleaved by the human enzymes 
-glutamylamine cyclotransferase and -glutamyl transpeptidase, and thus the released 

lysine could be utilized in the body (Seguro et al., 1996). Experiments showed that no signif-
icant differences in food intake and overall health were observed among rats fed intact or 
TG-crosslinked casein diets, suggesting that the isopeptide moiety in crosslinked caseins is 
digested. Juvonen et al. (2012) discovered in a single-blind crossover design experiment 
with thirteen healthy individuals that the metabolic responses of enzymatically crosslinked 
and native sodium caseinate in a liquid matrix is comparable, suggesting similar digestion 
and absorption rates and first pass metabolism despite the structural modification of cross-
linked sodium caseinate. Havenaar et al. (2013) investigated the digestion of TG-crosslinked 
caseinate versus native caseinate in solution and in cheese spread under digestive condi-
tions for adults and children mimicked in a gastrointestinal model. They discovered that the 
kinetics of protein digestion in TG-crosslinked caseinate food products in a simulated in 
vitro model was not altered compared to native caseinate food products. TG treatment of 
casein protected lysine residue from Maillard chemistry and was utilized in the body in vivo 
(Seguro et al., 1996).  
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Monogioudi (2011) published a thesis on the impact of crosslinking on the allergenicity and 
digestibility of -casein. The results demonstrated that crosslinked -casein was stable un-
der the acidic conditions present in the stomach. Crosslinked -casein was more resistant 
to pepsin digestion compared to that of non-modified -casein. The results demonstrated 
that crosslinking with transglutaminase decreased the allergenicity of native -casein by 
6%. 
 
The addition of transglutaminase to foods containing wheat proteins may generate the 
epitope responsible for coeliac disease, due to the deamidase side activity of TG (Gerrard 
and Sutton, 2005). Recent research into the molecular mechanism of coeliac disease sug-
gests the disturbing possibility that transglutaminase in baked products may act upon glia-
din proteins in dough to generate the epitope associated with the coeliac response. 
However, the risk is specific to wheat proteins and does not apply in other food systems. 
Coeliac disease is a chronic inflammatory disorder of the intestines, induced by ingestion of 
gluten-containing grains. Several epitopes that activate T-cells have been isolated from the 
intestinal mucosa of coeliac patients; these tend to occur mainly in the gliadins. It has been 
revealed that a crucial sequence in gliadin proteins is deamidated by tissue transglutami-
nase to form an active epitope, which activates the T-cells thought to be involved in the 
autoimmune response in coeliac suffers. The researchers did raise the issue that microbial 
transglutaminase might also catalyse the crucial deamidation. Ruh et al. (2014) studied the 
immunoreactivity of gliadin in microbial transglutaminase-treated pasta. The research indi-
cated that crosslinking does not lead to a changed immunoreactivity of gliadin extracts for 
coeliac disease patients’ sera by immunoblotting and ELISA. 
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AIMS OF THIS STUDY 

 
The dairy sector traditionally utilizes enzymes such as rennet in cheese manufacturing. 
Novel crosslinking enzymes such as TG have not been widely applied in the dairy industry. 
TG has been mostly studied in set yogurts and stirred yogurts. There are a few studies of TG 
in kefir, but studies of fermented milk and viili are lacking. Commercial TG products are 
powders which contain maltodextrin and/or lactose as a carrier. Dosing with powdered TG 
at the factory is difficult because of the high pressure in the tanks. The resulting dust may 
also give rise to allergic reactions in some employees. In traditional manufacturing methods 
of sour milk products, high protein content is needed to obtain a viscous and firm structure. 
This incurs additional costs.  
 
The main aim of this study was to develop economical manufacturing methods for sour 
milk products with the aid of TG. Another aim was to improve quality and reduce wheying 
off. More specifically, the aims were the following: 
 

 First, to study whether the method of measuring TG activity is suitable for measur-
ing -GGT activity. The ability of -GGT to crosslink Na-caseinate molecules was also 
studied. 
 

 Second, to determine the concentration of TG inhibitor in fat-free raw milk and also 
to research methods of inactivating TG inhibitor. The effect of different heat treat-
ments of casein and raw milk on the formation of crosslinks between milk proteins 
was also studied, as was the effect on the hardness of chemically acidified milk gel. 

 
 Third, to research different ways to improve milk protein crosslinking. The effect of 

the dose of TG on the molecular size and structure of GDL-acidified milk gel was 
studied. The effects of other treatments on crosslinking efficiency were also stud-
ied: calcium removal, heating in alkaline conditions, treating with NaCl, protease 
treatments, high-pressure treatment, ultrasound and laser treatments.  
The effect of high pressure on the activity of TG was also studied. 

 
 Fourth, to research TG in yogurt, fermented milk and the Finnish fermented set-

type dairy product viili. Another aim was to study the effect of pH on the stability of 
transglutaminase.  
 

 Fifth, to develop a liquid form of TG which maintains its activity and microbial quali-
ty. Liquid TG was compared to powdered TG in the production of yogurt. Different 
commercial TG products were also compared in liquid form in the production of 
yogurt. 
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3 MATERIALS AND METHODS 

 
The materials and methods used in this thesis are partly presented in Section 3. More de-
tailed information concerning specific experiments can, however, be found in Section 4, 
together with the pertinent results section. 
 

3.1 Materials 

3.1.1 Enzymes 

 
The TG enzymes which were used in this study are presented in Table 11. Different versions 
of TG enzymes from Ajinomoto were studied and products from different enzyme suppliers 
were compared.  
 
Table 11. TG enzymes used in this study 
 

 
 
The protease, lactase and -glutamyl transferase enzymes which were used in this study are 
presented in Table 12. Protease enzymes were applied in a study which attempted to en-
hance the susceptibility of the milk proteins to crosslinking. Maxiren was applied in a facto-
ry-scale test of viili. Lactase enzyme was applied in a factory-scale test of yogurt to produce 
a low-lactose product. -GGT was applied in a study where its ability to crosslink 
Na-caseinate was studied.  
 
 
 
 
 

TG enzyme Specified Enzyme supplier Ingredients

activity [U/g]

Activa®MP (TG-MP) 78‒126 Ajinomoto, Japan Lactose, maltodextrin and TG

Activa®YG (TG-YG) 85‒121 Ajinomoto, Japan Lactose, yeast extract, maltodextrin,

saffloweroil and TG

KS-VA 78‒126 Ajinomoto, Japan Lactose, maltodextrin, 

vegetable oil and TG

Activa®WM (TG-WM) 81‒135 Ajinomoto, Japan Maltodextrin and TG

Activa®TG 1,000‒1,300 Ajinomoto, Japan Maltodextrin and TG

Reactyn CL 1000 ~1,000 Campus, Italy Maltodextrin and TG

Saprona 1000 ~1,000 Yiming Biological Maltodextrin and TG

Products, China
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Table 12. Protease, lactase, rennet and -glutamyl transferase ( -GGT) enzymes used in this 
study. 
 
Product name Enzyme Activity  Supplier 
Alcalase Protease 2.4 AU/g Novozymes A/S, Denmark 
Neutrase Protease 200 U/g Novozymes A/S, Denmark 
BD Difco Trypsin Protease 15,000 USP Units/g *) Becton, Dickinson and Company, USA 
Maxiren Rennet 195 IMCU/ml DSM, Netherlands 
GODO YNL2 Lactase 50,000 ONPGU/g  Oeon, Japan 
-GGT GGT 30,000 U/g Lee Biosolutions Inc., USA 

*) Total protease activity containing trypsin and chymotrypsin activity 
 

3.1.2 Raw materials 

Valio’s milk-based raw materials which were used in this study are presented in Table 13. 
Raw milk, lactose fraction, milk permeate, UHT full-fat milk and fat-free raw milk were ap-
plied in the study of -GGT activity in different milk fractions. Native casein micelle powder 
and raw milk were applied in the test series where the effect of heat treatment on the 
crosslinking of milk proteins and the hardness of chemically acidified milk gel was studied. 
Skimmed milk, calcium-removed skimmed milk, fat-free raw milk and raw milk were applied 
in studying different methods to improve milk protein crosslinking. In the application trials 
with fermented milk products, the milk-based raw materials applied were raw milk, semi-
skimmed milk, low heat skimmed milk powder, skimmed milk, 12% cream, milk permeate 
concentrate, milk permeate, rinsing milk and cream. In developing liquid transglutaminase, 
the milk-based raw material applied was a lactose fraction.   
 
Table 13. Valio’s Finnish milk based raw materials used in this study 
 
Product Production method Features 
Raw milk Fresh untreated bovine milk Fat content 4.1–4.2% and  

protein content 3.4% 
Full-fat milk Separated and pasteurized (72 °C for 15 s) raw 

milk 
 

Fat content 3.5% and protein 
content 3.2% 

Semi-skimmed milk Separated and pasteurized (72 °C for 15 s) raw 
milk 
 

Fat content 1.5% and protein 
content 3.2% 

UHT full-fat milk Separated and UHT-treated (135 °C for 2–3 s) raw 
milk 

Fat content 3.5% and protein 
content 3.2% 

2.3% fat milk Separated and high pasteurized (90 °C for 5 min) 
raw milk 

Fat content 2.3% and protein 
content 4.3% 

Cream Separated and pasteurized (72 °C for 15 s) raw 
milk 

Fat content 35% and protein 
content 2% 

12% Cream Separated and pasteurized (72 °C for 15 s) raw 
milk 

Fat content 12% and protein 
content 3.1–3.4% 

Rinsing milk Separated and pasteurized raw milk which has 
been rinsed from equipment after production 

Dry matter min. 7%, protein 
content max. 4% and fat content 
>2%  

Fat-free raw milk Separated raw milk  Fat content 0.05% and protein 
content 3.5% 

Skimmed milk Separated and pasteurized (72 °C for 15 s) raw 
milk 

Fat content 0.05% and protein 
content 3.5% 
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Product Production method Features 
Low-heat skimmed 
milk powder 

Pasteurized 70 °C 15 s skimmed milk was spray-
dried 

Protein content 35% and fat 
content 1% 

Lactose fraction Chromatographically separated skimmed milk Dry matter 13%, lactose content 
12% and ash 1% 

Milk permeate Ultrafiltrated skimmed milk permeate Dry matter 5%, lactose content 
4.3% and ash content 0.7% 

Milk permeate 
concentrate 

Ultrafiltrated skimmed milk permeate which was 
concentrated by nanofiltration 

Dry matter 20%, lactose content 
17% and ash content 3% 

 
Other raw materials which were used in this study are presented in Table 14. 
 
Table 14. Other raw materials used in this study 
 
Product Company Country 
Na-caseinate (EM7, protein 
content 91% from dry matter 

DMV International Canada 

Lactose Merck Germany 
Sucrose DanSukker Finland 
Fruit preparation Valio Ltd Finland 
 

3.1.3 Chemicals  

Chemicals which were used in this study are presented in Table 15. Chemicals were of ana-
lytical grade.  
 
Table 15. Chemicals which was used in this study 
 
Chemical Company Country 
Glutathione (GSH) Merck Germany 
CBZ-L-glutaminyl-glycine Sigma-Aldrich Finland 
Hydroxylamine Sigma-Aldrich Finland 
EDTA J.T. Baker Netherlands 
Tris-HCL buffer, pH 6 J.T. Baker Netherlands 
Citric acid Gargill United states 
Na2HPO4 Sigma-Aldrich Finland 
Na-citrate buffer Sigma-Aldrich Finland 
CaCl2 x H2O Sigma-Aldrich Finland 
NaCl Merck Germany 
D-(+)-Gluconic acid -lactone (GDL) Sigma-Aldrich Finland 
Lactic acid Purac Netherlands 
KOH Merck Germany 
NaOH Merck Germany 
Ca(OH)2 Merck Germany 
Glyserol Merck Germany 
Distilled water   
  

3.1.4 Starters 

Starters which were used in this study are presented in Table 16. In the yogurt tests, the 
starters YO-MIX 410 and YO-MIX 209 were applied. In the fermented milk tests, starters 
XT-313, La-5 and Bb-12 were applied. Starters V93 and Valio mould were applied in the viili 
tests. 
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Table 16. Starters which were used in this study. 
 
Starter Stains Company Country 
YO-MIX 410 Streptococcus thermophilus and Lactobacillus deldrueckii subsp. 

Bulcaricus 
Danisco Denmark 

YO-MIX 209 Streptococcus thermophilus, Lactobacillus deldrueckii subsp. Bulcari-
cus, Lactobacillus acidophilus and bifodobacterium lactis 

Danisco Denmark 

XT-313 Lactococcus lactis subsp. Lactis biovar diacetylactis, Leuconostoc, 
Lactococcus lactis subsp. cremoris and Lactococcus lactis subsp. 
Lactis 

Chr. Hansen Denmark 

La-5 Lactobacillus acidophilus Chr. Hansen Denmark 
Bb-12 Bifidobacterium animalis subsp. Lactis Chr. Hansen Denmark 
V93 Lactococcus lactis subsp. cremoris and Leuconostoc mesenteroides 

subsp. Cremoris 
Valio Ltd Finland 

Valio mould Geotrichum candidum  Valio Ltd Finland 
 

3.2 Analytical methods 

3.2.1 Method of measuring transglutaminase activity 

 
Transglutaminase activity was measured using the hydroxamate method in a standardized 
environment at pH 6 and 37 °C (Folk, 1970). The method uses N-carbobenzoxyl-L-glutamyl-
glycine (N-CBZ-Gln-Gly) as the substrate (Table 17). In the reaction, TG catalyzes the for-
mation of hydroxamate from substrate and hydroxylamine (Figure 10). Hydroxamate then 
forms a red ferric complex with FeCl3 which is quantified spectrophotometrically at 525 nm. 
The enzyme activity unit is the amount that causes the formation of 1 mol of hydroxamate 
in one minute (Folk and Cole, 1966).  
 
Table 17. Substrate solution 
 

0.2 M Tris-HCl buffer, pH 6 1 ml 
0.2 M CBZ-L-glutaminyl-glycine 0.75 ml 
0.1 M CaCl2 x 2H2O 0.25 ml 
2 M hydroxylamine 0.25 ml 
0.02 M EDTA 0.25 ml 

 
In the hydroxamate method, the pH of the substrate solution was adjusted to 6.0 with 
5 N NaOH and the volume was filled with a buffer to 4 ml. In the reaction, 0.4 ml of the 
substrate solution was tempered to 37 °C, and 0.1 ml of enzyme dilution was added and 
mixed. After incubation for 10 minutes at 37 °C, the reaction was stopped and the colour 
was developed by adding 0.5 ml of a ferric chloride reagent prepared from equal propor-
tions of 15% trichloroacetic acid, 5% FeCl3 in 0.1 N HCl and 2.5 N HCl. The precipitate, if any, 
is removed using a centrifuge and the absorbance of clear solution is measured at 525 nm 
against measuring zero. The measuring zero is prepared in the same manner as the sample, 
except that no enzyme dilution is added, and finally, after the ferric chloride reagent, a 
0.1 ml buffer is added.  
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Calculations: 
 
The TG enzyme activity (U/ml) was calculated as presented below. 
 

TG activity = ((A × Vtot × k × 109) / (  × t × Vn × l × z), 
 
where:        A = absorbance of the sample at a wavelength of 525 nm 

= 340,000 ml mol-1cm-1 ; molar extinction coefficient of CBZ-L-glutaminyl  
( -hydraxamate) glycine  

t = reaction time (600 s) 
Vtot = total volume of reaction mixture (1.0 ml) 
Vn = volume of the sample (0.1 ml) 
k = dilution factor of the sample 
l = width of the cuvette (1 cm)  
z = conversion factor nmol/s = nkat = (1 / 16.7) U 
U = mol/min. 

 

3.2.2 Calculation of TG inhibitor concentration 

 
The concentration of TG inhibitor was calculated as presented below. 
 
It is assumed that 1 mol (inhibitor) inhibits 1 mol (TG). 
 

M(TG) = 38,000 g/mol 
 

n(TG) = ((X(TG) / 100) × C(TG)) / M(TG), 
 
where:  X(TG) = protein concentration (%) 
 C(TG) = enzyme powder concentration (g/l). 
 
It is assumed that all enzyme powder protein is TG protein. 
 

Degree of inhibition = ((TG activity from heated milk − TG activity from added milk) / 
TG activity in distilled water) × 100% 

 
n(inhibitor) = (n(TG) × (degree of inhibition / 100)) / (X(milk) / 100), 

 
where X(milk) = amount of added milk (%). 
 

3.2.3 Analysing molecular size of proteins 

 
Changes in the molecular size of proteins were analysed by sodium dodecyl sulphate poly-
acrylamide gel electrophoresis (SDS-PAGE) (Laemmli, 1970) under reducing conditions by 
using ready-made 12% or 18% Tris-HCl polyacrylamide gels (Bio-Rad, Hercules, USA). GDL-
acidified gels were freeze-dried, ground and dissolved directly in the sample buffer (tris-HCl 
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buffer pH 6.8, glycerol, SDS, -mercaptoethanol, distilled water and bromphenol blue). 
Other samples were diluted with deionized water before being mixed with the sample buff-
er. A sample amount equivalent to 10 g protein was loaded into each well. Protein bands 
were visualized by staining with Coomassie Blue (Serva Blue R, Serva Electrophoresis, Ger-
many) and compared with molecular weight markers (Prestained SDS-PAGE standards, 
Broad range, Bio-Rad). The SDS-PAGE analysis was performed at VTT Technical Research 
Centre of Finland. The protein composition of fat-free raw milk is presented in Figure 11 in 
comparison with the molecular weight standard. The inter-monomer crosslinking can be 
analysed using SDS-PAGE, but it does not show intra-monomer crosslinking because the 
molecular size does not change. The small whey proteins can be analysed better with tight-
er 18% Tris-HCl polyacrylamide gels than with looser 12% Tris-HCl polyacrylamide gels. In 
Figure 11, the molecular weight standard has moved more rapidly in the gel than in the 
sample because both caseins and -lactoglobulin appear to be too large if you compare 
them to the molecular weight standard. One reason for this difference is that the molecular 
weight standard used is not recommended for accurate determination of molecular weight. 
There may also have been some differences in the molecular conformation of standard 
protein molecules and sample protein molecules. In electrophoresis both the molecule and 
the matrix affect the movability of a protein molecule. In the molecular weight standard, 
the matrix is different than in the sample. This is one factor which might have influenced 
the difference in molecular size results. The other factor which might have influenced the 
result is the fact that SDS binds to the hydrophobic regions of the protein molecule and the 
amount of hydrophobic regions in the sample proteins might have been different than in 
the standard proteins.  
 

         
 
Figure 11. Molecular weight standard (MW) and lane 1 fat-free raw milk.  
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3.2.4 Measuring viscosity, firmness, syneresis and pH 

 
Viscosity was measured using a Vibro viscometer (A&D Instruments Ltd, United Kingdom) 
or a Bohlin Visco 88 BV Meter (Bohlin Instruments Ltd, England), or a STRESSTECH rheome-
ter (Reologica Instruments Ltd, Sweden). With the Vibro viscometer, viscosity was meas-
ured at 8 °C with 30 Hz from the cups. The viscosity value was taken after 1 min. Each 
sample was measured three times. In the Bolin Visco 88 BV Meter, a 30 mm spindle was 
used as a measuring system. Measurements were made at 10 °C with 20 rpm from the 
cups. The viscosity value was taken after 30 s. Each sample was measured 1–2 times. In the 
STRESSTECH rheometer, concentric cylinders were applied as a measuring system. Meas-
urements were taken at 10 °C. A sample was taken from the refrigerator just before meas-
urement and it was mixed by strongly shaking it. The viscosity was measured with 20 
different shear stresses between 0.025 Pa and 20 Pa (linear steps). Each single shear speed 
was applied for approximately 16 s. Viscosity was first measured with increasing shear 
stress, and after that with decreasing shear stress (up/down loop). Each sample was meas-
ured three times. The rheological measurements were performed at VTT Technical Re-
search Centre of Finland.  
 
The firmness was measured with a TA.HDi Texture Analyser (Stable Micro Systems Ltd, Eng-
land) equipped with a 5 kg load cell. Samples were tempered in a refrigerator and meas-
ured cold. An aluminium cylinder with a diameter of 25 mm was inserted into the sample to 
a depth of 30 mm at a speed of 2 mm/s. The force needed to compress the sample was 
measured. For each sample, 3–5 parallel measurements were performed. The maximum 
force needed to penetrate the sample with an aluminium cylinder to a depth of 30 mm and 
a surface area under the curve in the distance range 0–8 mm was determined from the 
force–distance curves. The firmness measurements were performed at VTT Technical Re-
search Centre of Finland. The syneresis was measured during self-life from sour milk prod-
uct packages by pouring the separated whey into buret and the percentage of syneresis 
was calculated by dividing the amount of separated whey by total volume of sour milk 
product and multiplying with 100%. The pH was measured using a Mettler Toledo MP120 
meter (Mettler-Toledo Ltd, Halstead, UK). 
 

3.2.5 Chemical and microbial analyses 

 
Chemical analyses were performed according to Table 18. 
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Table 18. Chemical analyses and respective references. 
 

 Reference 

Dry matter Wright et al., 2005 

Protein IDF 20-2, 2001 

Fat Wright et al., 2005 

Lactose IDF 79-2, 2002 

Galactose IDF 79-2, 2002 

Glucose IDF 79-1, 2002 

Lactic acid IDF 69, 2005 

Sucrose Thermo Scientific kit 

Ash IDF 119, 2007 

Calcium Valio ICP-MS-method 

Titrated acidity IDF/RM 150, 2012 

 
Microbial analyses were performed according to Table 19. Table 19 presents analysed mi-
crobial croup, culture media and incubation conditions. 
 
Table 19. Microbe croup, culture media and incubation conditions. 
 

 
  

Microbe group Culture medium Incubation 
conditions

Aerobical heterotrofical bacteria Plate count agar (PCA) 30 °C, 3 d
Bacteria-forming spores (10 min, 80 °C) PCA 30 °C, 3 d
Enterobacteria Violet Red Bile Glucose Agar (VRBGA) 37 °C, 1 d
Lactic acid bacteria De man Rogosa Sharpe Agar (MRSA) 25 °C, 5 d
Psychrotrofic bacteria PCA 7 °C, 10 d
Yeast and moulds Potato dextrose agar (PDA) 25 °C, 5 d
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4 RESULTS AND DISCUSSION 

 

4.1 -Glutamyl transferase in raw milk and different milk fractions 

 
Milk naturally contains a cognate enzyme for transglutaminase called -glutamyl transfer-
ase ( GGT EC 2.3.2.2.) (Fox and Kelly, 2006b). -GGT is most active in colostrum, and its 
activity in bovine milk varies during different stages of lactation. -GGT has been isolated 
from the fat globule membrane (Fox and McSweeney, 1998). -GGT functions in the regula-
tion of cellular glutathione and may be involved in the transportation of amino acids from 
blood into the mammary gland via the “ -glutamyl cycle”, and thus may be involved in the 
biosynthesis of milk proteins (Fox and Kelly, 2006b). In these experiments, -GGT activity in 
different milk-based products was determined using the hydroxamate method. Which 
component in milk and lactose based preparations gives a measurement background in the 
TG activity method was determined. Further, whether -GGT may crosslink Na-caseinate 
was also studied. The TG activity was measured with bovine kidney -GGT.  
 

4.1.1 -GGT activity in bovine raw milk, lactose fraction, milk permeate, UHT full-
fat milk and UHT skimmed milk 

 
The TG activity of bovine raw milk, lactose fraction (Harju, 1990), milk permeate and UHT 
(135 °C, 2 s) full-fat milk (fat content 3.5%) without added TG was determined to detect 
possible -GGT activity. In the first test, the raw materials were used without heat treat-
ment (TG inhibitor was active). In the second test, 100 mM of glutahione (GSH) was added 
to the raw materials to inactivate the TG inhibitor (Bönisch et al., 2007b). In the third test, 
the raw materials except UHT milk were heated at 80 °C for 5 min to inactivate the TG in-
hibitor. Transglutaminase activity was measured according to the hydroxamate method in a 
standardized environment of pH 6 and 37 °C (Folk, 1970). Reaction times of 10 min and 
60 min were used to be able to detect even a low activity content. The activity was meas-
ured in two parallel samples. 
 
TG activity results are shown in Figure 12. The lowest amount of activity was in bovine raw 
milk. The dispersion was high in raw milk with a 10 min reaction time. This might be caused 
by the inhomogeneity of the sample because of the separated fat. The activity in lactose 
fraction, milk permeate and UHT milk was twice as high as in the raw milk. With a 60 min 
reaction time, there was no difference between unheated, GSH and heated samples. There 
was no difference if TG inhibitor was inactivated or not. Since heat treatment inactivates 
-GGT activity and still there was measurable TG activity detected in heat-treated samples, 

it can be stated that the measured TG activity was not real TG activity. Some component in 
the raw materials gives a background in TG activity analysis. 
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Figure 12. TG activity measured in different bovine raw milk, lactose fraction, milk perme-
ate and full-fat UHT milk with 10 min and 60 min reaction times. The samples were unheat-
ed, unheated with GSH or heated at 80 °C for 5 min, except for the full-fat UHT milk. 
 
-GGT activity of UHT (135 °C, 2 s) full-fat milk (fat content 3.5%) and UHT skimmed milk 

was measured with the hydroxamate method. UHT milks were freeze-dried and suspended 
in water at a protein content of 8%. The transglutaminase activity was measured (Folk, 
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1970). Reaction times of 10 min, 30 min, 60 min and 120 min were applied to be able to 
detect even low content of activity. The activity was measured in two parallel samples. 
 
Both UHT milks had measurable transglutaminase type of activity. The TG activity measured 
was about 0.12 U/ml. Since the result was above the lower limit of the measurement range, 
the numerical value of TG activity has to be considered with caution. The lower limit for the 
hydroxamate method is 0.6 U/ml. If the protein content of UHT milk was 3.5%, the TG activ-
ity per gram of protein would have been 3.4 U/g(milk protein). This is a significant amount, 
since in sour milk products the TG activity typically used is ~1 U/g(milk protein) (Tables 5 
and 6). It can be stated that UHT milk contains a measurable amount of TG activity or activi-
ty acting in the same manner as TG. The activity measured could have also been back-
ground caused by lactose or salts, because the TG activity was the same for full-fat and fat-
free milk. As -GGT has been isolated from the fat globule membrane, it would have been 
logical that the content of TG activity would have been higher in full-fat milk than in fat-free 
milk. As presented in Section 4.1.4, it was shown that the TG activity measuring method 
could not detect -GGT-activity, so the TG activity measured in both UHT milks was most 
probably background in the method. 
 
 

4.1.2 Determination of TG activity measurement background 

 
It has been observed that raw milk and different milk and lactose based preparations gives 
background when measuring TG activity (Section 4.1.1). This experiment determined which 
component (Table 20) in milk- and lactose-based preparations gives measurement back-
ground in the TG activity method.  
 
4.1.2.1 Effect of FeCl3-reagent 

 

Lactose was diluted in distilled water to a concentration of 15%. The samples were diluted 
1:5 in distilled water. The measurement background was measured from unheated and 
heated samples, as presented in Table 20. TG activity was measured according to the hy-
droxamate method (Folk, 1970), except the substrate (N-CBZ-Gln-Gly) was not added.  
 
Table 20. Samples and treatment 
 

 
 
 
 

Sample Unheated Heated 80 °C, 5 min
Distilled water x
15% Lactose at water x
Lactose fraction x x
Milk permeate x x
Fat-free raw milk x x
Full-fat raw milk x x
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Milk permeate, fat-free and full-fat raw milk gave distinct absorbance when measuring TG 
activity (Figure 13) without substrate. The background of milk permeate could possibly 
have been explained by the yellow colour, which is due to the riboflavin content of the milk 
permeate. Raw milk also contains riboflavin, and this might have been causing the back-
ground. The 15% lactose solution and lactose fraction also gave absorbance (about 
0.3 U/ml) while measuring TG activity. No colourful ferric complex formed in these samples. 
Therefore, FeCl3 reagent does not explain the background of the 15% lactose solution and 
lactose fraction.    
 

 
 
 
Figure 13. Absorbance of unheated and heated samples (distilled water, 15% lactose in 
water, lactose fraction, milk permeate, fat-free raw milk and full-fat raw milk) measured 
with the hydroxamate method without substrate (N-CBZ-Gln-Gly).  
 

4.1.2.2 Effect of N-CBZ-Gln-Gly, NH2OH and FeCl3 reagent 
 
Lactose was diluted in distilled water at a concentration of 15%. The samples were diluted 
1:5 in distilled water. The measurement background was measured from unheated and 
heated samples as presented in Table 20. TG activity was measured from 3–6 parallel sam-
ples using the hydroxamate method; the substrate solutions applied are shown in Table 21.  
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Table 21. Substrate solutions.  
 

a) Normal TG determination substrate 
 

0.2 M Tris-HCl buffer, pH 6 1 ml 
0.2 M CBZ-L-glutaminyl-glycine 0.75 ml 
0.1 M CaCl2 × 2H2O 0.25 ml 
2 M hydroxylamine 0.25 ml 
0.02 M EDTA 0.25 ml 

 
b) Substrate- CBZ-L-glutaminyl-glycine 

 
0.2 M Tris-HCl buffer, pH 6 1 ml 
water 0.75 ml 
0.1 M CaCl2 × 2H2O 0.25 ml 
2 M hydroxylamine 0.25 ml 
0.02 M EDTA 0.25 ml 

 
c) Substrate- hydroxylamine 

 
0.2 M Tris-HCl buffer, pH 6 1 ml 
0.2 M CBZ-L- glutaminyl-glycine 0.75 ml 
0.1 M CaCl2 × 2H2O 0.25 ml 
water 0.25 ml 
0.02 M EDTA 0.25 ml 

 
d) Substrate- CBZ-L-glutaminyl-glycine and hydroxylamine 

 
0.2 M Tris-HCl buffer, pH 6 1 ml 
water 0.75 ml 
0.1 M CaCl2 × 2H2O 0.25 ml 
water 0.25 ml 
0.02 M EDTA 0.25 ml 

 
e) Water as a substrate 

 
water 1 ml 
water 0.75 ml 
water 0.25 ml 
water 0.25 ml 
water 0.25 ml 

 
Absorbance values of the samples measured with the hydroxamate method are presented 
in Figure 14. Distilled water did not give any values, as expected.  
 
Lactose in a 15% lactose solution seems to clearly react in the TG activity measurement. 
The absorbance was 0.14 (6.8 U/ml) in the unheated sample where the normal TG determi-
nation substrate was being applied. Based on these results, it seems that hydroxylamine 
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NH2OH had an effect on the formation of the measurement background, because the ab-
sorbance was near zero in the samples were the substrate solutions did not contain hy-
droxylamine. The substrate solution containing CBZ-L-glutaminyl-glycine or ferric chloride 
did not cause any measurement background. Lactose fraction and milk permeate caused 
high background in TG activity measurement, for example the absorbance in heated sam-
ples where the normal TG determination substrate was being applied was 0.1 (5.5 U/ml) for 
the lactose fraction and 0.14 (6.8 U/ml) for milk permeate. The background was the impact 
of NH2OH, because the absorbance values were lower in the samples which did not contain 
hydroxylamine. With milk permeate, part of the background consisted of FeCl3 reagent 
compounds, because the absorbance in the sample which used water as a substrate was 
0.04 (2.0 U/ml). FeCl3 reagent contains FeCl3, trichloroacetic acid and HCl. This might also 
have been caused by the yellow colour (riboflavin) of milk permeate (Section 4.1.2.1).  
 
In raw milk samples, the measuring background was lower than for 15% lactose, lactose 
fraction and milk permeate, due to the lower absorbance values for heated samples where 
normal TG substrate was applied. The effect of lactose was not as clear as was seen in 15% 
lactose, lactose fraction and milk permeate. This might be because the content of lactose 
was lower in raw milk (5%) than in 15% lactose and lactose fraction (about 15%). Also, in 
raw milk part of the background could be explained by components in the FeCl3 reagent or 
riboflavin content of the milk.  
 

 
 
Figure 14. Absorbance of samples (distilled water, 15% lactose at distilled water, lactose 
fraction, milk permeate, fat-free and full-fat raw milk) at a wavelength of 525 nm measured 
using the hydroxamate method. For the TG/heated samples, substrate a was used; for the 
TG/unheated samples, substrate a was used; for Water as a substrate, substrate e was 
used; for Substrate- CBZ, substrate b was used; for Substrate- NH2(OH), substrate c was 
used; and for Substrate- (CBZ and NH2OH), substrate d was used. 
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4.1.3 The ability of -GGT to crosslink Na-caseinate molecules 

 
Na-caseinate is a good substrate for microbial transglutaminase (Bönisch et al., 2004). This 
experiment examined whether -GGT can crosslink Na-caseinate molecules. Also, the TG 
activity of -GGT was measured. -GGT isolated from bovine kidney was used in this study. 
Na-caseinate was in a 50 mM Na-phosphate buffer (pH 6.7) at a concentration of 1 mg pro-
tein/ml. Also, a sample was prepared containing Na-caseinate at 1 mg protein/ml in a 
Na-phosphate buffer and 100 M glutathione (GSH). The -GGT activity applied in these 
experiments was 100 U/g(milk protein). The samples were incubated at 40 °C for 2 h and 
24 h. The molecular size of proteins was analysed using SDS-PAGE. An 18% separating gel 
was applied. 
 
The Na-caseinate samples were crosslinked with -GGT and subsequently acidified with GDL 
to detect possible crosslinking inside the casein monomer. In the first sample, 100 U/g(milk 
protein) of -GGT was added in a 3% Na-caseinate suspension. In the second sample, 
100 U/g(milk protein) of -GGT and 100 M GSH was added in a 3% Na-caseinate suspen-
sion. 3% Na-caseinate was applied as a control without -GGT and GSH. The samples were 
incubated for 2 h at 40 °C. After that, 0.4% GDL was added. The samples were acidified for 
20 h at room temperature. The amount of whey was measured and the firmness of the gels 
was analysed with the texture analyser. The gel firmness was measured from three parallel 
samples. The pH of the gels was also measured. The acidified gels were freeze-dried and 
the molecular size was analysed using SDS-PAGE. 
 
According to the SDS-PAGE results (Figure 15), -GGT did not crosslink Na-caseinate protein 
in any of the samples studied. With SDS-PAGE it is possible to analyse protein crosslinking 
between different casein monomers, as the molecular size then increases. SDS-PAGE does 
not show any bond formation inside the casein monomer. This explains why acidified 
Na-casein gels incubated with -GGT were created and the gel firmness was analysed to 
detect possible crosslinking efficiency. There was no crosslinking between casein mono-
mers in any sample according to SDS-PAGE (Figure 16). The gel firmness was in the same 
level (30–31 g) in all the samples (Table 22), so most probably there was no crosslinking 
between and inside the casein monomers. The gel firmness indirectly describes the for-
mation of crosslinks.  
 
1 mg of -GGT was diluted in a 3 ml 50 mM Na-phosphate buffer (pH 6.7). The content of 
-GGT was 10 U/ml. The transglutaminase activity was measured (Folk, 1970). Reaction 

times of 10 min and 60 min were applied. There was no measurable TG activity in the -GGT 
diluted in the Na-phosphate buffer (10 U/g), so the hydroxamate method might not be the 
right method to use for detecting -GGT activity. A suitable method for analysing -GGT 
activity is presented in article by Dumitraşcu et al. (2013). The method analyses activity 
spectrophotometrically by quantifying p-nitroaniline.  
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Figure 15. Incubation of Na-caseinate (1 mg/ml) with -GGT at 40 °C. Lane 1: Na-caseinate 
incubation for 24 h. Lane 2: Na-caseinate and GSH incubation for 24 h. Lane 3: Na-caseinate 
+ -GGT incubation for 2 h. Lane 4: Na-caseinate + GSH + -GGT incubation for 2 h. Lane 5: 
Na-caseinate + -GGT incubation for 24 h. Lane 6: Na-caseinate + GSH + -GGT incubation 
for 24 h. 
 
Table 22. Firmness, pH and amount of separated whey of Na-caseinate gels. 
 
Sample Firmness [g] pH after acidification Separated whey [ml] 
Na-caseinate 31.0 ± 4.7 4.87 0 
Na-caseinate + -GGT 29.7 ± 3.3 4.89 0 
Na-caseinate + -GGT + GSH 31.4 ± 4.5 4.88 0 
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Figure 16. SDS-PAGE results of acidified 3% Na-caseinate gels incubated at 40 °C for 2 h. 
Lane 1: Na-caseinate. Lane 2: Na-caseinate + -GGT. Lane 3: Na-caseinate + GSH + -GGT  
 

4.2 The effect of heat treatment on crosslinking of milk proteins and 
hardness of chemically acidified gels 

 
It is known that preheating milk improves the crosslinking ability of TG (Sharma et al., 
2001). They observed that preheating considerably enhanced the crosslinking effect of TG 
on - and -caseins. Preheating causes denaturation of whey proteins and their interac-
tions with casein micelle. Some researchers have speculated that both of these heat-
induced reactions enhance the susceptibility of proteins to transglutaminase reactions. 
Formation of isopeptides has been only observed when milk is pasteurized at temperatures 
above 72 °C (Mautner et al., 1999). Also, susceptibility of milk proteins to TG is affected by 
inactivation of indigenous TG inhibitor in milk by heat treatment (De Jong et al., 2003).  
 
First, the concentration of TG inhibitor in fat-free raw milk was determined and also meth-
ods of inactivating TG inhibitor were studied. The effect of glutathione and yeast extract 
containing TG-YG on crosslinking was researched in unheated, fat-free raw milk. TG-YG 
contains yeast extract which contains glutathione. Secondly, the effect of different heat 
treatments of casein and raw milk on formation of crosslinks between milk proteins was 
studied. Thirdly, the effect of different heat treatments and TG on firmness of the chemical-
ly acidified raw milk gel was researched.   
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Another fact affecting the amount of formed crosslinks by TG is the Maillard reaction. Pre-
heating of milk causes a Maillard reaction between the reducing sugar (lactose) and free 
amino group (lysine) (Tossavainen, 2008; Oliver et al., 2006). The functional group most 
reactive in milk proteins is the -amino group of lysine. TG creates crosslinks between glu-
tamine and the amino group of lysine (Bönisch, 2007b). The Maillard reaction reduces the 
amount of available lysine. The effect of pasteurization at 72 °C for 15 s, 80 °C for 30 s, yo-
gurt milk pasteurization and UHT treatment of TG-treated, chemically acidified raw milk gel 
on formation crosslinks by TG and milk gel firmness was studied. 
 
The effect of different heat treatments of casein and raw milk on formation of crosslinks 
between milk proteins by TG was studied. Heat treatments of under 100 °C were per-
formed with native casein micelle suspensions, as casein is a good substrate for TG (Shar-
ma, 2001). The casein micelle suspension precipitated during heat treatments above 
100 °C, which is why heat treatments above 100 °C were carried out with raw milk. The 
effect of different UHT treatments and heat treatment at 80 °C for 5 min on formation of 
crosslinks in raw milk by TG was studied.  
 
The effect of thermization (63 °C for 20 s); pasteurization (72 °C for 15 s); heating to 80 °C 
for 30 s and 5 min, 85 °C for 5 min, 95 °C for 30 s and 5 min; and UHT treatment on TG-
treated acidified milk gel firmness was studied.   
 

4.2.1 Indigenous transglutaminase inhibitor in milk 

4.2.1.1 The concentration of TG inhibitor in fat free raw milk 
 
Milk was diluted 0%, 20%, 40%, 60%, 80% and 100% in distilled water. The undiluted milk 
sample was used without heating and also after heating at 80 °C for 5 min to inactivate the 
TG inhibitor. The enzyme TG-MP was used in these experiments (10 mg/ml, 1.26 U/ml). The 
samples were incubated at room temperature for 30 min and the remaining TG activity was 
measured.  
 
The amount of inhibitor was calculated from the linear area of TG activity as a function of 
the milk content curve (Figure 17). The calculation estimated that all the protein in the en-
zyme preparation TG-MP (1%) was TG protein. Also, because the inhibition mechanism is 
unknown, it was estimated that 1 mol of inhibitor inactivates 1 mol of TG protein. In the 
calculation of molar concentration of TG, a molar mass for TG of 38 kDa was applied.  
 
The activity of TG in distilled water was 1.14 U/ml, while the added amount was 1.26 U/ml. 
In the milk sample where the TG inhibitor was inactivated by heat treatment, the TG activi-
ty was 1.50 U/ml. This higher amount was due to the measurement background as pre-
sented in Section 4.1.3. This measurement background was taken into account when 
calculating the TG inhibitor amount. 
 
The linear range of the inhibition curve was in samples containing 20–60% milk. In these 
samples, the degrees of inhibition were 20–80%. From these inhibitor degrees, it was calcu-
lated that the TG inhibitor concentration was 2.3 M, 3.3 M and 3.5 M. The average was 
3.0 M, while De Jong et al. (2003) determined in their calculations a concentration of 
7.5 M. If the TG inhibitor concentration is 3.0 M, the milk protein content is 3.5% and the 
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activity of TG powder is 100 U/g, the added amount of TG should be >32.6 U/g(milk pro-
tein) to get crosslinking without inactivation of TG inhibitor. The possible reaction mecha-
nism, assuming the cysteine is an essential amino acid in the TG enzyme active centre, is 
presented in Figure 18. 
 

 
 
Figure 17. The residual activity of TG measured from distilled water, milk and different milk 
dilutions after incubation for 30 min. 
 

 
 
Figure 18. Possible inhibition mechanism of TG. 
 
4.2.1.2 The effect of glutathione on crosslinking efficiency of transglutaminase in unheated 
fat-free raw milk 
 
The transglutaminase enzymes applied in these experiments were TG-MP and TG-YG. Sam-
ples were prepared according to Table 23. Fat-free raw milk was heated to 40 °C and 
100 mM of GSH (samples 2, 4 and 6) were added. Also, TG enzyme was added: TG-MP 
3 U/g(milk protein) in samples 3 and 4, and TG-YG 3 U/g(milk protein) in samples 5 and 6. 
Samples were incubated at 40 °C for 2 h. The molecular size of the proteins was analysed by 
SDS-PAGE. A 12% separating gel was applied. 
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Table 23. TG treatment and GSH addition of the samples 
 

 
 
The SDS-PAGE results are presented in Figure 19. Milk without the addition of TG was used 
as a control (samples 1 and 2). No crosslinking was observed. TG-MP only crosslinked milk 
proteins in the presence of GSH. The result supports the findings of Bönisch et al. (2007b). 
In their research, it was possible to crosslink milk proteins without heat treatment with the 
presence of GSH. GSH possibly inactivates the indigenous TG inhibitor present in milk. The 
speculated reaction mechanisms are presented in Figure 20. GSH did not affect crosslinking 
of milk proteins when TG-YG was applied. TG-YG contains yeast extract, which contains 
GSH. Yeast cells contain glutathione at up to 10 mM (Penninckx, 2002). The amount of 
yeast extract in TG-YG preparation is not published, so the exact amount of glutathione in 
TG-YG is not known. Perhaps the GSH concentration of yeast extract was enough to inacti-
vate TG inhibitor and the additional GSH did not have any effect.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19. SDS-PAGE results of fat-free raw milk incubated at 40 °C for 2 h without preheat-
ing treatment. MW = molecular weight standard. Lane 1: milk. Lane 2: milk + GSH. Lane 3: 
milk + TG-MP. Lane 4: milk + TG-MP + GSH. Lane 5: milk + TG-YG. Lane 6: milk + TG-YG + 
GSH. 
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Figure 20. Possible reaction mechanisms of glutathione and a) inhibitor reaction between 
glutathione, and b) inhibitor reaction between inhibited TG enzyme and glutathione. 
 

4.2.2 The effect of heat treatment on formation of crosslinks by TG between ca-
sein and raw milk proteins  

 
4.2.2.1 Heat treatment of casein suspensions 
 
Native casein micelle powder (protein content 83%) was prepared from pasteurized 
skimmed milk, which was microfiltered with a membrane with pores of 0.1 m at 50 °C, 
and the retentate was freeze-dried. Native casein micelle was suspended in 0.1 M NaCl and 
0.007 M CaCl2 solution at 2.8% content. The casein suspension was heat-treated at 63 °C for 
20 s, 72 °C for 15 s, 95 °C for 30 s, and 95 °C for 5 min in a water bath. As a reference sam-
ple, casein suspension without heat treatment was prepared. After heat treatment, the 
casein suspension was treated with TG-WM. An enzyme concentration of 3 U/g(milk pro-
tein) was added and incubated at 40 °C for 2 h. As a reference, unheated and preheated 
samples without TG treatment were prepared. The samples were frozen and freeze-dried. 
The molecular size of proteins was analysed by SDS-PAGE.  
 
The results are presented in Figure 21. According to the SDS-PAGE results, the molecular 
size of milk proteins was not affected by heat treatment alone. Regardless of heat treat-
ment, TG formed a high molecular protein band (80–200 Da). At the same time, casein 
bands were weakened, and especially -casein were crosslinked. Casein suspension without 
heat treatment was readily crosslinked. It seems that the TG inhibitor did not prevent the 
crosslinking reaction; perhaps the TG inhibitor was removed from native casein in microfil-
tration.  
 
 

+

TG enzyme

Cys-SH Inhibitor

Glutathione-SH + Inhibitor Glutathione-SH Inhibitora)

Glutathione-SH Cys-SH + Glutathione-SH Inhibitorb)
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Figure 21. SDS-PAGE-results from heat-treated and/or TG-treated 2.8% casein suspension 
samples. Heat treatments: unheated, 63 °C for 20 s, 72 °C for 15 s, 95 °C for 30 s, and 95 °C 
for 5 min. TG treatment after heat treatment: TG 3 U/g(milk protein), 40 °C for 2 h. 
 
4.2.2.2 Heat treatment of raw milk 
 
UHT treatments: 
 
Raw milk was heat-treated at 125 °C for 5 min, 135 °C for 0.5 s, and 140 °C for 1 s in a cus-
tom-made pressure cooker (VTT Technical Research Centre of Finland). A reference sample 
without heat treatment was also prepared. After the heat treatment, the raw milk was 
treated with TG-WM. The enzyme concentration 3 U/g(milk protein) was added and it was 
incubated at 40 °C for 2 h. Unheated and preheated reference samples without TG treat-
ment were prepared. The samples were frozen and freeze-dried. Also, a reference sample 
without heat treatment or TG treatment was frozen. The molecular size of proteins was 
analysed using SDS-PAGE.  
 
The results are presented in Figure 22. Regardless of the heat treatment, TG formed protein 
bands of high molecular weight (80–200 Da). Polymers of very high molecular size were 
also formed which did not penetrate into the SDS-PAGE gel. At the same time, casein bands 
were weakened, and -casein in particular was crosslinked. Unheated raw milk did not 
crosslink, perhaps because the TG inhibitor was active. Heat treatments inactivated the TG 
inhibitor and milk proteins were susceptible to crosslinking.  
 
The sample which was heat-treated at 140 °C for 1 s formed a weak protein band of less 
than 80 kDa. The Maillard reaction is known to cause milk protein crosslinking and the for-
mation of oligomers (20–200 kDa) and polymers (>200 kDa) (Hiller and Lorenzen, 2010; 
Thao et al., 2011; Oliver et al., 2006) during its shelf life. However, formation of crosslinks 
via the Maillard reaction most probably has not been causing this weak protein band 
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(<80 kDa), because these samples were prepared and analysed quickly, and also the casein 
and whey protein bands did not weaken. Maillard reaction crosslinking has been detected 
in milk powders during storage (Thao et al., 2011). This result might have been an artefact. 
 

 
 
Figure 22. SDS-PAGE results from heat-treated and/or TG-treated raw milk samples. Heat 
treatments: unheated, 125 °C for 5 min, 135 °C for 0.5 s, and 140 °C for 1 s. TG treatment 
after heat treatment: TG 3 U/g(milk protein), 40 °C for 2 h. 
 
Heat treatment at 80 °C for 5 min: 
 
The samples were prepared and analysed in the same way as in the earlier section, except 
that the milk was heat-treated at 80 °C for 5 min in a water bath. The samples were TG-
treated at 4 °C for 24 h, 10 °C for 24 h and 40 °C for 2 h.  
 
The results are presented in Figure 23. TG did not crosslink milk proteins in unheated raw 
milk. This was due to the presence of the TG inhibitor. When raw milk was heat-treated at 
80 °C for 5 min, TG clearly crosslinked milk proteins. TG treatment at 10 °C for 24 h seems 
to be most efficient at forming inter-monomer crosslinks, but 40 °C for 2 h was almost as 
efficient. TG treatment at 4 °C for 24 h was least efficient at forming inter-monomer cross-
links, as no very large polymers not penetrating into the SDS-PAGE gel formed as they did in 
the other samples. This is largely explained by the low temperature of the milk, because the 
optimum temperature for TG is 50 °C (Anon, 2003). However, some part of this result might 
have been due to the fact that -casein is known to dissociate reversibly from the micelles 
at low temperatures (Fox and Brodkorb, 2008) and it is no longer close to other casein 
monomers. 
 

1 Frozen (-20 °C) raw milk
2 Freeze-dried raw milk
3 Raw milk, 125 °C for 5 min, freeze-

dried 
4 Raw milk, 125 °C for 5 min and TG-

treated, freeze-dried
5 Raw milk, 135 °C for 0.5 s, freeze 

dried
6 Raw milk, 135 °C for 0.5 s and TG-

treated, freeze-dried 
7 Raw milk, 140 °C for 1 s,  freeze-dried 
8 Raw milk, 140 °C for 1 s and TG-

treated, freeze-dried 
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Figure 23. SDS-PAGE results from raw milk samples heat-treated at 80 °C for 5 min and/or 
TG-treated. TG treatment after heat treatment: TG 3 U/g(milk protein) at 4 °C for 24 h, 
10 °C for 24 h, or 40 °C for 2 h. 
 

4.2.3 The effect of heat treatment and TG on the firmness of the chemically acidi-
fied raw milk gel 

 
4.2.3.1 Raw milk heat treatments at 72 °C for 15 s, 80 °C for 30 s, 95 °C for 5 min and 140 °C 
for 1 s, and TG-WM with GDL acid 
 
Heat treatments below 100 °C treatments were performed in a water bath and the 140 °C 
heat treatment was carried out in a custom-made pressure cooker (VTT Technical Research 
Centre of Finland). A reference sample was prepared without heat treatment. After heat 
treatment, raw milk was treated with TG-WM. An enzyme concentration of 3 U/g(milk pro-
tein) was added and it was incubated at 40 °C for 2 h. Reference unheated and preheated 
samples without TG treatment were prepared. After TG treatment, GDL 1.2% (w/w) was 
added and the milks were acidified at 42 °C for 4 h. The samples were frozen and freeze-
dried. The reference sample without heat treatment and TG treatment was also frozen and 
freeze-dried. The molecular size of proteins was analysed by SDS-PAGE.  
 
Again TG did not crosslink milk proteins in unheated raw milk (Figure 24.). This was due to 
the presence of the TG inhibitor. When raw milk was heat treated at 72 °C for 15 s, some 
oligomers formed in the MW range of 49–209 kDa. Perhaps part of the TG inhibitor is inac-
tivated and this makes milk proteins more susceptible to crosslinking. In Section 4.2.2.1, 
crosslinking was also observed in a sample which was heat treated at 72 °C for 15 s. At 
80 °C and higher temperatures, TG forms oligomers (49–209 kDa) and also very large poly-
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mers, which did not penetrate into the SDS-PAGE gel. GDL treatment without TG treatment 
after any heat treatment did not cause changes in the molecular size of milk proteins.  
 

 
 
Figure 24. SDS-PAGE results from heat-treated and/or TG-treated and GDL-treated raw milk 
samples. Heat treatments: unheated, 72 °C for 15 s, 80 °C for 30 s, 95 °C for 5 min, and 
140 °C for 1 s. TG treatment after heat treatment: TG 3 U/g(milk protein) at 40 °C for 2 h. 
GDL acidification after TG treatment: 1.2% at 42 °C for 4 h. 
 
 
4.2.3.2. Raw milk heat treatments at 63 °C for 20 s, 72 °C for 15 s, 80 °C for 30 s, 80 °C for 
5 min, 85 °C for 5 min, 95 °C for 30 s, 95 °C for 5 min, and 140 °C for 1 s and TG-WM with 
GDL acid 
 
Experiments were performed as presented in Section 4.2.3.1, except that a lower TG-WM 
concentration of 2.5 U/g(milk protein) was applied. After acidification, the samples were 
stored in a refrigerator and the gel firmness was measured the following day using Texture 
Analyser (Stable Micro Systems Ltd, England) to observe the difference in gel firmness. 
 
The firmest gel with TG was obtained with heat treatment at 80 °C for 5 min (Figure 25.). 
The structure was over 11 times harder than milk which had been only heat treated at 80 °C 
for 5 min. With heat treatment at 63 °C for 20 s, as weak a gel as in the unheated reference 
sample was obtained. This heat treatment probably did not inactivate the TG inhibitor. 
Formation of isopeptides has been only observed when milk is pasteurized at over 72 °C 
(Mautner et al., 1999). At 72 °C, the gel structure was a little bit harder. The SDS-PAGE re-
sults also indicated the formation of some crosslinks (Figure 25). Part of the TG inhibitor 
was inactivated. At pasteurization temperature, whey proteins are not yet denatured and 
this does not affect the gel structure. Heating at temperatures higher than 80 °C did not 
form any firmer milk gels. This is may be because of the Maillard reaction. The effect of the 
Maillard reaction might have been higher and the amount of available lysine might have 
been lower.   

1 Frozen (-20 °C) raw milk 
2 Conrol ‒ TG ‒ GDL
3 Control ‒ GDL
4 Control ‒ TG 
5 72 °C for 15 s ‒ TG ‒ GDL
6 72 °C for 15 s ‒ GDL
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Heat treatment alone at 80 °C and higher temperatures doubled the gel hardness com-
pared to the unheated reference sample. This is due to whey protein denaturation. During 
the denaturation process, whey proteins interact with casein micelles and also with each 
other (Kessler, 2002 and Yildiz, 2010). It is known that heat treatment at 80 °C for 
20−30 min or at 90–95 °C for 5–15 min forms the firmest yogurt gel structure (Lee and 
Lucey, 2004).  
 

 
 
Figure 25. The effect of raw milk heat treatment and TG treatment on GDL-acidified milk gel 
structure 
 
4.2.3.3. Raw milk heat treatment at 72 °C for 15 s, 80 °C for 30 s, 95 °C for 5 min and 140 °C 
for 1 s and TG-YG with GDL acid 
 
Experiments were performed as presented in Section 4.2.3.1, except that TG-YG was ap-
plied instead of TG-WM. After acidification, the samples were stored and gel firmness was 
analysed as presented in Section 4.2.3.1. After the structure measurements, the samples 
were frozen and freeze-dried and the molecular size of the proteins was analysed by SDS-
PAGE.  
 
TG-YG formed oligomers without heat treatment in the MW range 49–209 kDa (Figure 26b, 
lane 1). TG-YG contains glutathione, which inhibits the TG inhibitor (Bönisch et al., 2007b). 
With TG-MP, no oligomers or polymers formed without heat treatment (Figure 25). Heat 
treatment at 72–140 °C made crosslinking with TG-YG more efficient as the casein bands 
were weaker than in the unheated sample. The crosslinking was as efficient at tempera-
tures of 72–140 °C. Pasteurization treatment and glutathione amount was high enough to 
inactivate the TG inhibitor. 
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A)     B)  

            

Figure 26. SDS-PAGE-results from heat-treated and/or TG-treated and GDL-treated raw milk 
samples. A) Reference samples without TG treatment. B) TG-YG-treated samples. Lane 1: 
without heat treatment. Lane 2: 72 °C for 15 s. Lane 3: 80 °C for 30 s. Lane 4: 95 °C for 
5 min. Lane 5: 140 °C for 1 s. TG treatment after heat treatment: TG 3 U/g(milk protein), 
40 °C for 2 h. GDL-acidification after TG treatment 1.2% (w/w) at 42 °C for 4 h. 
 
Heat treatment had a clear effect on milk gel firmness crosslinked with TG-YG (Figure 27). 
TG-YG made milk gels firmer, including the unheated sample. Also, formation of oligomers 
was analysed in the SDS-PAGE results (Figure 27). TG-WM did not result in firmer gels from 
the unheated sample. With TG-YG, the maximal compressive force was obtained with heat 
treatments at 72 °C and 80 °C. With heat treatment at 140 °C, the gel firmness was almost 
as firm as at 72 °C and 80 °C. The milk gel firmness was weaker in the sample heat-treated 
at 95 °C than with samples heat-treated at 72 °C, 80 °C or 140 °C. This might be due to whey 
protein denaturation and interaction with casein micelle. -lactoglobulin denaturation de-
gree is above 90% and -lactalbumin above 60% at 95 °C for 5 min (Kessler, 2002). This 
might have weakened the -casein susceptibility to crosslinking. The Maillard reaction 
might also have reduced the amount of available lysine.     
 
Heat treatment alone at 80 °C and higher temperatures doubled the gel firmness when 
compared to the unheated reference sample. This is due to the denaturation of whey pro-
teins, which interact with casein micelles and also with each other (Kessler, 2002 and Yildiz, 
2010). It is known that heat treatment at 80 °C for 20–30 min or 90–95 °C for 5–15 min 
forms the firmest yogurt gel structure (Lee and Lucey, 2004). 
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Figure 27. The effect of raw milk heat treatment and TG-YG treatment on GDL-acidified milk 
gel structure 
 

4.3 Methods to improve crosslinking ability of milk proteins 

 
Caseins are good substrates for TG due to their open and flexible structure (Bönisch et al., 
2007a). Whey proteins are poor substrates due to their globular structure. Milk protein 
susceptibility to TG decreases in order -casein > -casein > -caseins > -lactalbumin > 

-lactoglobulin (Sharma et al., 2001). In a casein micelle, -casein is located on the surface 
of the micelle and -casein forms the backbone structure whereas -casein is in a dynamic 
state. In milk, the caseins are preferentially crosslinked above the whey proteins (Bönisch et 
al. 2007b). The susceptibility of whey proteins to TG can be improved by denaturation of 
whey proteins before TG treatment. This can be done by preheating (Sharma et al., 2001), 
heat treatment at 50 °C and a high pH of 8 (Eissa et al., 2004) and treating with dithio-
threitol (Eissa and Khan, 2006). In section 4.3.1.1, -lactalbumin was crosslinked in pre-
heated milk at high TG dosages of 6 U/g(milk protein) or higher, and -lactoglobulin at a TG 
dosage of 24 U/g(milk protein). The higher the TG dosage, the greater the probability that 
TG will come into contact with lysine and glutamine. 
 
Different ways to improve milk protein crosslinking were studied; the effect of calcium re-
moval, high-pressure treatment, heating at alkaline pH, treating with NaCl, protease treat-
ments, ultrasound and laser treatments on crosslinking efficiency were studied. The effect 
of TG dose on molecular size and the structure of GDL acidified milk gel was also re-
searched, as well as  the effect of high pressure on TG activity. 
 
Chemical treatments 
In the first part of research, it was hypothesized that applying different chemical treat-
ments to milk would modify the structure of proteins and/or improve crosslinking. It was 
hypothesized that the increase in the concentration of TG would increase the amount of 
crosslinks formed because the probability that TG will come into contact with lysine and 
glutamine will increase. It was hypothesized that calcium removal undermines the casein 
micelle structure and makes it more porous, possibly allowing transglutaminase to work 
more efficiently.  
 
It is known that crosslinking whey proteins at pH 8 and 50 °C using TG will enable the for-
mation of crosslinks, and it was hypothesized that heating milk at alkaline pH will change 
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the structure of -lactoglobulin to a molten globular state (Matsumura et al., 1996) and 
partly denature -lactoglobulin at a high pH of 8 (Fragemand et al., 1998) and thereby in-
crease the formation of crosslinks. It is known that whey proteins can be crosslinked when 
they are in a denatured state, for example through addition of dithiothreitol (Eissa and 
Khan, 2006). Previous studies have shown that adding NaCl to concentrated milk reduces 
the net negative charge of casein micelles and the pH of milk and increases the level of 
soluble and inorganic calcium, but the level of soluble inorganic phosphorous is not influ-
enced (Huppertz and Fox, 2006). It was hypothesised that an increased level of NaCl will 
make the casein micelle more porous and enhance crosslinking. It was hypothesized that 
treating milk with proteases will expose the glutamine and lysine amino acids in casein and 
whey proteins and thereby improve crosslinking.  
 
Physical treatments 
In the second part of the research, it was hypothesized that applying different physical 
treatments to milk would modify the structure of proteins and improve crosslinking. The 
literature shows that high-pressure treatment of milk intensifies light transmission of casein 
micelles under increased pressure (1,000–4,000 bar) (Huppertz et al., 2006). It was hypoth-
esized that high-pressure treatment makes the casein micelle structure more porous and 
increases crosslinking. The crosslinking of high-pressure-treated milk with TG has not been 
studied in the literature.  
 
Previous studies have shown that ultrasound treatment of milk reduces the viable count of 
dairy spoilage microbes (Cameron et al. 2009) and homogenizes milk fat (Burger and Wind-
er, 1954). It was hypothesized that ultrasound makes the casein micelle structure more 
porous and increases crosslinking. It is known that pulsed ultraviolet laser light destroys 
micro-organisms (Smith et al., 2002); it was hypothesized that laser light could also affect 
the casein micelle structure and increase crosslinking.  
 

4.3.1 Chemical treatments 

4.3.1.1 The effect of TG dose and TG preparation on the molecular size and the structure of 
GDL acidified milk gel  
 
First, lower TG dosages were investigated. Skimmed milk was heat-treated at 80 °C for 
5 min and cooled to 4 °C. Samples of TG-MP and TG-YG were prepared with the addition of 
0, 0.1, 0.3, 0.6, 1.5 and 3.0 U/g(milk protein) and incubated at 4 °C for 24 h. After incuba-
tion the molecular size of proteins was analysed by SDS-PAGE. The samples were heated to 
40 °C, 1.2% (w/w) GDL was added and acidified for 4 h. After acidification, the samples 
were allowed to cool at room temperature for 1 h and stored at 4 °C. During the next day, 
the amount of separated whey was measured from the samples, which were placed at 
room temperature 2 h before measurement. The gel firmness was measured with Texture 
Analyser and the pH of the gels was also measured. The molecular size of proteins in the 
acidified gels was analysed by SDS-PAGE.  
 
The molecular size of unacidified TG-treated milk samples are presented in Figure 28. Cross-
linking was more effective as a function of TG dosage. Crosslinking was as effective with 
TG-MP as with TG-YG. Minor crosslinking was observed with a TG dosage of 0.3 U/g(milk 
protein) and clear crosslinking with a TG dosage of 0.6 U/g(milk protein). With a TG dosage 
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of 3 U/g(milk protein), crosslinking of caseins is observed. -casein is most easily cross-
linked, as it is in the casein micelle surface and readily susceptible to crosslinking. Sharma et 
al. (2001) also observed that -casein is most susceptible to crosslinking. Whey proteins 
remain uncrosslinked.  
 
       a)                                                                              b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28. SDS-PAGE results of milk samples treated with TG-MP (a) or TG-YG (b). MW = 
molecular weight standard. The enzyme dosages were 0, 0.1, 0.3, 0.6,1.5 and 3 U/g(milk 
protein). The samples were incubated at 4 °C for 24 h. 
 
The molecular size of acidified TG-treated milk gels are presented in Figure 29. GDL acidifi-
cation intensified the crosslinking reaction, as the loss of casein bands was more effective in 
acidified gels than in unacidified milk samples. As the pH of milk decreases close to pH 5, 
the micellar calcium phosphate is completely solubilized, and as the pH decreases close to 
the isoelectric point of casein (pH 4.6), there is a decrease in the net negative charge on the 
casein (Lee and Lucey, 2010). The structure of the casein micelle opens and forms a three-
dimensional network. This breakdown of the casein micelle structure makes it easier for TG 
to form bonds between casein monomers. Crosslinking correlated positively with the TG 
dosage. TG-MP crosslinked milk proteins more efficiently than TG-YG. With TG-MP at a 
dosage of 3 U/g(milk protein) almost all casein monomers were crosslinked and also some 
weakening of whey protein bands was observed. With TG-YG, no crosslinking of whey pro-
teins was observed. With the highest TG dosage, -caseins were not as easily crosslinked as 

- and -caseins. Rodriguez-Nogales (2006) showed that in heat-treated, unacidified milk 
samples, -casein and -caseins are more susceptible to transglutaminase reaction than 

s1- and s0-casein. Similar results have been observed for -caseins and s2-casein (Sharma 
et al., 2001). They suggested this behaviour is due to the open structure of the casein mi-
celle, where -casein forms the backbone structure, whereas -casein is in dynamic state 
with a disordered, flexible and open structure that facilitates crosslinking. 
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a)                                                                             b)            
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 29. SDS-PAGE results of GDL-acidified milk gel samples treated with TG-MP (a) or 
TG-YG (b). MW = molecular weight standard. The enzyme dosages were 0, 0.1, 0.3, 0.6, 1.5 
and 3 U/g(milk protein). The samples were incubated at 4 °C for 24 h and at 40 °C for 4 h. 
 
The GDL-acidified milk gel firmness was a little bit increased at a TG dosage of 0.6 U/g(milk 
protein) (Figure 30). With a TG dosage of 0.3 U/g(milk protein) some crosslinking was ob-
served (Figure 28), but this crosslinking did not affect the gel firmness. The highest gel firm-
ness was achieved with a TG dosage of 3 U/g(milk protein). There was little difference 
between enzyme preparations at TG dosages of 0.1–1.5 U/g(milk protein). With a TG dos-
age of 3 U/g(milk protein), there was more firm gel with TG-MP than with TG-YG; the cross-
linking was also more effective with TG-MP than with TG-YG (Figure 30.)  
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Figure 30. The effect of TG dosage and TG preparation on gel firmness of GDL-acidified milk 
gels  
 
The WHC of GDL-acidified skimmed milk gels could be considerably improved by TG (Fig-
ure 31). The amount of separated whey was about 5% for the control and samples with a 
TG dosage of 0.1–0.6 U/g(milk protein). With TG dosages of 1.5 and 3 U/g(milk protein), the 
amount of separated whey was less than 1%. TG-catalysed crosslinking improves the WHC 
of the yogurt gel (Motoki and Seguro, 1998; Kuraishi et al. 2001) 
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Figure 31. The effect of TG dosage on the amount of separated whey from GDL-acidified 
milk gels. 
 
Because higher TG dosages were investigated, TG-MP was applied. TG-MP was chosen be-
cause with lower TG dosages TG-MP crosslinked most efficiently milk proteins in GDL-
acidified skimmed milk gels. Samples were prepared and analysed as presented in the test 
where lower TG dosages were applied, except that 3, 6, 12 and 24 U/g(milk protein) were 
added to the TG-MP.  
 
After acidification, the pH of the TG-treated milk gels was between 4.51 and 4.69. The pH of 
the control gel was higher (4.94) than in TG-treated gels. The firmness of the gel was still at 
the same level as presented in Figure 31. 
 
The molecular size of GDL-acidified TG-treated milk samples are presented in Figure 32. 
Crosslinking increased with increasing TG dosage. With the highest TG dosage, the milk 
proteins crosslinked so effectively that polymers of very high molecular size formed which 
did not penetrate into the gel. With TG dosages of 6–24 U/g(protein ) -lactalbumin have 
crosslinked. With the highest TG dosage also -lactoglobulin band have weaken. Sharma et 
al. (2001) have shown that only preheated -lactoglobulin was susceptible to transglutami-
nase action, while -lactalbumin was crosslinked without preheating to the same extent as 
with preheating. With the highest TG dosage, all the caseins crosslinked. With a TG dosage 
of 3 U/g(milk protein), the crosslinking was at the same level as presented in Figure 28.  
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 MW          0         3          6         12        24         MW 
 

 
 
Figure 32. SDS-PAGE results of TG-MP treated GDL-acidified milk gel samples. MW = molec-
ular weight standard. The enzyme dosages were 0, 3, 6, 12 and 24 U/g(milk protein). The 
samples were incubated at 4 °C for 24 h and at 40 °C for 4 h. The molecular weight of 

-lactoglobulin is 18.362 kDa and -lactalbumin 14.174 kDa. 
 
TG-MP increased the firmness of GDL-acidified milk gel (Figure 33). The firmest gel was 
achieved with a TG dosage of 3 U/g(milk protein) as measured by maximum compressive 
force and area. With TG dosages higher than 3 U/g(milk protein), the gel firmness was more 
fragile. In order to achieve a good gel structure, polymers which are too big are not desira-
ble. It may be that too high crosslinking forms polymers that are too tight and the polymers 
do not form a dense, flexible network during acidification. Jaros et al. (2010) observed that 
too high polymer formation in raw milk weakens the GDL-acidified gel structure. The opti-
mal crosslinking formation was oligomerization in the same molecular weight area (80–
209 kDa) as in these experiments with a TG dosage of 3 U/g(milk protein) (Figure 32). Jaros 
et al. (2010) obtained in their research the highest G’max when approximately 25% of the 
protein was crosslinked. In their research, the amount of TG was 3 U/g(milk protein), the 
incubation temperature was 40 °C and the reaction was inactivated by N-ethylmaleimide. 
The gels were acidified with GDL (3%) at 30 °C. From the TG samples, the most fragile gel 
was obtained with a TG dosage of 6 U/g(milk protein). A gel almost as fragile was obtained 
with the highest TG dosage. The formation of a fragile gel with a TG dosage of 6 U/g(milk 
protein) may be caused by the formation of polymers that are too tight and intramolecular 
crosslink formation. With the highest TG dosage mostly polymers were formed, and with 
6 U/g(milk protein) oligomers and polymers were formed (Figure 32). With a TG dosage of 
6 U/g(milk protein) the formation of intramolecular crosslinks might have been higher than 
with other TG samples, which are not detectable in SDS-PAGE analysis. If the intramolecular 
crosslinking was higher than in the other samples, then the polymers were possibly too 
compact, preventing the formation of a thick, flexible network during acidification. With a 
TG dosage of 12 U/g(milk protein) the gel was firmer than with dosages of 6 and 
24 U/g(milk protein), but less firm than with 3 U/g(milk protein).  
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Figure 33. The effect of TG dosage on gel firmness of GDL-acidified milk gels 
 
The WHC of GDL-acidified skimmed milk gels could be considerably improved by TG; no 
whey separated from the TG-treated samples. The amount of separated whey was about 
5% for the control. In commercial fermented milk products, it is desirable that the amount 
of separated whey is as low as possible. 
 
 
4.3.1.2 The effect of calcium removal on crosslinking efficiency of TG-YG and TG-MP 
 
The effect of calcium removal on crosslinking efficiency was studied. Calcium was removed 
from skimmed milk according to a patent-pending method utilizing a weak cation exchange 
resin (WO 2007/026051 A1). In the first two experiments and a reference sample, the resin 
was regenerated with a 3% NaOH solution. In the third experiment, the resin was regener-
ated with 3% NaOH and 3% KOH solutions in a ratio of 3:2. In the first experiment, TG-YG 
was used and the amount of enzyme added was 3 U/g(milk protein). The enzyme was incu-
bated at 5 °C for 1 day. In the second experiment, calcium-removed skimmed milk was pas-
teurized at 90  °C for 5 min. In the third experiment, calcium-removed skimmed milk was 
pasteurized at 90 °C for 5 min and the pH was adjusted to 5.8 with 80% lactic acid. The TG 
enzyme applied in the second and third experiments was TG-MP, and the amount of en-
zyme added was the same as in the first experiment. In the second experiment, TG was 
incubated at 40 °C for 4 h at pH 6.8. In the third experiment, TG was incubated at 20 °C for 
10 h at pH 5.8. A calcium-removed reference without TG treatment was also prepared. 
After TG incubation, the milks were evaporated, pasteurized and spray-dried. The molecu-
lar size of milk proteins was analysed by SDS-PAGE. 
 
The molecular size results are presented in Figure 34. In the TG-YG-treated sample, only 
some oligomers formed (lane 2). In this experiment, the TG inhibitor was not inactivated by 

0

500

1000

1500

2000

2500

0

100

200

300

400

500

600

700

0 3 6 12 24

Su
rf

ac
e 

ar
ea

 0
‒8

 m
m

  [
g 

m
m

]

M
ax

im
al

 c
om

pr
es

si
ve

 fo
rc

e 
[g

]

Enzyme dosage [U/g (prottein)]

Force g

Area g mm



79 
 

heat treatment before TG treatment and possibly the glutathione content in TG-YG was not 
enough to inactivate all the inhibitor. In the TG-MP-treated samples (lanes 3 and 4) signifi-
cantly more polymerization was observed. Nearly all the caseins crosslinked and also 

-lactalbumin has crosslinked to some degree. The TG inhibitor was inactivated by heat 
treatment in these samples, which is one reason why the crosslinking was so efficient. In 
the cation exchange, the calcium is replaced by sodium (lanes 1–3) and sodium and potas-
sium (lane 4). The colour of the milk changes from white to translucent as a result of cation 
exchange. This possibly makes the casein micelle structure more porous. -lactalbumin also 
contains calcium in its structure (Fox and McSweeney, 1998) and the removal of calcium 
possibly opened the globular structure of the -lactalbumin. The crosslinking was even 
more efficient in the sample which was TG-treated at pH 5.8 compared to the sample which 
was TG-treated at pH 6.8. The net negative charge of casein decreases with the pH, and 
part of the calcium phosphate is solubilized (lee and Lucey, 2010). It can be speculated that 
the same happens when calcium is removed and replaced with sodium and/or potassium in 
casein micelles. This makes the casein micelle structure more porous. 
 
           1               2               3                 4 
 
 
 
 
 
 
 
 
 
    
 
 
 
 
 
 
Figure 34. SDS-PAGE-results from calcium-removed and TG-treated samples. Lane 1: calci-
um removed reference. Lane 2: calcium-removed and TG-YG-treated sample 3 U/g(milk 
protein) at 5 °C for 1 day. Lane 3: calcium-removed and TG-MP-treated sample 3 U/g(milk 
protein) at 40 °C for 4 h at pH 6.8. Lane 4: calcium-removed and TG-MP-treated sample 
3 U/g(milk protein) at 20 °C for 10 h at pH 5.8.  
 
4.3.1.3 Effect of pH, NaCl and proteases on TG-MP crosslinking efficiency  
 
The effect on the crosslinking efficiency of TG of heating milk at a higher pH was studied. 
The pH of skimmed milk was adjusted to 7.5, 8.0, 8.5 and 9.0 with KOH and Ca(OH)2. The 
milk was heat-treated at 80 °C for 5 min and TG-MP treated with 3 U/g(milk protein) at 
30 °C for 1 h. The molecular size was analysed by SDS-PAGE. The crosslinking efficiency of 
TG weakened at higher pH. The amount of polymers formed was lower at the higher pH 
(Figure 35). 
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a)                                                                       b) 
 
MW   1      2      3       4      5      6       7      MW      MW  1     2      3      4       5      6     7      MW 

       
 
Figure 35. SDS-PAGE-results from experiments which were heat-treated at higher pH and 
TG-treated. The pH was adjusted with a) KOH and b) CaOH2. MW = molecular weight stand-
ard. Lane 1: skimmed milk. Lane 2: skimmed milk at pH 9. Lane 3: TG-treated milk without 
pH adjustment. Lane 4: TG-treated milk at pH 7.5. Lane 5: TG-treated milk at pH 8.0. Lane 6: 
TG-treated milk at pH 8.5. Lane 7: TG-treated milk at pH 9.0. 
  
The effect of NaCl addition (1% and 5%) was studied on crosslinking efficiency of TG with 
skimmed milk heat-treated at 80 °C for 5 min. Milks were TG-MP treated with 3 U/g(milk 
protein) at 30 °C for 1 h. NaCl at concentration of 1% and 5% did not have any effect on 
crosslinking efficiency of TG (results not shown). 
 
The effect of proteases (Alcalase, Neutrase or Trypsin) on crosslinking efficiency of TG was 
studied by adding 1 l/l or 10 l/l of protease. Samples were incubated at 30 °C for 1 h, 
then heat-treated at 95 °C for 5 min and cooled to 30 °C. Samples were TG-MP-treated with 
3 U/g(milk protein) at 30 °C for 1 h. The protease treatment did not intensify the crosslink-
ing efficiency of TG (results not shown). The effect of Alcalase (10 l/l) and GDL acidification 
on crosslinking efficiency of TG was studied. Skimmed milk was heat-treated at 80 °C for 
5 min and cooled to 40 or 50 °C. Samples were protease-treated with Alcalase for 1 h. The 
samples were cooled to 25 °C and TG-MP treated with 3 U/g(milk protein) and acidified 
with 1.2% (w/w) GDL at 20 °C for 19 h. The protease treatment did not intensify the cross-
linking efficiency of TG (results not shown).  
 

4.3.2 Physical treatments 

 
4.3.2.1 The effect of high-pressure treatment on the TG activity 
 
The effect of high-pressure treatment on TG activity (TG-MP) was studied. The activity of 
TG-MP was 126 U/g. The enzyme was suspended in a Na-phosphate buffer at pH 6.7 
(10 mg/ml = 1.26 U/ml). The TG-MP suspension (in a 1.5 ml Eppendorf tube) was treated at 
pressures of 1; 1,000; 2,000; 3,000; 4,000; 5,000; 6,000; 7,000 and 8,000 bar for 30 min at 
room temperature. The samples were pressure processed in a multivessel high-pressure 
device (HPIU-10000-AT, Resato International, the Netherlands). The six cylindrical vessels of 
the unit have internal diameter of 25 mm and a height of about 120 mm. The vessels are 
surrounded with a jacket, through which a heating liquid (Kryo 51, Lauda, Germany) from a 
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thermostatically controlled bath (Ultra-kryomat®, RUK 90 W, Lauda, Germany), is circulat-
ed. Pressure is created by means of a pressure intensifier and glycol (Resato PG Fluid) is 
used as a pressure-transmitting medium. The temperature of the samples was measured 
during pressure treatment. After pressure treatment the samples were frozen. The activity 
was measured from the thawed samples according to the hydroxamate method in a stand-
ardized environment of pH 6 at 37 °C (Folk, 1970). The effect of freezing the samples was 
also studied with a non-pressure-treated sample before and after freezing. 
 
The freezing of the non-pressure-treated sample decreased the TG activity by 10%. The 
activity before freezing was 126 U/g, and in the thawed sample it was 114 U/g. The effect 
of high-pressure treatment on activity of TG is shown in Figure 36. The highest activity was 
obtained with pressure treatment at 4,000 bar. The activity was double that of the non-
pressure-treated sample. At pressures greater than 5,000 bar, the activity of TG decreased, 
and the activity was near 0 U/ml at 7,000 and 8,000 bar. The freezing of the samples after 
high-pressure treatment might have had some effect on the TG activity, and the increase in 
TG activity might have been a result of both pressure and freezing. TG maintained 60% of 
its initial activity after 60 min at 6,000 bar at 25 °C, indicating that TG is pressure-resistant 
(Lee and Park, 2002). Menedez et al. (2006) showed that the residual activity of TG en-
zymes was 50% after 12 min at 6,000 bar at 40 °C, and 50% after 30 min at 4,000 bar at 
40 °C. In the experiments by Menedez et al. (2006), the activity did not increase at 
4,000 bar. In these experiments, TG maintained 100% of its initial activity after 30 min at 
6,000 bar at room temperature. The active centre of TG enzymes is located in an expanded 

-strand domain (Menedez et al., 2006). High-pressure treatment at 6,000 bar induced a 
loss of tertiary structure and a significant decrease in the -helix content. The relative con-
tent of -strand substructures was significantly increased after 30 min at 6,000 bar and 
40 °C. The active centre is resistant to high hydrostatic pressure. At 7,000 bar, irreversible 
changes of the secondary structure are observable. If the enzyme activity could be perma-
nently increased, this would mean that the enzyme dosages in the applications could be 
lowered. This would make it possible to achieve cost savings. 
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Figure 36. The effect of high-pressure treatment (30 min) on activity of TG-MP.  
 
4.3.2.2. The effect of high-pressure treatment of fat-free raw milk on crosslinking efficiency 
of TG 
 
The effect of high-pressure treatment of fat-free raw milk on the crosslinking efficiency of 
TG-MP at 3 U/g(milk protein) was studied. Fat-free raw milk (protein content 3.5%) at room 
temperature was pressure-treated at 1; 2,000; 3,000; 4,000; 5,000; 7,000 and 8,000 bar for 
30 min. The samples were processed in the same equipment as described in section 4.3.2.1. 
TG-MP enzyme was added after pressure treatment and incubated at 40 °C for 1 h. 
 
The SDS-PAGE-results are presented in Figure 37. No crosslinks formed in the sample which 
was TG-MP-treated at atmospheric pressure (lane 3). Only some oligomers formed in milk 
treated at a pressure of 2,000 bar. Clear crosslinking was observed in milk treated at 
3,000 bar and the degree of crosslinking did not increase when the pressure increased 
above 3,000 bar. Possibly the TG inhibitor is inactivated at pressures of 2,000–3,000 bar, 
allowing crosslinking to occur. The milk colour changed from white to translucent at pres-
sures of 3,000–8,000 bar. This might have been caused by the solubilisation of calcium 
phosphate from the casein micelle. This possibly made the micelle structure more porous. 
This solubilisation of calcium phosphate also might have intensified the crosslinking. Hup-
perts et al. (2006) discovered that the light transmission of casein micelles increased pro-
gressively, and more rapidly, with increasing pressure (1,000–4,000 bar), indicating 
disruption of casein micelles and solubilisation of calcium phosphate. This disruption of 
micelles was complete at a pressure of 4,000 bar. There were no changes in the molecular 
size of milk proteins in the samples which were only pressure-treated or pressure-treated 
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and incubated at 40 °C for 1 h. The maximal temperature increase of the samples during 
pressure treatment was from 23 to 31 °C (8,000 bar). At 2,000 bar the temperature in-
crease was from 23 to 29 °C. The temperature alone did not inactivate the TG inhibitor. 
 
Whether inactivation of the TG inhibitor intensifies crosslinking of pressure-treated milks 
(2,000–8,000 bar) was also studied. The crosslinking did not intensify due to pressure 
treatment (results not shown). TG treatment was also carried out during pressure treat-
ment at 1,000 and 6,000 bar. TG inhibitor was not inactivated before pressure treatment. In 
these tests, the pressure treatment during TG treatment did not intensify crosslinking (re-
sults not shown). Lauber et al. (2001) showed transglutaminase-induced oligomerization of 

-lactoglobulin at a pressure of 4,000 bar and to a lesser extent at 6,000 bar. 1% -
lactoglobulin was diluted in a 0.2M tris-acetate buffer at pH 6.0 and the solutions were 
pressure-treated for 1 h at 40 °C with added TG at 1.5 U/g(milk protein). Anema et al. 
(2005) showed that when TG treatment was performed during pressure treatment (for 60 
and 120 min at 4,000 bar at 40 °C), a markedly higher final G´ was obtained than when only 
pressure or TG treatment was performed.  
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Figure 37. SDS-PADE-results from high-pressure-treated and TG-treated samples. Lane 1: 
unpressurized milk. Lane 2: unpressurized milk and incubation at 40 °C for 1 h. Lane 3: un-
pressurized milk and TG treatment at 40 °C for 1 h. Lane 4: 2,000 bar pressurized milk. 
Lane 5: 2,000 bar pressurized milk and incubation at 40 °C for 1 h. Lane 6: 2,000 bar pres-
surized milk and TG treatment at 40 °C for 1 h. Lane 7: 3,000 bar pressurized milk. Lane 8: 
3,000 bar pressurized milk and incubation 40 °C for 1 h. Lane 9: 3,000 bar pressurized milk 
and TG treatment at 40 °C for 1 h. Lane 10: 4,000 bar pressurized milk. Lane 11: 4,000 bar 
pressurized milk and incubation 40 °C for 1 h. Lane 12: 4,000 bar pressurized milk and TG 
treatment at 40 °C for 1 h. Lane 13: 5,000 bar pressurized milk. Lane 14: 5,000 bar pressur-
ized milk and incubation at 40 °C for 1 h. Lane 15: 5,000 bar pressurized milk and TG treat-
ment at 40 °C for 1 h. Lane 16: 7,000 bar pressurized milk. Lane 17: 7,000 bar pressurized 
milk and incubation 40 °C for 1 h. Lane 18: 7,000 bar pressurized milk and TG treatment at 
40 °C for 1 h. Lane 19: 8,000 bar pressurized milk. Lane 20: 8,000 bar pressurized milk and 
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incubation at 40 °C for 1 h. Lane 21: 8,000 bar pressurized milk and TG treatment at 40 °C 
for 1 h. 
 
  
4.3.2.3 The effect of ultrasound and laser treatment of raw milk on crosslinking efficiency of 
TG 
 
The effect of ultrasound treatment of raw milk on crosslinking efficiency of TG was studied. 
Raw milk was treated with ultrasound at a frequency of 23 kHz and a power density of 
25−600 W/l for 0.5–5 min, and at 900 kHz and 200–400 W/l for 0.5–5 min. In the studies, 
two different ultrasonic reactors operating at 20 and 900 kHz were applied. All the reactors 
were made by VTT Technical Research Centre of Finland. The volume of all the reactors was 
10 l. The 20 kHz, round-shaped reactors were made of steel. The rectangular-shaped 
900 kHz reactor was made of plastic. The 20 kHz reactor had five Langevin-type transducers 
installed on the bottom of the reactor. The surface of the 900 kHz transducer formed the 
entire bottom of the rectangular-shaped reactor. Ultrasonic frequency and power were 
adjusted using an ENI 1140 LA (S/N 563) power amplifier (USA) and a Tabor 8553 function 
generator (Israel) or an IEC US1200 ultrasonic generator (Finland). The 900 kHz reactor had 
its own generator: a Megasonic 600 (Japan). Samples were treated with TG-MP at 
3 U/g(milk protein) at 40 °C for 1 h. Also, one part of the sample was treated with TG-MP at 
3 U/g(milk protein) and acidified with 1.2% (w/w) GDL. The firmness of the GDL-acidified 
milk gels were analysed by Texture Analyser. The molecular size was analysed by SDS-PAGE. 
The temperature before and after ultrasound treatment was also measured. 
 
The warming of the samples was stronger at 23 kHz than at 900 kHz. The highest tempera-
ture rise was in the sample which was treated at 23 kHz and 600 W/l. The temperature rose 
from 20 to 57 °C. At this temperature, the TG inhibitor is still active. Ultrasound treatment 
did not have any effect on the crosslinking efficiency of TG. Also the firmness of GDL-
acidified gels was at the same level with or without ultrasound treatment (results not 
shown). Ultrasound treatment did not inactivate the TG inhibitor. 
 
The effect of ultrasound together with TG treatment on crosslinking efficiency was studied. 
In these experiments, the TG inhibitor was inactivated by heat treatment before TG and 
ultrasound treatment. Raw milk was heat-treated at 80 °C for 5 min and TG-MP-treated 
with 3 U/g(milk protein) together with ultrasound treatment. Ultrasound treatment was 
applied at 21 kHz and power densities of 25 and 100 W/l for 5 min, and at 900 kHz and 
power densities of 200 and 400 W/l for 5 min at 40 °C. After ultrasound treatment, one part 
of the sample was incubated at 40 °C for 40 min and the molecular size was analysed by 
SDS-PAGE. One part of the sample was GDL-acidified at room temperature for 24 h.  
 
Ultrasound treatment did not have any effect on the crosslinking efficiency of TG as ana-
lysed by SDS-PAGE. The firmest GDL-acidified gel was obtained by TG treatment together 
with ultrasound treatment (21 kHz and 100 W/l). This gel was 30% firmer than the TG-
treated gel made without ultrasound treatment. Gels which were made without TG treat-
ment were also firmer with ultrasound treatment at 21 kHz than the reference made with-
out ultrasound treatment (results not shown). This might have been explained by 
decreasing of fat globule size distribution, which is known to be caused by ultrasound 
treatment (Povey and Mason, 1998). Ultrasound is known to homogenize milk fat and in 
this process milk protein interacts with fat globules. When the homogenized milk is acidi-
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fied, this makes the gel firmer than without homogenization. The ultrasound treatment of 
milk has been found to increase yogurt consistency (Wu et al., 2001, Vercet et al. 2002). 
However, in these experiments the increasing of gel firmness was not due to intensifying of 
crosslinking by ultrasound.   
 
The effect of laser treatment on the crosslinking efficiency of TG was studied. Skimmed milk 
was laser-treated at calculated power densities of 760 W/mm2 or 190 W/mm2 (Laserline 
Dioscan 150, Ketek Oy, Finland). After laser treatment, the samples were TG-MP-treated 
with 3 U/g(milk protein) at 40 °C for 1 h.  
 
Laser treatment alone did not affect the molecular size of milk proteins. In the TG-treated 
samples, no polymerization was observed (results not shown). Part of the TG inhibitor was 
active in skimmed milk and laser treatment did not inactivate the inhibitor. However, it was 
observed that laser light could not penetrate deeply into the sample and only the surface 
was affected. So the whole sample was not affected with laser light and this might explain 
why there no crosslinks formed. This experiment does not demonstrate that laser treat-
ment cannot intensify crosslinking.  
 

4.4 TG in fermented milk products 

In acidified milk products, TG has mostly been studied in set yogurts and stirred yogurts. 
There are a few studies of TG in kefir, but studies with fermented milk and viili are lacking. 
Fermented milk is produced with mesophilic starters, strains of Lactococcus lactis and a 
Leuconostoc strain (Tamine, 2006). The texture of fermented milk is typically ropy, because 
Leuconostoc strain produces exopolysaccharides. Fermented milk is consumed in the Nordic 
countries, Russia and the Baltic countries (Hämäläinen, 2012). Viili is produced with differ-
ent mesophilic starters: Lactococcus lactis strains, a Leuconostoc mesenteroiden subsp. 
cremoris strain, and Geotrichum candidum mould (Kahala et al. 2008). Viili has a ropy tex-
ture because of exopolysaccharides. Viili has a layer of cream on the top because it is made 
of unhomogenized milk. The mould grows in this cream layer and creates a mouldy layer 
that makes the surface of viili smooth and velvety (Raitamaa, 2006). Viili is a typical Finnish 
product. TG in acidified milk products increases gel strength, viscosity, water-holding capac-
ity and stability, as well as decreasing wheying-off (Özrenk, 2006).  
 
In the first part, different TG treatments, TG products and homogenization pressures and 
TG treatment on yogurt properties were examined. The effect of pH on the stability of TG 
was also studied. Because it is known that acidification opens the casein micelle structure 
(Fox and McSweeney, 1998), it was hypothesized that lysine and glutamine residues be-
come exposed and crosslinking is more efficient. Because commercially different TG prod-
ucts are available and in the literature there is no information comparing these products, 
TG-MP and TG-YG were compared with each other. Because it is known that TG increases 
the viscosity of stirred yogurt (Bönisch et al., 2007b), it was hypothesized that the protein 
content can be lowered with TG treatment. It is important to lower the protein content in 
fermented milk products to achieve savings in production costs. It was also hypothesized 
that high-pressure homogenization (at 400–2,000 bar) would increase the viscosity of yo-
gurt, because high-pressure homogenization possibly makes smaller fat globules than nor-
mal homogenization. The surface area would then be larger and the interaction with milk 
proteins more intense. It was hypothesized that TG is active at the pH of fermented milk 
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products during preparation and during their shelf life, because other researchers have also 
observed that TG is active in the pH area of fermented milk products (Bönisch et al., 2007a), 
but they have not analysed the activity during the shelf life of the product. 
 
In the second part, the effect of TG on the structure of fermented milk at lower protein 
content was studied. TG treatment before acidification and during acidification was also 
examined. Because it is known that TG increases the viscosity of kefir (Branowska et al., 
2012), it was hypothesized that the protein content can be lowered with TG treatment. 
Because TG crosslinks most easily with k-casein on the casein micelle surface (Sharma et al., 
2001), whether preincubation of milk proteins with TG can prevent the formation of flakes 
was also studied.  
 
In third part, the effect of TG on the structure of viili at different protein contents and the 
effect of different TG doses at the same protein content was studied. The best recipe was 
tested in factory scale and compared to the traditional process. Because it is known that TG 
increases the gel strength of set yogurt (Sanli et al., 2011), it was hypothesized that the 
protein content of viili can be lowered with TG treatment. Because it is known that TG will 
increase the firmness of set yogurt at the same protein content (Sanli et al., 2011), it was 
hypothesized that TG treatment would also increase the firmness of viili.  
 

4.4.1 TG in yogurt 

 
4.4.1.1. The effect of different TG incubations (preincubation and TG inactive during acidifi-
cation and TG treatment during acidification) on viscosity of yogurt.  
  
The effect of different TG incubations (preincubation and incubation during acidification) 
on the structure of yogurt was studied. The protein and fat content of yogurt milk was 
standardized to 4.0% and 2.3% with whole milk, semi-skimmed milk and low-heat skimmed 
milk powder. The TG enzymes used were TG-MP and TG-YG. The amount of added enzyme 
was 0.58 U/g(milk protein). A reference sample without any enzyme was also prepared. The 
reference and experiments 2 and 4 were incubated at 3 °C for 24 h (Table 24). Experiment 3 
was incubated at 10 °C for 24 h. After incubation, sucrose was added to 6.5% (w/w). The 
samples were pasteurized at 92 °C for 5 min. The starter YOMIX 410 (0.05%) was applied. 
Together with the starter, TG was also added to experiment 4. The yogurts were incubated 
at 42 °C until the pH reached 4.5 (typically 4–5 h). The yogurt mass was mixed, cooled to 
room temperature and packed at 150 g in a cup. The yogurts were stored in a refrigerator. 
The viscosity of the samples was measured with a Bohlin Visco 88 BV Meter during the shelf 
life. 
 
Table 24. TG treatment of the experiments.  
 

Experiment TG treatment Amount of enzyme [U/g(milk protein) 
1 - - 
2 TG-MP or TG-YG, 3 °C for 24 h 0.58 
3 TG-MP or TG-YG, 10 °C for 24 h 0.58 
4 TG-MP or TG-YG during  

acidification 
0.58 
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The results with TG-MP and TG-YG are presented in Figure 38. The aim was to get the high-
est possible viscosity. Both TG-MP and TG-YG were most efficient in the sample where the 
TG treatment was made during acidification. The viscosity compared to reference was 37% 
higher with TG-MP and 38% higher with TG-YG. The TG inhibitor was inactivated by yogurt 
milk pasteurization at 92 °C 5 min and this explains part of this result. During acidification, 
the structure of the casein micelle also breaks down and a three-dimensional network is 
formed (Lee and Lucey, 2010), which this makes casein more susceptible to crosslinking.  
 
In the treatments which were made before acidification at 3 °C and 10 °C and where the TG 
was inactivated before acidification, the viscosity was only a little bit higher than the refer-
ence. This is due to the TG inhibitor. At samples made with TG-MP, the milks were only 
pasteurized at 72 °C for 15 s, which is not enough to inactivate all of the TG inhibitor. In the 
TG-YG samples, part of the TG inhibitor had been inactivated with pasteurization and with 
glutathione, which is why the viscosity was a little bit higher compared to the reference 
than with TG-MP. In section 4.2.3.1, it was observed that perhaps part of the TG inhibitor is 
inactivated by pasteurization at 72 °C for 15 s.  
 

 
 
Figure 38. The viscosity of yogurt produced with TG-MP and TG-YG and reference without 
TG-MP and TG-YG as a function of time. 
   
  
4.4.1.2. The effect of different TG incubations (TG treatment before acidification and TG 
inactive during acidification, TG preincubation and TG active during acidification, and TG 
added together with the starter) on the viscosity of yogurt. 
 
The effect of different TG-MP (0.6 U/g(milk protein)) incubations was studied on the viscos-
ity of yogurt. The yogurts were prepared as described in section 4.4.1.1, except that bovine 
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raw milk was used as a raw material (fat content 4.2% and protein content 3.4%), sucrose 
was not applied and the raw milk was pasteurized at 80 °C for 5 min. A reference and ex-
periments 2 and 3 were incubated at 40 °C for 2 h (Table 25). After that, experiment 2 was 
heat-treated at 80 °C for 5 min to inactivate the enzyme. The yogurt mass was mixed and 
cooled to 10 °C. After 2–3 weeks of storage, the amount of separated whey was measured. 
Before measurement, the samples were stored at room temperature for 2 days. 
 
Table 25. TG-MP treatments of the experiments 
 
Experiment TG-MP treatment Amount of enzyme  

[U/g(milk protein) 
1 - - 
2 40 °C for 2 h, TG inactive during acidification 0.6 
3 40 °C for 2 h, TG active during acidification 0.6 
4 TG during acidification 0.6 

 
The viscosity results are presented in Figure 39. The thickest yogurt was obtained when the 
TG was incubated for 2 h at 40 °C and the TG was active during acidification. It was 270% 
thicker than the reference. In this treatment, TG has had the most time to react with the 
milk protein. The next most effective treatment was TG treatment during acidification. TG 
pretreatment before acidification was only a little bit thicker than the reference. TG is ef-
fective during acidification because the casein micelle structure breaks down and glutamine 
and lysine amino acids are more available than in casein in micelle form. TG treatment also 
reduced the syneresis and the amount of whey in the reference was 18.6%, and 3.6–4.7% in 
the TG-treated samples. One target in manufacturing fermented dairy products is to get the 
lowest amount of separated whey possible.  
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Figure 39. The viscosity of yogurt produced with TG-MP and a reference without TG-MP as 
a function of time. 
 
4.4.1.3 The effect of different TG products (TG-MP and TG-YG) on viscosity of yogurt 
 
The effect of different TG products (TG-MP and TG-YG) on viscosity of yogurt was investi-
gated. The yogurts were prepared as described in section 4.4.1.2, except the enzymes were 
preincubated at 40 °C for 2 h and the enzyme was active during acidification.  
 
The viscosity results are presented in Figure 40. TG-YG was a little bit more effective than 
TG-MP. The viscosity of the TG-YG yogurt was on average 20% thicker than TG-MP yogurt. 
The acidification time was also faster in TG-YG yogurts than TG-MP yogurts by about 
20 min. TG-YG contains yeast extract which is a nutrient, which is why the acidification 
rates were faster. In TG-YG yogurts, the pH of the milk decreased more quickly and the 
micelle structure broke down earlier than in TG-MP yogurts. Possibly this has allowed 
TG-YG to create more crosslinks than the TG-MP samples. In these samples, the TG inhibitor 
had been inactivated with heat treatment before enzyme treatment. 
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Figure 40. The viscosity of yogurt produced with TG-MP or TG-YG and a reference as a func-
tion of time. 
 
 
4.4.1.4 The effect of decreasing protein content by TG-MP treatment on viscosity of yogurt. 
 
The experiments were performed at the Riihimäki factory of Valio Ltd at the 10,000 l scale. 
Bovine raw milk was applied as a raw material and the fat was separated. Skimmed milk 
was evaporated to a protein content of 3.7%. A reference with a protein content of 4.2% 
was also prepared. The fat content was adjusted to 2.5%. Liquid sucrose (67 °Bx) was added 
to 9.7% (w/w). After that, the yogurt milk was homogenized at 140 bar and 15 bar and 
60 °C and pasteurised at 90 °C for 5 min before being cooled to 42 °C. The TG enzyme used 
was TG-MP (100 U/g). The amount of TG added was 0.4 U/g(milk protein). The TG-MP was 
incubated at 42 °C for 1 h before adding the starter. A reference without TG-MP was also 
made. The starter was YO-MIX 410 (0.01%). The samples were acidified to pH 4.5. The acidi-
fied gel was mixed and cooled to 20 °C, 8.5% of fruit preparation was added and packed in 
200 g packaging and further cooled to 5 °C in storage.  
 
The viscosity results are presented in Figure 41. The thickest yogurt was obtained at a pro-
tein content of 3.7% with TG-MP treatment. The viscosity was 14% higher in the TG yogurt 
compared to the reference made with a 4.2% protein content. The sensorial quality of the 
yogurts was good and there was no separated whey in either sample. The protein content 
could be decreased by 12% with TG treatment. Guyout and Kulozik (2011) were able to 
decrease skimmed milk yogurt protein content by 18% (from 5.4% to 4.5%) with TG-treated 
skimmed milk powder. The viscosity of the reference and the yogurt produced with TG-
treated skimmed milk powder was at the same level.  
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Figure 41. The viscosity of yogurt produced with TG-MP as a function of time 
 
4.4.1.5 The effect of homogenization pressure and TG-MP treatment on viscosity of yogurt 
 
The effect of homogenization pressure and TG-MP treatment on viscosity of yogurt was 
studied. The yogurts were prepared as described in section 4.4.1.2, except that the raw 
milk was homogenized at 60 °C and 200 bar (the first valve) and 40 bar (the second valve), 
at 400 bar and 40 bar, and at 2,000 bar and 1000 bar (APV-2000 homogenizator, APV Fin-
land Ltd). After homogenization, the pressure was reduced to atmospheric pressure of 
1 bar. A reference without homogenization was also prepared. After homogenization, the 
raw milk was pasteurized at 80 °C for 5 min. The samples were incubated at 42 °C for 1 h 
before adding the starter. The yogurt mass was mixed and cooled to 20 °C. The yogurt firm-
ness was measured with Texture Analyser. The molecular size of the proteins was analysed 
by SDS-PAGE.  
 
The viscosity results are presented in Figure 42. The highest viscosities were obtained from 
TG-treated samples homogenized at 400 and 2,000 bar. After 1 week of storage, the viscos-
ity was 3.6–3.9 Pas compared to the 1.3 Pas of the TG-treated reference. In homogeniza-
tion, the fat globule size decreases and the globule surface area increases. The surface of 
the fat globules becomes covered with milk protein (Fox, 1995) and the void volume de-
creases. This possibly makes milk protein more susceptible to crosslinking. Homogenization 
without TG treatment also made yogurt more viscous compared to the reference. The ho-
mogenization at 400 bar was most efficient when the yogurts were not TG-treated. The 
firmness results were similar to the viscosity measurements (results not shown). The mo-
lecular size results are presented in Figure 43. The oligomerization was at the same level 
regardless of homogenization pressure. The crosslinking inside one casein monomer is not 
seen in the SDS-PAGE results and there might have been more crosslinking at homogeniza-
tion pressures of 400 bar and 2000 bar than in homogenization at 200 bar. The structure of 
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the unhomogenized reference samples was grainy and the homogenized samples were 
smooth. The fat was not evenly distributed in the unhomogenized reference samples. There 
was no separated whey in the samples during storage.   
 

 
 
Figure 42. The viscosity of yogurts homogenized at different pressures and/or TG-MP-
treated and the viscosity of the reference with TG and without TG as a function of time. 
 

 
Figure 43. SDS-PAGE results from homogenized and/or TG-treated yogurts 
 
4.4.1.6 The effect of pH on the stability of transglutaminase 
 
The TG enzyme used in this study was TG-MP. The activity of TG-MP was 150 U/g. TG-MP 
contains transglutaminase and lactose and maltodextrin as a carrier. The enzyme was sus-
pended (100 mg per 1 ml of buffer) in a McIlvain buffer (25 mM citric acid and 50 mM 
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Na2HPO4), the pH of which was adjusted to 4.5, 4.2, 4.0, 3.8, 3.6 and 3.0. TG-MP was also 
suspended in a Na-citrate buffer with pH values of 2.5 and 2.3, and in a 0.2 M Tris-HCl buff-
er with a pH of 6. The suspensions were diluted 1:10 in the same buffers. The diluted TG-
MP-suspensions were incubated for 10–15 min at room temperature and after that the 
transglutaminase activity was measured.  
 
The samples at pH 4.0 and 4.2 were stored at 4 °C for 21 days and the activity was meas-
ured according to the hydroxamate method after 7, 14 and 21 days of storage. 
 
The results are presented in Figure 44. The relative stability is 88–100% in the pH range 
3.8–6. Transglutaminase is active in sour milk products where the pH is around 4.1–4.5. At 
pH 3, the relative stability is only 12% and at pH 2.3 it is only 4%. Transglutaminase is not 
active in the stomach where the pH is below 2. The activities and stabilities of several 
transglutaminases in relation to pH have been cited in the literature. The optimum pH for 
S. mobaraense TG was 6–7 (Ando, 1989). The enzyme is stable in the pH range 5–8 (Motoki 
et al., 1989). The optimum pH for Bacillus circulans TG was 5.7–8.7 (De Souza et al., 2011) 
and for S. ladakanum TG was 5–7 (Ho et al. 2000). Bönisch et al. (2007a) discovered that 
Streptoverticillium TG is stable in the pH range 4.5–7.0 at 20  °C for a 120 min incubation 
time. 
 

 
 
Figure 44. Relative stability of TG-MP as a function of pH.   
 
Long-term stability results (21 days at 4 °C) are presented in Figure 44. The TG-MP stayed 
more active at pH 4.2, where the relative stability after 21 days was 61%; at pH 4.0 it was 
27%. The pH of fermented milk products is between 4.5–4.0 throughout their shelf life. 
Based on these results the transglutaminase is active during the whole shelf life of sour milk 
products. Bönisch et al. (2007) discovered that a 120 min incubation time at pH 4 and 40 °C 
resulted in a complete and irreversible loss of enzyme activity. At pH 4 and 20 °C for a 
120 min incubation time, the residual enzyme activity was 30%. However, in long-term sta-
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bility results presented here, the TG-MP still stayed active at pH 4.2 and 4.0. The difference 
in storage temperature may explain the difference from the results of Bönisch et al. (2007). 
In fermented milk products, this might mean that the viscosity increases during the shelf 
life.  
 

 
 
Figure 45. Relative stability of TG-MP at pH 4.0 and 4.2 during storage at 4 °C for 21 days. 
 

4.4.2 TG in fermented milk 

 
4.4.2.1 The effect of TG treatment during acidification on the structure of fermented milk 
 
The effect of TG treatment during acidification was studied on structure of fermented milk. 
The experiments were performed at the Jyväskylä factory of Valio Ltd at the 10,000 l scale. 
The raw materials applied were skimmed milk, 12% cream, milk permeate concentrate (20 
°Bx) and rinsing milk. Milk permeate concentrate is produced from ultrafiltered milk per-
meate which is nanofiltered to increase the dry matter to 20 °Bx. The protein content and 
fat content were adjusted to 3.0% and 2.5% respectively with raw materials. Also a refer-
ence without a lactose fraction and rinsing milk was produced with a protein content of 
3.3% and a fat content of 2.5% After that, air was removed from the milk by vacuum at 
60 °C, the milk was homogenized at 200 bar and 60 °C, pasteurized at 95 °C for 5 min and 
cooled to 21 °C. The TG enzyme used was TG-MP. The added amount of TG-MP was 
0.2 U/g(milk protein). Also, a reference without TG-MP was made. The starters applied 
were XT-313 (0.01%), La-5 (0.005%) and Bb-12 (0.005%). The samples were acidified to 
pH 4.5 (typically this takes 22 h). The acidified gels were mixed, cooled to 12 °C, packed in 
1 l packaging and further cooled to 5 °C in storage. The viscosity was measured by a Stress-
Tech rheometer. The viscosity tests were carried out in triplicate for each sample at 10 °C. 
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The viscosity was first measured by increasing shear rate and after that by decreasing the 
shear rate. The molecular size of proteins was analysed by SDS-PAGE. Chemical analyses 
were carried out at the R&D Analytical Department of Valio Ltd (Helsinki, Finland). The sen-
sory analyses were performed by a trained panel (eight persons) after 5 days of storage. 
 
The chemical results are presented in Table 26. The protein content of the sour milk sam-
ples differed; the protein content was 4% lower in the TG sample than in the reference. The 
protein contents in the reference and the experiment were both almost in the target, being  
respectively 3.3% and 3.0%. This means savings in production costs.   
 
Table 26. Chemical composition of reference and TG-treated fermented milk. 
 

 Reference TG experiment 
Protein [%] 3.19 3.06 
Fat [%] 2.45 2.45 
Lactose [%] 3.8 3.9 
Galactose [%] 0.08 0.15 
Glucose [%] <0.05 <0.05 
Ash [%] 0.71 0.7 
Calcium [mg/kg] 1100 1100 
Dry matter [%] 11.2 11.2 
 
The viscosity results as a function of shear stress are presented in Figure 46. With a low 
shear stress, there was a difference between the reference and the TG sample: the viscosity 
of the TG sample was higher. As the shear stress increased, the difference between the 
samples diminished to nothing. Fermented milk is non-Newtonian and shear thinning. The 
viscosity increases during the shelf life (Figure 46). In fermented milk, a higher viscosity 
increases the ability to adjust the protein content to a lower level.  
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Figure 46. The viscosity of fermented milk samples as a function of shear stress during shelf 
life. The measurements were carried out in triplicate at first increasing shear stress and 
second decreasing shear stress. 
 
The results of the sensory analyses are presented in Figure 47. The flavour, texture and 
appearance of the TG sample were not as good as with the reference. The texture of the TG 
sample was flaky.  
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Figure 47. The results of the sensory analyses of fermented milk after 5 days of storage 
 
The SDS-PAGE results are presented in Figure 48. Dimers and oligomers formed in the TG 
sample. There was no increase in formation of dimers and oligomers during storage. 
 

 
 
Figure 48. SDS-PAGE results of the reference and TG-treated fermented milk during storage. 
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4.4.2.2 TG treatment for 2 h at 21  °C and TG active during acidification 
 
The experiments were performed in the same way as in section 4.4.2.2, except that the 
TG-MP was added 2 h before the starter. 
 
The chemical results are presented in Table 27. The protein content of the TG sample was 
8% lower than in the reference. The protein contents of the reference and the experiment 
were almost in the target, being respectively 3.3% and 3.0%. This means savings in produc-
tion costs.   
 
Table 27. Chemical composition of reference and TG-treated fermented milk. 
 

 Reference TG sample 
Protein [%] 3.25 2.99 
Fat [%] 2.46 2.39 
Lactose [%] 3.49 3.75 
Galactose [%] 0.07 0.1 
Glucose [%] <0.05 <0.05 
Ash [%] 0.7 0.69 
Calcium [mg/kg] 1100 1000 
Dry matter [%] 10.9 11 
 
The viscosity results as a function of shear stress are presented in Figure 49. There was a 
difference in viscosity throughout the whole measured shear stress area. The viscosity of 
TG-treated fermented milk was higher than that of the reference. The difference in viscosi-
ty increased during the shelf life. TG is active during storage of fermented milk products, as 
presented in section 4.4.1.6, and this is possibly the reason why the viscosity difference 
increased. The viscosity levels in the reference and the TG-treated fermented milk were 
quite a lot lower (about 65% lower) than in the experiments presented in section 4.4.2.1. 
This might have been caused by the small changes in processing parameters.   
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Figure 49. The viscosity of fermented milk samples as a function of shear stress during shelf 
life. The measurements were carried out in triplicate, first increasing the shear stress and 
second decreasing the shear stress. 
 
The results of the sensory analyses are presented in Figure 50. The flavour, texture and 
appearance of the TG sample and the reference were at the same level. The texture of the 
TG sample was smooth. Flakes were observed when the TG treatment was only made dur-
ing acidification. When the TG treatment was also made before acidification, no flakes were 
observed. The TG treatment at the natural pH of milk may make crosslinks between the 

-casein layer of the casein micelles, and this might have caused the disappearance of 
flakes. 
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Figure 50. The results of sensory analyses of fermented milk after 5 days of storage 
 
The SDS-PAGE results are presented in Figure 51. Dimers and oligomers formed in the TG-
treated fermented milk. There was no significant increase in the formation of dimers and 
oligomers during storage. The viscosity difference between the reference and TG-treated 
fermented milk increased during storage. This might have been caused by intra-monomer 
crosslinking; this crosslinking is not seen in the SDS-PAGE results.  
 

 
 
Figure 51. SDS-PAGE results from reference and TG-treated fermented milk during storage. 
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4.4.3 TG in viili 

 
The first two test series were performed in the laboratory at the 3.6 l scale, and the last 
experiment was performed in the Oulu factory at the 3,500 l scale. In the laboratory exper-
iments, the fat content and protein content were adjusted with unhomogenized semi-
skimmed milk, cream and milk permeate. In the factory experiment, the fat content was 
adjusted by separation and the protein content of the test sample was adjusted with milk 
permeate. Viili milk was pasteurized at 93 °C for 5 min and cooled to 24 °C. The starter V93 
(0.0075%), Valio mould (0.004%), rennet Maxiren® (0.00004%) and TG-MP were applied. A 
control without TG-MP was also produced. The viili milk was packed in 200 g cups and ma-
tured at 24 °C until the pH was 4.5 (typically this takes 17 h). After this, the cups were 
stored in the refrigerator. A comparable viili without TG-MP was obtained from the factory. 
The firmness of the samples was analysed with Texture Analyser. The firmness was meas-
ured from 4–5 parallel samples. Sensory analyses were also performed by experts to ana-
lyse the structure and taste. The amount of whey was measured.  
 
4.4.3.1 The effect of protein content and TG treatment on the structure of viili 
 
The protein content was adjusted with milk permeate to 2.8%, 2.4% and 2.0%. The protein 
content of the laboratory reference was 3.3%, and the factory reference was 3.4%. The fat 
content of the viili milk was 2.4%. The amount of TG-MP added was 0.4 U/g(milk protein).  
 
The Texture Analyser results are presented in Figure 52. The firmest structure was obtained 
with the laboratory and factory references. The firmness of the gels became softer as the 
protein content of the samples decreased. The firmness of the samples increased a little bit 
during storage time. 
 

 
 
Figure 52. The effect of protein content on firmness of viili during storage time. 
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The taste of the samples was good and there was no separated whey. The samples with a 
protein content of 2.4% or 2.0% were too soft and ropier than the references. The lactose 
content in relation to dry matter was higher in the samples where the protein content was 
reduced than in the references (results not shown). This may have caused the ropy struc-
ture, as lactic acid bacteria may have produced more exopolysaccharides from lactose. 
Based on sensory analysis, the structure of sample with a protein content of 2.8% was very 
near to the references.     
 
 
4.4.3.2 The effect of different TG dosage on the structure of viili 
 
The protein content was adjusted with milk permeate to 2.8%. The protein content of the 
laboratory reference and the factory reference was 3.4%. The fat content of the viili milk 
was 2.4%. The amount of TG-MP added was 0.4; 0.6 and 1.0 U/g(milk protein). 
 
The Texture Analyser results are presented in Figure 53. The firmest structure was obtained 
with the sample containing TG-MP of 1.0 U/g(milk protein). The firmness of this sample 
clearly increased during storage time. There were no big differences between the other 
samples.  
 

 
 
Figure 53. The effect of different TG-MP doses on the firmness of viili during storage time. 
The protein content of the TG-MP samples was 2.8% and the references were 3.4%. 
 
The taste of the samples was good and there was no separated whey. The sample contain-
ing TG-MP of 1 U/g(milk protein) was too short and gelatinous. The structure of the viili 
with TG-MP doses of 0.4 and 0.6 U/g(milk protein) was very near to the reference samples. 
 
 

50

60

70

80

90

100

110

120

130

140

150

0 1 2 3 4

M
ax

im
al

 c
om

pr
es

si
ve

 fo
rc

e 
[g

]

Storage time [week]

Laboratory reference

0.4 U TG

0.6 U TG

1.0 U TG

Factory reference



104 
 

4.4.3.3 Decreasing protein content with TG treatment 
 
The protein content was adjusted with milk permeate to 2.7%. The protein content of the 
factory reference was 3.6%. The fat content of the viili milk was 2.5%. The amount of 
TG-MP added was 0.4 U/g(milk protein). The sensory analyses were performed by a trained 
panel (eight persons) after 2 weeks of storage. 
 
The chemical results are presented in Table 28. The protein content of the TG sample was 
26% lower than in the reference. This results in savings in production costs. The objective of 
the experiments was to get the same structure and sensory quality with a lower protein 
content. The calcium content of the TG sample was also lower than in the reference, be-
cause milk permeate contains a very low amount of calcium. This means that the nutritional 
value is a little bit lower in TG-treated viili, which leads to changes in the labelling. 
 
Table 28. Chemical composition of reference and TG-treated viili. 
 

 Reference TG-sample 
Protein [%] 3.58 2.65 
Fat [%] 2.53 2.62 
Lactose [%] 3.61 3.02 
Galactose [%] <0.05 <0.05 
Glucose [%] <0.05 <0.05 
Calcium [mg/kg] 1200 890 
Dry matter [%] 11.3 9.44 
 
The Texture Analyser results are presented in Figure 54. The firmness of the reference and 
the TG-treated viili was at the same level. 
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Figure 54. The effect of protein content and TG-MP on firmness of viili. The protein content 
of the reference was 3.6% and that of the test was 2.7%. The TG-MP dose in the test was 
0.4 U/g(milk protein). 
 
The results of the sensory analyses are presented in Figure 55. The flavour, texture and 
appearance of the test sample were almost as good as the reference sample. There was no 
separated whey in the sample. 
 

 
 
Figure 55. The results of the sensory analysis after 2 weeks of storage time. 
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4.5 Developing liquid transglutaminase 

 
Commercial transglutaminase products are powders which typically contain enzymes and 
maltodextrin and/or lactose as a carrier. At the factory, dosing with transglutaminase in 
powder form is difficult because there is typically high pressure in the tanks, which causes 
dusting. This dusting might result in allergies in some employees. Therefore, a liquid form of 
transglutaminase is needed. The quality factors needed for liquid transglutaminase are 
good stability for the transglutaminase activity during the shelf life, and good microbial 
quality.  
 
In these experiments, the stability of TG activity in different solutions was studied and yo-
gurt experiments with liquid TG were also done: 

 The stability of TG-MP in lactose fraction during storage was studied. The lactose 
fraction is chromatographically separated from skimmed milk and it contains main-
ly lactose. 

 The effect of pH on the preservation of TG activity at lactose fraction was studied.  
 TG activity in water and a glycerol–water suspension was investigated.  
 The effect of different glycerol contents on TG activity during storage was re-

searched.  
 The effect of pH on the stability of TG in a 50% glycerol–water suspension at dif-

ferent storage temperatures was studied.  
 TG in powder form was compared to TG in liquid form in the production of yogurt.  
 Different liquid TGs produced from different commercial TG products were com-

pared with each other in the production of yogurt.  
 The effect of high-pressure homogenization and Ajinomoto’s liquid TG treatment 

on the viscosity of yogurt was studied.  
 

4.5.1 The stability of TG activity in different solutions 

4.5.1.1 The stability of TG activity in the lactose fraction at pH 8 
 
In this experiment, the stability of TG-MP in the lactose fraction at pH 8 was studied over 
7 days. The activity of TG-MP was 126 U/g. The enzyme (a 12.6 U/ml solution) was dis-
solved in the lactose fraction. Lactose fraction is produced chromatographically from 
skimmed milk and it contains mainly lactose. Before adding the enzyme, the lactose frac-
tion was heated at 80 °C for 5 min and allowed to cool to room temperature. The samples 
were stored at 4 °C for 1, 3 and 7 days, and the activity was measured according to the hy-
droxamate method in a standardized environment of pH 6 and 37  °C (Folk, 1970). Before 
analysis, the solution was diluted (1:10) with lactose fraction so that the activity was 
1.26 U/ml. The activity of the lactose fraction without TG was also analysed.  
 
The TG activity results are presented in Figure 56. After 7 days of storage the activity of the 
solution was 71% of the fresh measured value. At the beginning of its shelf life, the TG ac-
tivity was 16.8 U/ml, although the added TG activity was 12.6 U/g. The activity of the lac-
tose fraction without TG was 3.6 U/ml. The lactose fraction gives backscattering, which is 
why the value was higher at the beginning (section 4.1.3.).  
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Figure 56. The stability of TG in lactose fraction during cold storage (4 °C). Lactose fraction 
without TG provided for comparison. 
 
4.5.1.2 The stability of TG activity in the lactose fraction – effect of pH 
 
In section 4.5.1.1, the TG stayed quite stable for 7 days of shelf life in the lactose fraction at 
pH 8. This experiment studied how stable the TG activity is at lower pH values, where the 
microbial shelf life is better than at pH 8. The transglutaminase enzyme used in this study 
was the same as in section 4.5.1.1. The experiments were performed in the same way as in 
section 4.5.1.1, except that the pH of the lactose fraction was adjusted to 5.0 and 4.6 with 
lactic acid. A lactose fraction without pH adjustment was used as a comparison; its pH was 
8.0. The samples were stored at 4 °C for 1, 4 and 7 days. Before analysing the TG activity, 
the pH was adjusted to 6.0 with NaOH.  
 
The results are presented in Figure 57. The activity preserved better at acidic pH values 
than at the native pH of the lactose fraction. The enzyme stays active at pH 5.0 and 4.6, as 
shown in Figure 56. At pH 4.6, the activity after 7 days was 10% lower than at the begin-
ning.   
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Figure 57. The effect of pH on the activity of TG in the lactose faction after 0, 1, 4 and 7 
days of storage at 4 °C 
 
4.5.1.3 The stability of TG activity in a glycerol–water solution and water 
 
As shown in section 4.5.1.2, the TG stayed quite stable for 7 days of shelf life in the lactose 
fraction at pH values of 5.0 and 4.6. The microbial quality is better at acidic pH values. To 
get even better microbial quality, the water activity of the solution can be lowered with 
glycerol. This experiment studied how stable the TG activity is in a glycerol–water solution 
for 7 days of storage at 4 °C. The stability of TG activity in water during the shelf life was 
also studied. The transglutaminase enzyme used in this study was the same as presented in 
section 4.5.1.1. The enzyme (a 16.4 U/ml solution) was dissolved in a 50% glycerol–water 
solution. The enzyme (a 16.4 U/ml solution) was also dissolved in distilled water. Before 
adding the enzyme, the glycerol–water solution and water were heated to 80 °C for 5 min 
and allowed to cool to room temperature. After adding the enzyme, the solutions were 
mixed for 1.5 h. After mixing, the pH of the TG solutions was adjusted to 4.6 with lactic acid. 
The samples were stored at 4 °C for 0, 2, 5 and 7 days and the activity was measured as 
described in section 4.5.1.2. The microbial quality was analysed after 0, 2 and 7 days of 
storage (Table 19.). 
 
The results are presented in Figure 58. Of the solutions examined, the TG activity was pre-
served best in a 50% glycerol–water solution with a pH adjusted to 4.6. The activity after 
7 days of storage was at the same level as at the beginning. The activity did not stay stable 
in a 50% glycerol–water solution at its native pH of 5.2, where the activity fell by 50% dur-
ing storage. The activity did not stay stable in water at pH values of 5.0 and 4.6. At pH 5.0, 
the activity was only 40% after 7 days of storage.  
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Figure 58. The effect of pH on the activity of TG in water and a 50% glycerol–water solution 
after 0, 2, 5 and 7 days of storage at 4 °C. 
 
The microbiological results are presented in Tables 29 and 30. There was now microbiologi-
cal growth in the 50% glycerol–water solution at pH 4.6 and at pH 5.2. In water there was 
growth during 7 days of storage with aerobic heterotrophic bacteria and psychrotrophic 
bacteria. The growth was lower at pH 4.6 than at pH 5.2. In fermented milk applications, 
glycerol is a carry-over component and the amount of glycerol in yogurt with a TG dosage 
of 0.5 U/g(milk protein), for example, is 0.02%. 
 
Table 29. The microbiological quality of TG solution at pH 4.6 
 

 
 
Table 30. The microbiological quality of TG solution at pH 5.2 
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Colonial forming unit [CFU/g]
Time [d]

0 0 2 2 7 7
Microbe group Water 50% Glycerol-water Water 50% Glycerol-water Water 50% Glycerol-water
Aerobic heterotrofic bacteria 5 20 73 20 5000 < 10
Bacterial-forming spores (10 min 80 oC) < 10 < 10 < 10 < 10 < 10 < 10
Enterobacteria < 10 < 10 < 10 < 10 < 10 < 10
Lactic acid bacteria 100 100 100 100 100 100
Psychrotrofic bacteria < 10 < 10 < 10 < 10 30000 < 10
Yeast and moulds < 10 < 10 < 10 < 10 < 10 < 10

Colonial forming unit [CFU/g]
Time [d]

0 0 2 2 7 7
Microbe group Water 50% Glycerol-water Water 50% Glycerol-water Water 50% Glycerol-water
Aerobic heterotrofic bacteria 7 20 20 10 1000000 < 10
Bacterial-forming spores (10 min 80 oC) < 10 < 10 < 10 < 10 < 10 < 10
Enterobacteria < 10 < 10 < 10 < 10 < 10 < 10
Lactic acid bacteria 100 100 100 100 100 100
Psychrotrofic bacteria < 10 < 10 < 10 < 10 1000000 < 10
Yeast and moulds < 10 < 10 < 10 < 10 < 10 < 10
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4.5.1.4 The stability of TG activity in a glycerol–water suspension – the effect of different 
glycerol contents 
 
In section 4.5.1.3, the stability of TG was shown to be very good in a 50% glycerol–water 
solution at pH 4.6 for 7 days of storage. In this experiment, the effect of glycerol content 
(0–75%) on the stability of TG during 7 weeks of storage at 4 °C was studied. The transglu-
taminase enzyme used in this study was KS-VA. The activity of KS-VA was 150 U/g. KS-VA 
contains transglutaminase and lactose and maltodextrin as a carrier. The enzyme (a 
19.5 U/ml suspension) was suspended in 25%, 50% and 75% glycerol–water solutions and 
also in distilled water. Before adding the enzyme, the glycerol–water solution and water 
were heated to 80 °C for 5 min and allowed to cool to room temperature. After adding the 
enzyme, the suspensions were mixed for 1.5 h. After mixing, the pH of the TG suspensions 
was adjusted to 4.6 with lactic acid. The samples were stored at 4 °C for 7 weeks. The activi-
ty was measured after 1 day and 1,2,3 and 7 weeks of storage according to the hydrox-
amate method in a standardized environment at pH 6 and 37  °C (Folk, 1970). Before 
analysis, the suspension was diluted to a TG concentration of 10 mg/ml with distilled water 
so that the activity was 1.26 U/ml. The microbial quality was analysed after 1 day and 
7 weeks of storage (Table 19.) 
 
When preparing the solutions, it was observed that KS-VA powder did not completely dis-
solve in a glycerol–water solutions. It completely dissolved in water and the solution was 
clear. KS-VA powder contains 90% lactose. The solubility of lactose in water at 25 °C is 
18.9 g per 100 g. The calculated concentration of lactose in water suspension was 12%. The 
concentration of lactose as calculated from the water content was 16% (25% glycerol), 24% 
(50% glycerol) and 48% (75% glycerol). The amount of sediment increased as the concen-
tration of glycerol increased. This would suggest that the solubility of lactose is low in glyc-
erol. 
 
The pH of the solution was adjusted to 4.6 with lactic acid after suspension. After 7 weeks 
of storage, the pH was lowered to 4.1 in water and in 25% and 50% glycerol–water suspen-
sions, but maintained at 4.6 in the 75% glycerol–water suspension. 
 
The TG activity results during storage are presented in Figure 59. The activity of TG after 
1 day of storage was 19.6–21.4 U/ml. The amount of TG added was 19.5 U/ml. Over 
7 weeks of storage the TG activity was lowest in water. The activity was 75% of its begin-
ning value. The activity was very stable in the 50% and 75% glycerol–water suspensions. 
After 7 weeks of storage, the activity was 94% of its starting value. In the 25% glycerol–
water suspension the activity remaining after 7 weeks was 83%.  
 
The illogical variation in TG activity in the sample containing 75% glycerol after 2 and 3 
weeks of storage may be caused by difficulty in getting a representative sample. 
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Figure 59. Activity of TG in water and in 25%, 50% and 75% glycerol–water suspensions 
after 1 day and 1,2,3 and 7 weeks of storage at 4 °C. 
 
There was no microbiological growth in the glycerol–water suspensions, as shown in Ta-
ble 31. In water, there was only minor growth of aerobic heterotrophic bacteria 
(200 CFU/g), but this was still under the limits of the TG-MP specification, which is 
≤3000 CFU/g. 
  
Table 31. The microbiological quality of TG suspension during storage test. 
 

 
 
In water, the TG activity was more stable in this test series than in the test series presented 
in section 4.5.1.3 (Figure 58). As shown in Figure 58, the activity of TG in water at pH 4.6 
was only 50% after 7 days of storage. This may be caused by the microbiological growth, 
which was lower in this 7-week test series than in the 7-day test series. The microbes may 
have been using the enzyme protein as a nutrient. 
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4.5.1.5 The stability of transglutaminase in a 50% glycerol–water solution at pH 4.4–4.8 at 
different storage temperatures over 6.5 months 
 
In section 4.5.1.4, TG activity was shown to be stable and there was no microbiological 
growth in a 50% glycerol–water suspension at pH 4.6 for 7 weeks of storage. The activity of 
the TG solution was a low 19.5 U/ml. In this experiment, the aim was to make a more con-
centrated TG solution and test the stability of TG at pH 4.4–4.8 at different storage temper-
atures. The transglutaminase enzyme used in this study was ACTIVA®TG. The activity of 
ACTIVA®TG was 1,120 U/g. ACTIVA®TG contains transglutaminase and maltodextrin as a 
carrier. The enzyme (a 167 U/g suspension) was suspended in a 50 % glycerol–water solu-
tion. Before adding the enzyme, the glycerol–water solution was sterilized at 121 °C for 
20 min and allowed to cool to room temperature. After dissolving the enzyme, the pH of 
the TG suspensions was adjusted to 4.4, 4.5, 4.6, 4.7 and 4.8 with lactic acid. The samples 
were stored at 22 °C for 13 weeks, and at 5 °C and -20 °C for 26 weeks. The activity was 
measured during storage according to the hydroxamate method in a standardized envi-
ronment of pH 6 and 37 °C (Folk, 1970).  
 
When preparing the solutions, it was observed that the ACTIVA®TG enzyme did not com-
pletely dissolve in a glycerol–water solution. There was a little bit (2.5% (v/v)) of protein 
sediment. The protein content of the precipitate from dry matter was 70%. 
 
The activity results during storage are presented in Figure 60. The activity was best pre-
served at -20 °C for 26 weeks. The average activity remaining at the end of the shelf life was 
97%. At 5 °C it was 89%. The activity at room temperature began to decrease after 2 weeks 
of storage. After 13 weeks of storage, the activity remaining was at 38%. Between different 
storage pH values of 4.4–4.8, there were no differences in the TG stability at different stor-
age temperatures. 
 
There was no microbiological growth during the storage test at different temperatures (re-
sults not shown).  
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Figure 60. The activity of TG in a 50% glycerol–water solution during 13 weeks of storage at 
22 °C and 26 weeks of storage at 5 °C and -20 °C. 
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4.5.2 Comparison of liquid transglutaminase and transglutaminase in powder 
form in production of yogurt 

In this experiment, liquid transglutaminase (ACTIVA®TG in a 50% glycerol–water solution at 
100 U/g ) was compared to powder transglutaminase (KS-VA at 100 U/g) in yogurt produc-
tion. The experiments were performed at the Riihimäki factory of Valio Ltd at the 10,000 l 
scale. Bovine raw milk was separated. Skimmed milk was evaporated to a protein content 
of 4.2%. The fat content was adjusted to 2.5%. After that, the yogurt milk was homogenized 
at 220 bar and 60 °C and pasteurized at 90 °C for 5 min, then cooled to 42 °C. Liquid TG was 
produced according to the method described in section 4.5.1.5 at pH 4.6. The amount of TG 
added was 0.18 U/g(milk protein). The starter YO-MIX 209 (0.02%) and lactase enzyme GO-
DO YNL2 (0.01%) were applied. The samples were acidified to pH 4.6. The acidified gel was 
mixed and cooled to 18 °C, then packed in 1 kg packaging and further cooled to 5 °C in stor-
age. 
 
The viscosity was measured with a vibro viscometer. The viscosity measurements were 
carried out in triplicate for each sample. Chemical analyses were carried out at the R&D 
Analytical Department of Valio Ltd (Helsinki, Finland).  
 
The chemical composition and titratable acidity is presented in Table 32. There was no sig-
nificant difference in protein and fat content. Protein and fat significantly affect the struc-
ture of yogurt. Titratable acidity was at the same level for both yogurts. The viscosity results 
during storage at 5 °C are presented in Figure 61. The viscosity was slightly higher (about 
13% higher) with liquid TG than with powder TG. From practical experience, the difference 
is not however significant, because the texture difference could not be detected by a small 
sensory panel (results not shown). From practical experience, viscosity differences meas-
ured with a vibro viscometer exceeding 20% can be detected organoleptically. 
 
Table 32. Chemical composition and titratable acidity of yogurt samples produced with 
liquid TG or powder TG 
 

 Yogurt produced with 
 Liquid TG Powder TG 

Dry matter [%] 13 12.8 
Protein [%] 4.12 4.06 
Fat [%] 2.61 2.58 
Lactose [%] 2.38 1.84 
Glucose [%] 1.25 1.25 
Galactose [%] 1.56 1.77 
Lactic acid [%] 1.02 1.03 
Titratable acidity [SH] 39.9 39.3 
Ash [%] 0.88 0.87 
Calcium [mg/kg] 1300 1300 
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Figure 61. The viscosity of yogurt produced with powder TG or liquid TG as a function of 
storage time 
 

4.5.3 Comparing different liquid transglutaminase products in the production of 
yogurt 

 
There are three different transglutaminase manufacturers in the market: Ajinomoto (Ja-
pan), Yiming Biological Products (China) and Campus (Italy). In these experiments, liquid TG 
produced from Ajinomoto’s ACTIVA®TG (Ajinomoto liquid TG) was compared to liquid TG 
produced from Yiming Biological Products’ transglutaminase Saprona 1000 (Yiming liquid 
TG) and from Campus’s transglutaminase Reactyn CL 1000 (Campus liquid TG). 
 
4.5.3.1 Ajinomoto liquid TG compared to Yiming liquid TG 
 
The experiments were performed at Valio Ltd R&D (Helsinki, Finland) at the 3.5 l scale. 
Standardized, evaporated, sweetened and homogenized yogurt milk was obtained from the 
Riihimäki factory of Valio Ltd (Finland). The protein content of the milk was 4.25% and the 
fat content was 2.27%. The yogurt milk was diluted with water to a protein content of 3.6%. 
The diluted yogurt milk was pasteurized at 90 °C for 5 min and cooled to 42 °C. The TG en-
zymes used were ACTIVA®TG (165 U/g) in a 50% glycerol–water solution (Ajinomoto liquid 
TG) and Saprona 1000 in the same solution as Ajinomoto liquid TG (Yiming liquid TG) 
(105 U/g). The liquid transglutaminases was produced according to the method described 
in section 4.5.1.5 at pH 4.6. The amount of TG added was 0.39 U/g(milk protein). The start-
er YO-MIX 410 (0.01%) was applied. The samples were acidified to pH 4.5. The acidified gel 
was mixed and cooled to room temperature, then packed in 200 g packaging and further 
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cooled to 5 °C in storage. The viscosity and chemical composition were analysed as de-
scribed as in section 4.5.2. 
 
The chemical composition of both yogurts was the same (Table 33). The viscosity results 
during storage are presented in Figure 62. The viscosity was higher in yogurt produced with 
Ajinomoto liquid TG compared to Yiming liquid TG; it was on average 35% higher. This 
means that Ajinomoto liquid TG was slightly more efficient than Yiming liquid TG. To get the 
same viscosity, the enzyme dosage could have been reduced or the protein content of the 
yogurt milk could have been reduced. 
 
Table 33. Chemical composition of yogurt samples produced with Ajinomoto liquid TG or 
Yiming liquid TG. 
 

 Yogurt produced with   
 Ajinomoto liquid TG Yiming liquid TG 

Protein [%] 3.6 3.62 
Fat [%] 1.94 1.95 
Dry matter [%] 16.3 16.3 
Sucrose[%] 3.96 4.04 
Glucose [%] 2.12 2.16 
Galactose [%] 2.33 2.32 
Lactose [%] 0.23 0.2 
Ash [%] 0.79 0.79 
Calcium [mg/kg] 1200 1200 
 

 
 
Figure 62. Viscosity of yogurt as a function of storage time. Yogurts were produced with 
Ajinomoto liquid TG or Yiming liquid TG. 
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4.5.3.2 Ajinomoto liquid TG compared to Campus liquid TG 
 
The experiments were performed at the R&D facility of Valio Ltd (Helsinki, Finland) at the 
3.5 l scale. Standardized, evaporated, sweetened, homogenized and pasteurized yogurt 
milk was obtained from the Riihimäki factory of Valio Ltd (Finland). The protein content of 
the milk was 3.54% and the fat content was 2.28%. The yogurt milk was pasteurized at 
72 °C for 15 s and cooled to 42 °C. The TG enzymes used were ACTIVA®TG (118 U/g) in a 
50% glycerol–water solution (Ajinomoto liquid TG), and Reactyn CL 1000 (62 U/g) in the 
same solution as Ajinomoto liquid TG (Campus liquid TG). Liquid transglutaminases were 
produced according to the method described in section 4.5.1.5 at pH 4.6. The yogurts were 
produced as described in section 4.5.3.1, except the amount of TG added was 0.18 U/g(milk 
protein) and the amount of starter added was 0.1%. Two parallel yogurt samples were 
made for each enzyme sample. The viscosity and chemical composition were analysed as 
described in section 4.5.2. The molecular size was analysed by SDS-PAGE. 
 
The chemical composition of both yogurts was the same except for the protein content, 
which was higher in Campus liquid TG yogurt (3.5%) than in Ajinomoto liquid TG yogurt 
(3.3%) (table 34). The viscosity results during storage are presented in Figure 63. The viscos-
ity was higher in yogurt produced with Ajinomoto liquid TG than with Campus liquid TG. 
The viscosity was average 27% higher. There was no difference between the yogurt samples 
produced with Campus liquid TG or Ajinomoto liquid TG in the amount of dimers and oli-
gomers formed (Figure 64). The difference in viscosity can probably be explained by differ-
ences in intra-monomer crosslinks.  
 
Table 34. Chemical composition of yogurt samples produced with Ajinomoto liquid TG or 
Campus liquid TG. 
 

 Yogurt produced with    
 Campus Campus Ajinomoto Ajinomoto 
 liquid TG test 1 liquid TG test 2 liquid TG test 1 liquid TG test 2 

Protein [%] 3.51 3.52 3.29 3.31 
fat [%] 2.25 2.31 2.28 2.28 
Lactose [%] 3.35 3.33 3.34 3.3 
Glucose [%] 0.07 0.07 0.06 0.05 
Ash [%] 0.76 0.77 0.76 0.77 
Calcium [%] 1100 1200 1200 1100 
Dry matter [%] 17.4 17.8 17.8 17.5 
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Figure 63. Viscosity of yogurt as function of storage time. The yogurts were produced with 
Ajinomoto liquid TG or Campus liquid TG. 
 
 
 

 
 
Figure 64. SDS-PAGE results of yogurt samples which were made with Campus liquid TG 
(lanes 1 and 2) and with Ajinomoto liquid TG (lanes 3 and 4).  
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4.5.4 The effect of homogenization pressure and Ajinomoto liquid TG treatment 
on viscosity of yogurt 

 
The experiments were performed at the Riihimäki factory of Valio Ltd at the 10,000 l scale. 
Bovine raw milk was applied as a raw material and separated. Sucrose (6.5%) was added. 
The yogurt milk was evaporated to a protein content of 3.6%. The fat content was adjusted 
to 2.3%. After that, yogurt milk was homogenized at 400 bar and 70 bar at 60 °C. A refer-
ence sample was homogenized at 230 bar and 40 bar at 60 °C. The yogurt milks were pas-
teurized at 90 °C for 5 min and cooled to 42 °C. The TG enzyme used was Ajinomoto liquid 
TG (Valio Ltd, Finland). The amount of TG added was 0.18 U/g(milk protein). The starter YO-
MIX 410 (0.01%) was applied. The samples were acidified to pH 4.5. The acidified gels were 
mixed and cooled to 20 °C, 8.5% of fruit preparation was added and they were packed in 
200 g packaging and further cooled to 5 °C in storage. The viscosity was measured using a 
vibro viscometer. The viscosity tests were carried out in triplicate for each sample. The 
chemical analyses were carried out at the R&D Analytical Department of Valio Ltd (Helsinki, 
Finland). During storage the amount of separated whey was measured. 
 
The chemical compositions of the yogurts are presented in Table 35. The chemical composi-
tions were almost the same, so the structure is not affected by chemical composition. The 
viscosity results are presented in Figure 65. The viscosity was highest in the sample which 
was homogenized at 400 bar and TG-treated. The viscosity was on average 57% higher dur-
ing storage than the reference homogenized at 230 bar and TG-treated. There was no sapa-
reted whey during self life in both yogurts. 
 
Table 35. Chemical composition of yogurt samples homogenized at 230 bar or 400 bar and 
TG-treated. 
 

 Reference 230 bar + TG 400 bar + TG 
Protein [%] 3.41 3.37 
Fat [%] 2.12 2.03 
Sucrose [%] 6.3 5.8 
Glucose [%] 0.35 0.38 
Lactose [%] 3.24 3.22 
Galactose [%] 0.45 0.46 
Ash [%] 0.76 0.76 
Calcium [mg/kg] 1100 1100 
Dry matter [%] 18.5 18 
Lactic acid [%] 0.7 0.69 
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Figure 65. The viscosity of yogurts homogenized at 230 bar or 400 bar and TG-treated with 
Ajinomoto liquid TG 0.18 U/g(milk protein) as a function of time 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0

50

100

150

200

250

7 15

Vi
sc

os
ity

 [m
Pa

s]

Time [d]

Reference 230 bar,
Ajinomoto liquid TG
Homogenized 400 bar,
Ajinomoto liguid TG



121 
 

5 SUMMARY AND CONCLUSIONS 

 

Application of transglutaminase (TG) in milk products is challenging, because raw milk goes 
through large transformations when fermented milk products are acidified, and this is chal-
lenging for TG. To date, novel crosslinking enzymes, including TG, have not been widely 
applied in the dairy industry. In traditional methods of manufacturing fermented milk 
products, a high protein content is needed to obtain a viscous and firm structure, which 
incurs additional costs. In this work, more economical manufacturing methods were devel-
oped for fermented milk products with the aid of TG. Whether syneresis can be reduced 
and texture improved with TG was also studied. As a result of this work, a stable liquid TG 
was developed. Even though good results were also obtained with powder TG, it was ob-
served that powder TG could not be introduced at an industrial scale due to its dusting be-
haviour. This dusting causes problems in accurate dosing and allergies in some employees. 
Liquid TG has the potential for even wider applications of this enzyme in industry. 
 
The cognate enzyme of milk for transglutaminase, -glutamyl transferase ( GGT), could 
not crosslink Na-caseinate, which is a good substrate for TG. So it most probably does not 
crosslink milk proteins. The hydroxamate method was not a suitable method to analyse 

GGT-activity. In studying the TG activity measuring method, it was discovered that lac-
tose caused background in the TG activity measurement. Lactose was found to react with 
NH2OH. The intensity of the measurement background was in relation to the lactose con-
centration. Lactose did not react with FeCl3, acids in a FeCl3 reagent or with CBZ-L-
glutaminyl-glycine. Measurement background was also detected in milk permeate and raw 
milk. In raw milk and milk permeate, there are chemical components which might react 
with components in FeCl3 reagent. Riboflavin might also have caused some or all of the 
background. 
 
Preheating milk improves the crosslinking ability of TG. Heat treatment inactivates the TG 
inhibitor, and thus improves protein susceptibility to crosslinking. Furthermore, it causes 
whey protein denaturation and interactions with casein micelle, which might also impact 
the susceptibility of proteins to TG reactions. However, excessive heat treatment causes 
Maillard reactions, which reduce the amount of available lysine. The optimum heat treat-
ment to achieve high crosslinking and the firmest gels was 80 °C for 30 s or 5 min.  
 
The amount of TG inhibitor was estimated to be 3.0 M in raw milk. The amount of TG 
added should exceed 32.6 U/g(milk protein) to obtain crosslinking without inactivation of 
the TG inhibitor, assuming 1 mol of TG inhibitor inhibits 1 mol of TG. The TG inhibitor can 
be inactivated with heat treatment and by the addition of glutathione or yeast extract.  
 
Calcium removal significantly intensified the crosslinking efficiency of TG. Nearly all caseins 
and part of the -lactalbumin were crosslinked. Calcium removal made the casein micelle 
structure more porous. Calcium removal possibly opened the globular structure of the -
lactalbumin. Transglutaminase activity was improved by high-pressure treatment and the 
activity was doubled with treatment at 4,000 bar compared to treatment at atmospheric 
pressure. TG lost its activity at pressures of 7,000 and 8,000 bar. High-pressure treatment of 
milk intensified the crosslinking ability of TG at pressures of 2,000 bar or greater. This might 
have been caused by inhibition of the TG inhibitor at these pressures. The colour of the milk 
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changed from white to translucent at pressures of 3,000–8,000 bar, and this might have 
been caused by the solubilisation of calcium phosphate from the casein micelle. This solu-
bilisation made the micelle structure more porous, which might have also intensified the 
crosslinking.  
 
At a TG concentration of 15 U/g, enzyme was active in the pH area of fermented milk pro-
duction, as well as during the entire shelf life of fermented milk products, but this is such a 
high amount that it is not applied in fermented milk products. It was indirectly found that 
TG does not form inter-monomer crosslinks at the pH values of fermented milk products 
during their shelf life. It was inactivated at the pH of stomach acid. Crosslinking of milk pro-
teins correlated positively with TG dosage. GDL acidification intensified the crosslinking 
reaction. Caseins were more susceptible to crosslinking than whey proteins. Crosslinking of 
whey proteins was observed with high TG dosages. The firmest gel structure was obtained 
by a TG dosage of 3 U/g(milk protein). Weaker gel structures were formed with extremely 
high polymer formation than with development of mainly oligomers.   
 
In yogurt production, preincubation at 40 °C for 2 h and TG active during acidification 
proved to be the optimum TG treatment. In the factory-scale test, the protein content of 
yogurt could be decreased by 12% with this treatment. High-pressure homogenization sig-
nificantly improved yogurt viscosity. In another factory-scale test, high-pressure homogeni-
zation at 400 bar and TG treatment made the yogurt 57% more viscous, on average, than 
yogurt traditionally homogenized at 230 bar and TG-treated. It was possible to decrease the 
fermented milk protein content by 9% with a TG dose of 0.2 U/g(milk protein). When the 
TG treatment was made only during acidification, the appearance of the fermented milk 
was flaky. The formation of flakes disappeared when TG was added 2 h before acidification 
and TG was active during acidification. The protein content and TG dose significantly affect-
ed the structure of viili. At low protein contents, the structure was too soft and ropy. If the 
TG dose was too high, the structure was too short and gelatinous. In the factory-scale test it 
was possible to decrease the protein content by 25% with a TG dose of 0.4 U/g(milk pro-
tein). 
 
Liquid TG was extremely stable at -20 °C for 6.5 months in a 50% glycerol–water suspension 
at pH 4.4–4.8. The activity (>100 U/g) was high enough to be used as an industrial enzyme. 
The activity of commercial enzyme products in powder form is typically 100 U/g. Liquid TG 
products were also found to be as efficient as powder TG in the production of yogurt. It was 
observed that liquid TG enzyme produced using different enzyme powder products from 
different suppliers functions and can be applied, but there were differences between these 
products. It is important in each application to compare products from different enzyme 
suppliers. The present study demonstrates that high-quality sour milk products can be 
manufactured with liquid TG and using high-pressure homogenization. 
 
In this work yogurt, fermented milk and viili was successfully and economically scaled up 
into production with liquid TG, but there are still challenges with applying TG in fat-free 
yogurt. This work argues that future efforts should concentrate on developing fat-free yo-
gurt production methods with the aid of TG. In fat-free yogurts, the structure is typically 
formed with the aid of hydrocolloids such as gelatine, which TG could possibly replace. In 
the future it would be interesting to examine more deeply the protein chemistry and re-
solve the problems with fat-free yogurt. It would be important at the micro level to under-
stand the problems when fat-free yogurt is produced with TG and without TG. 
Furthermore, effort should be put to in developing a milk-based TG inhibitor concentrate 
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which could be applied in inactivating TG in fermented milk products. In production of yo-
gurts, the inactivation of TG after acidification would allow higher TG dosages to be applied 
and permit lower protein contents, inducing additional savings in production costs.  
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