
Development and Production of
Extruded Food and Feed Products

Containing Probiotic Microorganisms

ARAM KAZARJAN

P R E S S

THESIS ON NATURAL AND EXACT SCIENCES B147



 
 

TALLINN UNIVERSITY OF TECHNOLOGY 
Faculty of Science 

Department of Chemistry  
 
Dissertation was accepted for the defence of the degree of Doctor of Philosophy (in 
Chemistry) on 13 December, 2012. 
 
Supervisor:  Professor Raivo Vilu,  

Department of Chemistry,  
Tallinn University of Technology,  
Tallinn, Estonia. 

  
 
Opponents:  Dr. Andrea Lauková,  

Head of Laboratory of Animal Microbiology, 
Institute of Animal Physiology, 
Slovak Academy of Sciences,  
Košice, Slovakia. 
 
Dr. Tiina Alamäe, 
 Associate Professor,  
Institute of Molecular and Cell Biology,  
University of Tartu,  
Tartu, Estonia. 

 
Defense of the thesis:   January 25, 2013 
 
 
Declaration:  
Hereby I declare that this doctoral thesis, my original investigation and 
achievement, submitted for the doctoral degree at Tallinn University of 
Technology, has not been submitted for any degree.  

 
Aram Kazarjan  

 
Copyright: Aram Kazarjan, 2012  
ISSN 1406-4723 
ISBN 978-9949-23-419-6 (publication) 
ISBN 978-9949-23-420-2 (PDF) 



LOODUS- JA T B147ÄPPISTEADUSED

Probiootilisi mikroorganisme sisaldavate
ekstrudeeritud toiduainete ja

loomasöötade tootmistehnoloogia
väljatöötamine ja rakendamine

ARAM KAZARJAN



 
 

  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to my Anna 

 

  



 
 

 



7 

CONTENTS 
 
LIST OF ORIGINAL PUBLICATIONS ................................................................. 9 
ABBREVIATIONS ................................................................................................ 10 
INTRODUCTION .................................................................................................. 11 
AIMS OF THE STUDY ......................................................................................... 13 
1. LITERATURE SURVEY ............................................................................... 14 

1.1 Production of an extruded feed products ...................................................... 14 
1.1.1 Food and feed products ......................................................................... 16 
1.1.2 Extrusion, extruded................................................................................ 16 
1.1.3 Vacuum infusion ................................................................................... 16 

1.1.3.1 Oil ................................................................................................... 16 
1.1.3.2 Suspension ...................................................................................... 17 
1.1.3.3 Vehicle ............................................................................................ 17 
1.1.3.4 Oil suspension as a vehicle for probiotic microorganisms ............. 18 
1.1.3.5 Viscosity ......................................................................................... 18 

1.2 Analysis of existing technologies ................................................................. 18 
1.2.1 The main features of the developed technology .................................... 20 

1.3 Evaluation of the shelf-life ........................................................................... 20 
1.3.1 Microcalorimetry for determination of viability and growth 
characteristics of microorganisms .................................................................. 21 

1.4 Advantages of probiotic products on an animal health level ........................ 22 
2. EXPERIMENTAL METHODS USED .......................................................... 24 

2.1 Method for the viscosity measurements of oils ............................................ 24 
2.2 Determination of Total Viable Count ........................................................... 24 
2.3 Determination of the shelf-life of the products ............................................ 25 

2.3.1 Determination of the dog food shelf-life ............................................... 25 
2.3.2 Determination of the human product shelf-life ..................................... 25 
2.3.3 Determination of the probiotic stability in the final product by 
microcalorimetry ............................................................................................ 26 

2.4 Means of pet feces management using probiotic pet food ........................... 27 
2.4.1 Purina and Bristol feces scoring system ................................................ 27 
2.4.2 Setup of the field-trial panel .................................................................. 29 

3. DEVELOPMENT OF THE TECHNOLOGY ................................................ 30 
3.1 Choice of the suitable probiotic microorganism ........................................... 30 
3.2 Choice of the suitable oil based on the viscosity measurements .................. 30 
3.3 Preparation of the probiotics and oil suspension - vehicle for the probiotic 
microorganisms .................................................................................................. 31 

3.3.1 Suspension/vehicle parameters for extruded feed product manufacturing 
purposes .......................................................................................................... 32 

3.3.1.1 Suspension/vehicle organoleptic, nutritional and viscosity 
parameters for extruded feed products ....................................................... 33 
3.3.1.2 Viscosity of probiotic and oil suspension as vehicle for vacuum 
infusion of extruded feed product ............................................................... 34 



8 

3.4 General scheme of production unit ............................................................... 36 
3.4.1 Spraying nozzles orifice ........................................................................ 38 
3.4.2 Mixing tank ........................................................................................... 39 
3.4.3 Vacuum suction unit .............................................................................. 39 
3.4.4 Mixing ................................................................................................... 39 
3.4.5 Opening for applying uncoated product ................................................ 39 
3.4.6 Control of pressure ................................................................................ 40 
3.4.7 Temperature control .............................................................................. 40 

3.5 Production process of extruded products...................................................... 40 
3.7 Evaluation of the quality of the products...................................................... 42 

3.7.1 Post productional probiotic stability measurement ............................... 42 
3.7.2 Evaluation of the probiotic stability of the product ............................... 43 

3.8 Development of the microcalorimetric technique for the probiotic stability 
monitoring .......................................................................................................... 44 

3.8.1 Analysis of the probiotic stability in the final product by 
microcalorimetry means ................................................................................. 47 

3.9 Evaluation of the possible advantages of probiotic product on an animal 
health level ......................................................................................................... 51 

4. TESTING OF THE TECHOLOGY FOR THE HUMAN FOOD PRODUCT 
PRODUCTION ...................................................................................................... 54 

4.1.Viscosity of probiotic oil suspension as vehicle for vacuum infusion of 
extruded food products ....................................................................................... 54 

4.1.1 Organoleptic, nutritional and viscosity parameters of 
suspensions/vehicles for extruded food products ........................................... 55 

4.2 A pilot trial for production of probiotic product for human consumption 
using the vacuum infusion technology ............................................................... 55 

4.2.1 Measured parameters of probiotic human food product ........................ 57 
4.3 Evaluation of probiotic human food products .............................................. 59 

5. CONCLUSIONS ................................................................................................ 60 
REFERENCE ......................................................................................................... 61 
ACKNOWLEDGMENTS ...................................................................................... 65 
ABSTRACT ........................................................................................................... 66 
KOKKUVÕTE ....................................................................................................... 67 
ORIGINAL PAPERS ............................................................................................. 69 
CURRICULUM VITAE ...................................................................................... 129 
ELULOOKIRJELDUS ......................................................................................... 131 
  



9 

LIST OF ORIGINAL PUBLICATIONS  
 

This thesis is based on the following publications and patents, which are 
referred to by Roman numbers within the text:  
 
I. International application published under the patent cooperation treaty (PCT), 
Title: Probiotic oil suspension and use thereof, Inventors: Kirejevas, Vygantas and 
Kazarjan, Aram. International publication Nr.: WO 2010/122107 A1 
International publication date: 28.10.2010.  
 
II. International application published under the patent cooperation treaty (PCT), 
Title: A vacuum infusion production plant, Inventors: Kirejevas, Vygantas and 
Kazarjan, Aram. International publication Nr.: WO 2010/122155 A1 
International publication date: 28.10.2010. 
 
III. International application published under the patent cooperation treaty (PCT), 
Title: Extruded food products compromising probiotic microorganisms, Inventors: 
Kirejevas, Vygantas and Kazarjan, Aram. International publication Nr.: WO 
2010/122106 A1 International publication date: 28.10.2010.  
 
IV. International application published under the patent cooperation treaty (PCT), 
Title: A method for the management of fecal consistency in dogs, Inventors: 
Kirejevas, Vygantas and Kazarjan, Aram. International publication Nr.: WO 
2010/122104 A1 International publication date: 28.10.2010. 
 
V. N. Kabanova, A. Kazarjan, I. Stulova, R. Vilu, Microcalorimetric study of 
growth of Lactococcus lactis IL1403 at different glucose concentrations in broth, 
Thermochimica Acta, Volume   496, Issues 1-2, 10 December 2009, Pages 87-92. 
 
VI. A. Kazarjan, N. Kabanova, R. Vilu, Microcalorimetric study of extruded dog 
food containing probiotic microorganisms, Advances in Microbiology, Volume 2, 
Number 4, December 2012, (in press). 
   



10 

ABBREVIATIONS 
 
AO  Antioxidant  

ASTM  American Society for Testing and Materials 

cP   Centipoise 

CFU  Cell Forming Units 

cgs  Centimeter gram second 

EC  European Commission  

EFSA  European Food Safety Authority  

EU  European Union  

HPLC  High Pressure Liquid Chromatography  

IBC  Intermediate Bulk Container  

Pa·s  Pascal-Second   

Ntot  Total number of bacteria 

Nexp  Number of bacteria evolved during the exponential phase 

OD  Optical Density 

PCT  Patent Cooperation Treaty  

Qtot  Total heat 

Qexp  Heat produced in exponential phase  

RPM  Revolutions Per Minute 

RT  Rushton Turbine, impeller  

RH  Relative Humidity  

Sexp  Heat produced during exponential phase 

Stot  Heat produced during total growth 

TVC  Total Viable Count 

UK  United Kingdom 

UPP  United Petfood Producers plc, full scale production factory 

WIPO  World Intellectual Property Organization   

Yq  Yield coefficient 

µ  Specific growth rate of bacteria  

µmax  Maximum specific growth rate of bacteria 



11 

INTRODUCTION 
 

Various commercial attempts have been made to incorporate probiotic 
microorganisms into food or feed compositions with prolonged viability for long-
term storage. Many of these do not provide sufficient levels of viable probiotic 
microorganism because standard manufacturing procedures such as extrusion are 
harmful to the microorganisms. As one example, efforts to coat or fill standard pet 
food kibbles and ready-to-eat breakfast cereals with probiotic microorganisms have 
been suggested but often prove impractical in practice.  
 
The microorganisms used as probiotics in food and feed products are very sensitive 
to various physical/chemical influences such as temperature, moisture, extreme pH 
levels, organic acids etc. Various food and feed manufacturing processes include 
heat-treatment, which leads to loss of viability of the probiotic bacteria at the 
manufacturing stage, and thus also in the final product. Food and feed product 
manufacturing may include treatment with chemical compounds, serving as 
ingredients and/or preservatives, which also may have negative effects on the 
viability and stability of the probiotic microorganisms. Thus, treatments that are 
harmful to microorganisms ought to occur prior to their inclusion and it is thus not 
recommended to process food or feed products that contain probiotic ingredients 
after the inclusion stage. The ingredients used in product formulations should also 
not have a negative influence on probiotic viability.  
 

 
Figure 1. Formula ProBiotic – a super premium line of probiotic pet food produced by 
Bacterfield Ltd.  
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Modern production facilities, logistics networks, and markets do not yet have a 
clear understanding of the handling requirements of extruded food and feed 
products that contain probiotic microorganisms. This dissertation contains a 
detailed description of the development and implementation of an original, 
protected by patent applications family, vacuum-infusion-based technology to 
produce extruded food and feed products that contain probiotic microorganisms 
and probiotic ingredients. This dissertation places specific emphasis on the 
preservation of viability to a sufficient level over the entire shelf-life of these 
products.  
 
The Estonian company Bacterfield Ltd., developed two super premium quality pet 
food lines under the brand names of ProBiotic LIVE (http://www.livefordogs.com) 
and Formula ProBiotic (http://www.bacterfield.com/formula-probiotic) (see Figure 
1) containing probiotic microorganisms at concentrations of 109 CFU/kg in their 
products over a 15 month shelf-life. The products have been produced since 2008, 
and they are available in various European Union states such as Belgium, 
Denmark, Slovakia, Germany, the United Kingdom and others. 
 
The industrial technology of producing dry extruded pet food containing probiotic 
microorganisms used by Bacterfield Ltd., was developed and implemented as a 
result of the work reported in this dissertation.  
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AIMS OF THE STUDY  
 

The main goals of this dissertation are to develop extruded food and feed 
products that contain probiotic microorganisms, to evaluate all of the technological 
aspects/problems that arise during production, maximize the viability of the 
probiotic ingredients over the shelf-life of the products, and minimize the 
technological stress factors during production. In order to achieve these goals, the 
project was divided into several steps: 

 
• Development of an effective vehicle (probiotic ingredient carrier) for the 

introduction of the probiotics into food and feed products using vacuum 
infusion that allows for the preservation of probiotic ingredient viability 
and end-product health benefits, together with optimizing the technological 
aspects of using the vehicle.   

 
• Development of a novel method of vacuum infusion to coat extruded 

products to incorporate probiotic bacteria into the product matrix without 
adversely affecting the viability and stability of the bacteria. This work has 
resulted in a family of patent applications to protect this technology. 
 

• Development of a production scheme to manufacture extruded probiotic 
products on an industrial scale with the purpose of maximizing viability of 
the probiotic components.   

 
• Determination of the physical, biological, and chemical properties of the 

products characterizing the processes that influence the viability of the 
probiotic ingredient during storage (shelf-life of the product) while 
developing formulations that provide maximal probiotic health benefits 
without sacrificing overall product quality.    

 
• Development of a microcalorimetric method for the analysis of activity and 

viability of microbial ingredients in the extruded food and feed products 
during the shelf-life of the products.   

 
• Evaluation of possible advantages and benefits to the health of animals fed 

with extruded feed products containing probiotic microorganism in animal 
feed trials. 

 
 

 
 
  



14 

1. LITERATURE SURVEY  
 

Much has been written on the physiology and properties of possibly health 
promoting microorganisms (probiotics), and on the mechanisms of their 
interactions with host organisms, including humans. The topics outlined above are 
being actively studied, especially since the development of high throughput 
sequencing methods that have led to the development of metagenomics, 
nutrigenomics etc. There are also a huge number of preparations whose health 
promoting effects have been studied in cell cultures, mice, rats and humans [1-10].   

 
However, there are not as many industrial level technologies for the large-scale 
production of food and feed products that have well established market positions. 
The majority of the success stories concern dairy products – yogurts, fermented 
milk products etc. Strains of Acidophilus, Lactobacillus etc. are perhaps the most 
well known ingredients of the health promoting dairy products. Use of probiotics in 
non-dairy food and feed products is currently lagging behind the dairy industry. 

 
The sections below contain a thorough overview of the critical factors that ought to 
be taken into account when producing extruded foods and feed products containing 
probiotic microorganisms. Using these together intelligently maximizes the 
preservation of the probiotic count/viability in the final product over its entire 
shelf-life.   

 
Because the work carried out during the course of this doctoral thesis involves the 
development of industrial processes, specifically for the production of extruded 
animal feed products, the technologies and processes applied in industrial practice 
are introduced and analysed.  
 

1.1 Production of an extruded feed products 
 

The main production phases of the extruded feed and food products using 
vacuum infusion are presented in Figure 2.  

 
Figure 2. Production scheme of the extruded feed and food products. 
 

PackagingSievingCoolingVacuum 
infusionDrying

Extrusion 
- kibble 

formation

Meal mixing 
with water 
and steam

Weghing, 
grinding and 
mixing the 
ingredients
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Initially, all major ingredients are weighed, ground, and thoroughly mixed together 
to form a meal.  The meal is then mixed with water and steam and extruded. The 
quantity of water and steam added influence both the shape and density (porosity) 
of the extruded product (kibbles). The full-scale factory extruder typically has four 
sections, each regulated up to 115°C. Eventually, the extruded meal is pushed 
through a die with a desired cross-section (holes). Rotating blades at the exit of the 
die slice the kibbles into an appropriate size.  
 
Because the kibbles have a very high moisture content after extrusion, a drying 
process follows where the moisture content is adjusted to 6-8% by controlling the 
air temperature and speed in drying chambers. This moisture level ensures good 
penetration of the liquid ingredients introduced in downstream processes (such as 
oils, chicken digest as a smell enhancer, vitamins etc.). The liquid ingredients, such 
as oils, can be considered as vehicles for introduction of the dry compounds 
(powders) into the kibbles, if mixed together in the form of suspension.  
 
The next phase of the production involves vacuum coating or vacuum infusion, 
where kibbles enter a hermetically sealed chamber. In this chamber liquid 
ingredients are sprayed on top of the kibbles that are continuously mixed. These 
penetrate into the matrix (pores) of the kibbles with the aid of a pressure swing 
from 200 mbar up to 950 mbar. The stepwise decrease and then increase in 
pressure pushes the liquids and liquid suspensions into matrix (pores) of the 
extruded product.  
 
The vacuum coated kibbles are then cooled, where the temperature of the kibbles is 
gradually decreased to ambient temperature. Before the vacuum infusion process, 
the kibbles are sieved using a vibrating net with fixed cell sizes to remove 
oversized kibble(s). At this state the product is ready for packing.  
 
A typical method that is widely used to introduce various functional ingredients 
into food and feed products is simply spraying them onto the surface of the 
product. The disadvantages of this technique are discussed in section 1.2. The use 
of vacuum infusion technology to introduce functional ingredients, including 
probiotic microorganisms, in the form of suspensions, opens up the possibility of 
developing a variety of extruded food and feed products enriched with various 
functional ingredients. This technology distributes the functional ingredients 
throughout the entire product matrix (pores), and the use of oil suspensions as a 
vehicle is an original method developed during the course of this doctoral work.  
 
The general technological scheme described above will now be analysed in detail 
to establish a precisely defined terminology to discuss the results presented herein.  
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1.1.1 Food and feed products  
 

The term “food and feed product” refers to an extruded porous product where 
probiotics are to be added. These may include breakfast cereals, pet food or treats 
intended for human and/or animal consumption. The food product may be a 
particulate based food or food ingredient, such as extruded snack products, tortilla 
chips, breakfast cereals, cookies, crisp bread, food foams, rice crisps, blends of 
peanuts, soybeans and corn, puffed wheat, low density foamed corn, rice breakfast 
cereal, co-extruded products, muesli bars, or any other extruded product that has a 
porous matrix structure. 

 
1.1.2 Extrusion, extruded  

 
The terms “extrusion” or “extruded” (see Figure 2) in this dissertation refers to 

“cooking extrusion” which is a combination of heating and extruding to create a 
cooked and shaped food product. This is a process in which moistened, starchy, 
proteinaceous foods are cooked and worked into viscous, plastic-like dough. The 
results of cooking the food ingredients during extrusion are: 1) gelatinization of 
starch, 2) denaturation of protein, 3) inactivation of raw food enzymes, 4) 
destruction of naturally occurring toxic substances, and 5) reducing microbial 
counts in the pre-extruded product. Upon discharge through the die, the hot, plastic 
extrudate expands rapidly with loss of moisture and heat because of the sudden 
decrease in pressure. After expansion, cooling, and drying, the extruded product 
develops a rigid structure and maintains a porous texture. A further objective of the 
extrusion is to eliminate any bacteria present in the ingredients (comparable with 
autoclaving). Thus addition of the probiotic ingredient should take place after the 
extrusion process.  

 
1.1.3 Vacuum infusion   

 
The term “vacuum infusion” (see Figure 2) refers to inclusion of a substance 

and dispersion of the substance throughout the body of an object (matrix) with the 
aid of vacuum (pressure lower than 1 bar). For example, vacuum infusion is an 
infusion of a suspension (comprising a liquid carrier serving as a vehicle and at 
least one probiotic ingredient) into the porous food matrix such as a pet food kibble 
or ready-to-eat breakfast cereal by means of a vacuum (vacuum infusion process). 

 
1.1.3.1 Oil  

 
This dissertation refers to “oil” as any edible vegetable and/or animal oil. In this 

context oil is in a viscous liquid state (“oily”) at room temperature. Oil includes 
fatty acids, which are carboxylic acids often with a long unbranched aliphatic tail 
(chain), which is either saturated or unsaturated (such as monounsaturated or 
polyunsaturated). The ratio of saturated to unsaturated fatty acids varies among 
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oils. For example, flaxseed oil is comprised of 9% saturated fatty acids, 18% 
monounsaturated fatty acids, and 73% polyunsaturated fatty acids. In contrast, 
coconut oil is comprised of 91% saturated fatty acids, 7% mono-unsaturated fatty 
acids, and 2% poly-unsaturated fatty acids.  
 
With respect to health and diet, oils rich in unsaturated fatty acids are highly 
preferred over saturated fatty acids. Thus, in order to retain the health benefits of 
good oil, the products developed in this dissertation contain a high level of 
unsaturated fatty acids. Fish oils fall within this definition. Fish oils include, but are 
not limited to, salmon oil, mackerel oil, lake trout oil, herring oil, sardine oil, 
albacore tuna oil, cod liver, oil, sand eel oil (Ammodytes tobianus), and menhaden 
oil. Vegetable oils also fall within this definition. Vegetable oils include, but are 
not limited to, flaxseed oil, linseed oil, olive oil, and rice bran oil. 

 
1.1.3.2 Suspension  

 
Suspension refers to a fluid (such as an oil) containing particles that will not 

dissolve in the fluid and are sufficiently large to sediment. Freeze-dried 
microorganisms (probiotic ingredient) in form of a dry powder fall into this 
category. A homogeneous suspension refers to a suspension, wherein the particles 
are dispersed throughout the external phase (the fluid) through mechanical 
agitation (such as mixing). The suspended particles (e.g. microorganisms) are 
visible under a microscope and will settle over time if left undisturbed. 

 
1.1.3.3 Vehicle   

 
“Vehicle” or “carrier“ refers to a fluid component (such as an oil) that carries at 

least one substance. In this dissertation oil is used as a vehicle for vacuum infusion 
of at least one probiotic microorganism into an extruded food or feed product. The 
vehicle may have the additional function of preserving probiotic microorganism(s) 
embedded in the extruded product. Accordingly, at least one oil is used in the 
technology as a vehicle to infuse probiotic microorganisms during the manufacture 
of extruded food or feed products. Manufacturing is performed at room 
temperature in order to optimize the probiotic count, characterized by colony 
forming units (CFU), in the final food product. In this respect the viscous 
properties of the oil (e.g. dynamic viscosity) influence whether or not the oil is 
suitable for vacuum infusion into the food or feed product matrix. Oils that have an 
optimal viscosity at elevated temperatures may not be suitable for use at room 
temperature due to the change in viscosity. 
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1.1.3.4 Oil suspension as a vehicle for probiotic 
microorganisms 

 
It is important that the probiotic ingredient is dispersed evenly in the oil 

suspension throughout the vacuum infusion process so that it may be evenly 
dispersed throughout the food or feed product matrix. In order to accomplish this 
the dynamic viscosity of the oil and suspension containing a probiotic 
microorganisms should be carefully selected. The suspension, in its final form, 
should enable an efficient vacuum infusion process without interfering with other 
manufacturing processes.  For example, some oils and suspensions depending on 
the viscosity can have a tendency to clot inside the fluidic system and clog the 
nozzle used for spraying the suspension onto the product in the vacuum 
coater/vacuum infusion tank. Downtime of the equipment due to this type of 
problems must be avoided during production in the factory.   
 
One key parameter is the viscosity of the probiotic oil suspension used in the 
vacuum infusion process. The only way to avoid unfortunate terminations of the 
production is to adjust the viscosity of the oil suspension to the optimal level.  

 
1.1.3.5 Viscosity   

 
The term “viscosity” refers to the resistance of a fluid to deformation by either a 

shear stress or extensional stress. In colloquial language, viscosity is “thickness” of 
a fluid. The coefficient of viscosity is often used as a value for viscosity. Both, 
shear viscosity and dynamic viscosity (or absolute viscosity) are frequently used. 
Viscosity generally decreases (or, alternatively, its fluidity generally increases) as 
temperature increases. Thus, close temperature control of the fluid is essential for 
accurate measurement of this fluid property, particularly in materials such as 
lubricants, whose viscosity can double with a change of only 5°C. Dynamic 
viscosity is measured with various types of rheometers.   
 

1.2 Analysis of existing technologies 
 
Various attempts have been made to develop marketable food and feed 

compositions containing probiotic microorganisms with prolonged shelf-life [11]. 
Many of these do not provide sufficient levels of viable probiotic microorganisms, 
and the microorganisms included are adversely affected by manufacturing 
procedures such as extrusion etc. For example, efforts to coat or fill standard pet 
food kibbles and ready-to-eat breakfast cereals with probiotic microorganisms have 
been suggested, but are often impractical in practice. This is confirmed also in case 
of various processes protected by patents that have been granted for production of 
probiotic infused foods and feed products. 
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For example, patent WO 01/95745 [12] of Mars Inc. provides a method to produce 
a food product (kibbles) characterized by a porous structure, comprising an instable 
substrate such as a probiotic microorganism in an oil solution, which are included 
in a flowable form into the product by means of  “partial vacuum” step (applying a 
flow through pressure) followed by normalizing the pressure and releasing an inert 
gas into the vessel. The use of inert gases may influence the taste and smell of food 
and feed products.  Considering that animals such as dogs can smell microscopic 
taste differences and refuse to take off smelling products, this is a serious problem. 
This problem is compounded by the fact that dogs sense 90% of the taste of the 
feed by smell alone.   
 
Another patent, WO 05/070232 [13] of Mars Inc. provides a method to produce a 
food product similar to WO 01/95745 [12], and further stipulates that the oil should 
have a solid fat index of at least 20. WO 05/070232 [13] discloses that it is essential 
that the fat used in the vehicle have a solid fat index of at least 20 at 20˚C, and that 
the preferred vehicles are palm oil followed by coconut oil. With such a high fat 
index, the usage of coconut and palm oil are considered to be the most unhealthy 
oils because they have the highest rate of poly-saturated fatty acids (see Section 
1.1.3.1) which lead to a reduction in the overall health benefits of the entire 
product, even if it contains probiotic bacteria.   
 
A patent WO 03/009710 [14] of Procter & Gamble Inc. discloses an apparatus and 
method for on-line mixing and application of surface coating/introduction of 
liquids (potentially comprising the probiotics) onto food products. The surface 
coating or surface introduction technique is an inefficient way of introducing 
probiotic ingredients into the product because the probiotics lie at the product 
surface and the stability of such ingredient can be influenced by an environmental 
factors (open air, humidity etc.). These formulations generally tend to have shorter 
shelf lives. 
 
Another patent, EP 0862863 B2 [15] of Nestle S.A., discloses a method to 
incorporate bacteria with an extruded formulation by a surface introduction 
technique (mixing with the product) that uses various carriers (fat, water, digest) 
without analysis of the carriers as such. According to the patent, EP 0862863 B2 
[15] of Nestle S.A. the preservation of viability of bacteria was achieved only up to 
8 weeks, which is not a sufficient shelf-life to be considered a successful technique 
for the preservation of probiotic viability.  
 
Additionally, the choice of the bacteria intended to be included into the product 
should be based on the EU Commission Regulations for feed and food products 
correspondingly and bacteria used for the feed product should be registered in the 
EU Community Register of Feed Additives pursuant to Regulation (EC) No 
1831/2003.  
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The disadvantages of the above methods open up an opportunity to develop an 
improved production technique to incorporate probiotics into food and feed 
products by means of a vacuum infusion. In particular, a more efficient and/or 
reliable production plant setup is desired that incorporates probiotics into food and 
feed products and results in prolonged viability. 
 

1.2.1 The main features of the developed technology  
 

An efficient way of introducing a dry specific compound/ingredient such as a 
concentrated probiotic powder into an extruded feed or food products is through 
the use of vacuum infusion (vacuum coating of the extruded product). Following 
this, the coating should be carried into the food matrix (pores) using a suitable 
liquid vehicle (the probiotic ingredient carrier, such as oil) together with vacuum 
coating techniques. To achieve maximum performance, this solid/liquid 
mixture/suspension needs to have specific viscosity and surface tension properties 
to achieve homogeneous dispersion and maximum penetration of the probiotic 
powder into an extruded feed or food product matrix. All these key technological 
factors are analyzed in this dissertation. 
 

1.3 Evaluation of the shelf-life 
 

The viability of probiotic ingredients, in form of microorganisms added to the 
product, should be preserved to a minimum effective concentration (in case of feed 
products regulated by an EU Commission Regulation) over the entire period of the 
shelf-life of the product to guarantee the preservation of the effective and 
functional concentration of such ingredient at the point of consumption.  

 
The following should be accounted for to test if an extruded food or feed product 
has a stable probiotic population over its shelf-life: 
  

• Extrusion technology parameters and set-up used in production 
• Introduction of the probiotic ingredient 

• Determination of a probiotic ingredient vehicle 
• Inclusion of the probiotic ingredient into the product matrix 

• Determination of the probiotic ingredient viability and sufficient stability 
preservation (shelf-life) 

• Determination of health benefits of the extruded feed or food product 
containing a probiotic ingredient. 

 
Many techniques, such as plate surface inoculation, are not sufficient to precisely 
determine all the aspects describing the stability of probiotic microorganisms and 
cannot effectively evaluate the shelf-life of probiotic products. Surface inoculation 
techniques on agar plates or gels provide only an initial indication of the 
concentration and viability of probiotic microorganisms. To improve upon these 
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techniques, microcalorimetry was employed to understand the various factors that 
influence the concentration and viability of the probiotic microorganisms. 

 
1.3.1 Microcalorimetry for determination of viability and 
growth characteristics of microorganisms 

 
Living organisms invariably and continuously dissipate energy. As this is 

virtually always coupled with the continuous production and exchange of heat, 
calorimeters are used to monitor living systems. It has been shown that production 
of heat by microbial cultures can be used for on-line monitoring of growth and 
metabolism of cells [16–20]. Calorimetry is especially useful to study the growth of 
cells in opaque media, for example solid media where agar, gelatine, etc. are used 
as jellifying agents [21], and it has been successfully applied to study spoilage 
processes and to determine shelf-life [20,22–24], usually when optical and other 
physical methods are not applicable [25,26]. Because heat effects are non-specific, 
they should be combined with other methods such as measuring the concentration 
of substrates and products, and outplating to correctly interpret the calorimetry 
results [27,28]. Additional techniques and measurements allow us to attribute special 
meaning to the results of calorimetric measurements. 
 
Knowledge of the conversion and yield coefficients allows us to derive a number 
of characteristics of the growth of bacteria from the power–time curves.  
Microcalorimetry has been used for the experimental study of bacterial growth for 
over 50 years. The first experiments were carried out with Streptococcus faecalis 
and it was shown that the rate of heat production was coupled with the rate of 
biomass growth [29]. Later, growth of other bacteria was studied, including 
Escherichia coli in anaerobic conditions with low substrates and high inoculation 
concentrations [27], and growth of Lactobacillus helveticus in different 
environmental conditions [30]. Further studies carried out have elucidated the 
coupling of kinetic and thermodynamic processes [31–37]. It has been shown that 
calorimetry could provide information about different metabolic changes such as 
the shift from one substrate/type of catabolism to another, and the occurrence of 
limitations and inhibitions [16,25,37,38]. The enthalpy balance elaborated using 
calorimetric measurements can reveal the formation of unknown, unexpected by-
products [35,38], or it can be used to study the synthesis of intermediate products of 
metabolism, and their effect on bacterial growth [39]. Production of ethanol by 
Saccharomyces cerevisiae has also been studied [17], along with the effect of added 
environmental toxicants on bacterial growth [40]. Calorimetric power–time curves 
could be used also as imprints of (complicated) microbial processes, because the 
shape and the number of phases of the curves depend on the composition of the 
bacterial consortia [18] and reflect complicated patterns of multi-stage growth 
processes. Despite the noted advantages, use of microcalorimetry was until recently 
limited in practice because of the absence of multichannel instruments. Carrying 
out experiments which take days, weeks or even months in 2–4 channel 
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instruments was not a very attractive possibility, especially in our age of high 
throughput methods. However, this situation has changed with the appearance of 
the multichannel TAM III [41] (TA Instruments). This instrument has the capacity to 
carry out up to 48 parallel microcalorimetric measurements simultaneously. 
 
The TAM III, which is a type of heat conduction multi-channel microcalorimeter 
was used to determine the growth of cells [38]. TAM III is designed to monitor 
continuously a wide variety of processes and complex systems over the 
temperature range 15–150oC. TAM III is a multichannel instrument with maximum 
48 channels. A 24-channel instrument was used in our experiments. A heat flow 
calorimeter works by channeling the heat produced or consumed by a reaction in 
the sample through heatflow sensors comprised of thermoelectric modules. When a 
temperature gradient is imposed (or formed) across the thermoelectric module, a 
voltage is created in accordance with the Seebeck effect. This voltage is 
proportional to the heat flow through the thermoelectric module and hence 
proportional to the rate of heat production or consumption by the sample. One side 
of the thermoelectric module is in contact with the sample and the other is kept 
isothermal by a heat sink, which is in contact with the TAM III thermostat (a 
liquid-based system). TAM III maintains outstanding sensitivity because of the 
excellent stability of the thermostat (<±100 µK/24 h) even over long periods of 
time (TA Instruments [41]). The detection limit of 0,5 µW and the baseline stability 
(over a period of 24 h) of ±0,2 µW characterize the instrument.  
 

1.4 Advantages of probiotic products on an animal health level  
 

The well-being of domestic animals is closely related to their feeding. Correct 
feeding should result in a fit and healthy pet. In addition to providing nutritional 
value, feed composition influences the intestinal microflora and may lead to or 
prevent gastrointestinal disorders. Therefore, knowledge of the gastrointestinal 
tract and digestion processes of healthy animals is integral to the understanding of 
a practical feeding practice. As carnivores, cats and dogs are characterized by a 
short digestive tract and a rapid flow rate of the bolus of food. The number and 
composition of this endogenous flora tend to be rather stable, although age and, to 
a lesser degree, feed may modify it. Gastric acidity, bile, intestinal peristaltics and 
local immunity are factors thought to be important in the regulation of bacterial 
flora in the small intestine of human beings and various other mammals.  
 
Often canine and feline gastrointestinal disorders are linked to bacterial overgrowth 
and the production of enterotoxins produced by pathogenic bacteria. During the last 
few years, research has focused on some valuable strains of Lactic Acid Bacteria 
(LAB) and their potential use as probiotic agents. Probiotics are considered to be 
viable microbial preparations, which promote mammalian health by preserving the 
natural microflora in the intestine. Probiotics are believed to attach to the intestinal 
mucosa, colonize the intestinal tract and thereby prevent attachment of harmful 
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microorganisms thereon. A prerequisite for their action resides in that they have to 
reach the gut's mucosa in a proper and viable form and especially do not get 
destroyed by the influence of the low pH prevailing in the stomach. In particular, 
the physiology of the digestive tract of cats and dogs differs from humans. For 
example, the average pH in the stomach is about 2,4 for 5 dogs (dependently on 
breed type) and 4,2 for cats. Needless to say that there is a need to provide pet food 
compositions that are still able to quickly restore the loose feces conditions 
(defecation and diarrhea) of the pets after shelf-life of months. Rapid recovery of 
defecation and diarrhea to more neutral stool conditions is of both great health and 
general nutritional concern.  
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2. EXPERIMENTAL METHODS USED  
 
2.1 Method for the viscosity measurements of oils 

 
The SI physical unit of dynamic viscosity is the Pascal-second (Pa·s), which, in 

base SI units, is kg·m−1·s−1. If a fluid with a viscosity of one Pa·s is placed 
between two plates, and one plate is pushed sideways with a shear stress of one 
Pascal, it moves a distance equal to the thickness of the layer between the plates in 
one second. The cgs physical unit for dynamic viscosity is the poise. It is more 
commonly expressed, particularly in ASTM standards, as centipoise (cP). The 
relation between poise and Pascal-seconds is: 1 cP = 0,001 Pa·s = 1 mPa·s. Water 
at 20°C has a viscosity of 1,0020 cP.  

 
If not stated otherwise, this dissertation uses the term dynamic viscosity to mean 
dynamic viscosity at 20°C. Likewise, the change in dynamic viscosity of an oil is 
expressed as Δ Pa·s/°C. Also, the change in dynamic viscosity of an oil is described 
as the difference between the dynamic viscosity at 25°C and 20°C (Pa·s at 25°C - 
Pa·s at 20°C = ΔPa·s). 

 
Equipment: Dynamic rheometer Physica MCR 301 (Anton Paar GmbH, Germany), 
C-PTD200 Peltier temperature control and CC27 coaxial cylinder measuring 
system (in/out diameter 26,66 and 28,92 mm).  
 
Method: The viscosity of the oils was measured at a turning speed of 180 RPM; at 
temperature range of 5 to 50°C, heating rate was 0,5°C/min, viscosity was 
registered after each 1°C. Two parallels of samples were measured. The Table 1 
lists the average viscosity (Pa·s) of the oils as follows: 1. Crude fish oil, 2. Salmon 
oil A, 3. Refined maize oil, 4. Cod liver oil, 5. Salmon oil B, 6. Soybean oil (with 
antioxidant), 7. Sunflower oil (with antioxidant), 8. Linseed oil, 9. Borage oil, 10. 
Salmon oil and bacteria suspension (heated), 11. Salmon oil and bacteria 
suspension (cooled), 12. Raw salmon oil (heated), 13. Raw salmon oil (cooled). 

 
2.2 Determination of Total Viable Count 

 
Total Viable Count (TVC) expressed in colony forming units (CFU) per gram 

of product was used to asses shelf-life and stability of the probiotic microorganism 
in the final product (see Figure 9). These were measured under the following 
conditions: refrigeration (6-8oC), room temperature (21±3oC) and accelerated 
temperature (37±1oC).  The relative humidity was also recorded: refrigeration 39% 
RH, room temperature 52% RH and accelerated temperature 54% RH. 

 
As a general rule, under the accelerated temperature, one month of accelerated 
stability results is equivalent to 3 months of real time stability (x3 time faster).  
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2.3 Determination of the shelf-life of the products 
 

2.3.1 Determination of the dog food shelf-life  
 
Shelf-life test of the produced vacuum coated probiotic dog food was performed 

by usage of a surface inoculation (outplating) technique. Stability of the product 
was tested for Total Viable Count (TVC) to determine the number of Colony 
Forming Units (CFU) per gram of product with the usage of PCA (Plate Count 
Agar, Scharlau, Spain) under the following conditions: 

 
• Refrigeration (6-8oC) with 39% RH 
• Room Temperature (21±3oC) with 52% RH 
• Accelerating temperature (37±1oC) with 54% RH  

 
40 grams of product sealed in final type of product packaging (i.e. foil sachet) was 
made available for each monthly test at and placed under the different temperature 
testing conditions given above.  
 
The most important part of the sample preparation is that myristic acid is used as a 
diluent since this diluent ensures that the microorganisms contained within the oil 
component (probiotic vehicle) of the kibbles are ‘dissolved’ sufficiently in the final 
product sample. 
 
Samples were taken at 0 day, 2 week, 1 month, 2 month, 3 month, 4 month and 5 
month.  Each measuring point was performed in three parallels and an average was 
calculated. Average TVC counts of probiotic vacuum coated pet food product 
during the 5 months shelf-life testing at different temperature conditions are 
presented in Figure 9.  

 
2.3.2 Determination of the human product shelf-life  

  
Coated with different suspensions (different oil carriers in different products) 

ready for consumption, probiotic infused products were sent to a laboratory 
(Eclipse, UK) to determine the Total Viable Count and a continuous probiotic 
viability measurements under the shelf-life trial of 2 months (see Table 6, 7). All 
samples were shipped in sterile Falcon tubes each containing approximately 5 g of 
sample. Each parallel was measured on 0 day (immediate) count, 2 weeks, 1 
month, 2 months after the production. Each parallel was placed under 3 different 
storage conditions: refrigerated condition temperature of 6-8oC, standard condition 
temperature of 18-24oC, and high (accelerated) temperature conditions 36-38oC. 
High (accelerated aging) temperature conditions are considered 3 times faster than 
processes at standard conditions, meaning that 2 months result at accelerated 
condition temperature equals to 6 months result at standard temperature conditions 
characterizing product stability at room temperature for 6 months.  
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2.3.3 Determination of the probiotic stability in the final 
product by microcalorimetry 

 
Various extruded dog food formulations enriched with the probiotic ingredient 

Enterococcus faecium (NCIMB10415) produced by developed vacuum infusion 
were analysed in-situ by means of a multichannel microcalorimeter to evaluate the 
microbial stability and product shelf-life. A TAM III (24-channels, TA Instruments, 
US), a heat conduction multi-channel microcalorimeter was used to monitor the 
growth of cells in dog food and bacteria concentrate samples. The TAM III was 
used in static ampoule mode (batch process) (see Wadsö [20]). The calorimetric 
trials were performed at a fixed temperature of incubation at 37oC (equivalent of 
dogs body temperature [42]). All the samples/analytes were placed into autoclaved 
3 mL microcalorimetric ammpules following all the aseptic rules. Ampoules were 
hermetically sealed with a cap and placed into the TAM III system. Before 
beginning the microcalorimetric experiments the TAM III microcalorimeter was 
calibrated and the baseline signal measured. All the calorimetric experiments were 
carried out in three parallels and the power-time curves obtained were normalized 
per gram of dog food. Averaged power-time curves of three parallel runs were used 
for the further analysis. 
 
The maximum specific growth rate, heat produced during different growth phases, 
and lag–phase duration were all determined. The length of the lag-phase that can be 
used to determine the time necessary for the probiotic ingredient to restore its 
activity after consumption of probiotic containing extruded products was also 
measured.  The calorimetric data of the extruded pet food product was analysed to 
increase the preservation of bacterial viability and product shelf-life. 
 
Three commercially available dog food products differentiated by dog age (adult 
and senior) and by taste (salmon and chicken formulations) were used in the 
experiments: ProBiotic LIVE Adult Chicken & Rice (AC), ProBiotic LIVE Adult 
Salmon & Rice (AS) and ProBiotic LIVE Senior Chicken & Rice (SC). All dog 
food samples used in the experiments were initially received in hermetically closed 
separate 1,5 kg bags, with expiry date/lot. nr. 23.11.2012 and used freshly in the 
middle of the claimed product shelf-life period. All bags were aseptically opened 
immediately before the experiments. Additionally, a dry bacterial concentrate of 
the same strain of the bacteria as in the dog food (Enterococcus faecium 
NCIMB10415) provided by Probiotics International Ltd. (UK, Batch No BN 
29094, expiry date 11.2013) was studied as a reference sample. The bacterial 
concentrate contained 1010 CFU per gram of the powder according to the producer. 
 
Dry dog food kibbles of different types were ground and sifted to fine particles 
(less than 0,05 mm). Afterwards, samples were weighted in sterile plastic Falcon 
tubes. The mass of each sample was approximately ~0,5 g. Samples were 
aseptically transferred into 3 mL autoclaved microcalorimetric ampoules and 
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ampoules were weighted. Depending on the experimental conditions, sterile MilliQ 
water, adjusted to pH=2 (dog stomach equivalent pH [43]), or to pH=7 (neutral 
value), was added to the ground dry dog food in mass ratio 1:1. pH was measured 
with pH meter S20 Seven Easy Mettler Toledo with calibrated InLab 413 Mettler 
Toledo electrode. All the solutions were previously sterilized in an autoclave at 
121oC for 15 min. As a reference, samples of dry non-diluted bacterial concentrate 
were also analysed. In order to determine the initial bacterial concentration in dog 
food kibbles outplating on PCA (Plate Count Agar, Scharlau, Spain) was carried 
out for all three dog food formulations and dry bacterial concentrate. Petfood 
calorimetric data are presented in the publication VI. 

 
2.4 Means of pet feces management using probiotic pet food  

 
Fecal management is an important issue in evaluation of a probiotic feed 

products. Special methodology for evaluating pet feces using developed probiotic 
pet food was worked out in the current thesis (see publication IV).  
 

2.4.1 Purina and Bristol feces scoring system  
 

The Purina feces scoring system was developed by Nestle S.A., ProPlan 
Purina for and similar scoring systems for pets and refers to the evaluation of stool 
samples based on visual characteristics, as the Bristol Stool Chart developed by Dr. 
Ken Heaton at the University of Bristol [44] as a medical aid designed to classify the 
form of human feces into seven categories. The scoring is from 1 to 7 going from 
hard and dry at 1 to no texture and watery at 7: 
 
1-A) Very hard and dry, no residue left on the ground when picked up. 
2-B) Firm, not hard. Little residue left on the ground when picked up. 
3-C) Log-like, moist surface, leaves residues but holds form when picked up. 
4-D) Very moist, long shape leaves residues and loses form if picked up. 
5-E) Very moist, present in piles, distinct shape, leaves residues and loses form if 
picked up. 
6-F) No defined shape, but has texture, occurs as spot or pile, leaves residues if 
picked up. 
7-G) No texture, watery, flat, occurs as puddles. 
 
The optimal score is considered to be 4. The probiotic product is considered to be 
successful in this dissertation if it improves the feces condition of a dog to score 3 
and 4 of the Purina and Bristol feces scoring system (Figure 3 and 4). 
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  Figure 3. Bristol fecal 7 score stool chart [44]. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 4. ProPlan Purina 7 score fecal stool scoring system  
(Brochure of Nestle S.A., Vevey, Switzerland, 2010).  



29 

2.4.2 Setup of the field - trial panel  
 
Eight dogs were selected based on specific individual health problems. The 

nature of their disease, determined by a veterinarian, was the main criteria for 
selecting these dogs. 
 
All dogs were adult dogs between 9 months and 4 years old, both males and 
females from the breeds Boxers, Malinois Sheppard, Weimaraner, and English 
Bulldog. 
 
Time schedule of the trials: The selected dog panel received the extruded pet food 
kibbles for the entire duration of the 5 weeks testing period. 
 
Controls during trials: For the entire duration of the trials the following people 
have checked that the protocol was exactly executed. Veterinarian: full check-up of 
all the dogs before the trials started, determination of the possible disease, at week 
3 a complete health check-ups were performed on all dogs, evaluation of the feces 
during the entire period of the trials, control of the check-lists, evaluation of skin 
condition, evaluation of coat condition, evaluation of vitality level, taking pictures 
of dogs and all visual aspects of the trials. Feeding was checked daily by official 
investigators, weighing of feed was done by official controllers under supervision 
of the veterinarian. All data was filled into the appropriate forms by the 
investigators. The following aspects were checked during this test: feces quality 
based on the quotation system of ProPlan Purina and the Bristol Stool Chart 
similar to quotation system used (see Figure 3 and 4), general health improvement, 
skin condition, coat condition, behavior and vitality. Filed trial data is presented in 
the publication IV. 
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3. DEVELOPMENT OF THE TECHNOLOGY 
 

3.1 Choice of the suitable probiotic microorganism 
 

The microorganism Enterococcus faecium NCIMB10415 was used in the 
current work as a probiotic ingredient for feed product (dog food) manufacturing.  
This organism is on the list of EU authorized feed additives under the class of 
zootechnical additives (subclass of gut flora stabilizers). The minimum and 
maximum legal concentrations of this organism in feed products are 1x109 CFU/kg 
and 3,5x1010 CFU/kg, respectively, according to European Commission Regulation 
(EC) No 1520/2007 of 19 December 2007 (Annex III) [45]. This means that the 
feed product should contain the above mentioned probiotic microorganism at 
concentrations of at least 1x109 CFU/kg of the product over its shelf-life. 
 

3.2 Choice of the suitable oil based on the viscosity 
measurements 

 
Results: The measured viscosities of various oils typically used to produce feed 

and food productions are given in Table 1.  
 
 Table 1. Viscosity parameters (Pa·s) of various oils at different temperatures. 

 

Temperature vs 
Oil type 

5oC 10oC 15oC 20oC 25oC 30oC 35oC 40oC 45oC 50oC 
Δ visc       

(20 - 25oC) 

1. Crude fish oil 0,117 0,095 0,075 0,060 0,049 0,040 0,034 0,028 0,024 0,021 0,011 

2. Salmon oil A 0,119 0,097 0,077 0,061 0,048 0,040 0,033 0,028 0,024 0,021 0,013 
3. Refined 
maize oil 0,133 0,106 0,083 0,066 0,053 0,044 0,036 0,031 0,026 0,022 0,013 

4. Cod liver oil 0,119 0,096 0,075 0,061 0,049 0,041 0,034 0,029 0,025 0,021 0,012 

5. Salmon oil B 0,116 0,093 0,074 0,059 0,048 0,040 0,033 0,028 0,024 0,021 0,011 
6. Soy bean oil  
(with AO) 0,115 0,092 0,073 0,059 0,048 0,040 0,033 0,028 0,024 0,021 0,011 
7. Sunflower oil 
(with AO) 0,130 0,104 0,081 0,065 0,053 0,043 0,036 0,030 0,026 0,022 0,012 

8. Linseed oil 0,101 0,082 0,065 0,053 0,043 0,036 0,030 0,026 0,022 0,019 0,010 

9. Borage oil 0,114 0,092 0,072 0,058 0,047 0,039 0,033 0,028 0,024 0,020 0,011 
10. Suspension 
(heating) 0,119 0,097 0,075 0,059 0,048 0,039 0,033 0,028 0,024 0,02 0,011 
11. Suspension 
(cooling) 0,107 0,084 0,067 0,054 0,044 0,037 0,031 0,026 0,023 0,02 0,010 
12. Raw salmon 
oil (heating) 0,155 0,095 0,073 0,058 0,047 0,039 0,032 0,027 0,023 0,02 0,011 
13. Raw salmon 
oil (cooling) 0,106 0,083 0,066 0,053 0,044 0,036 0,031 0,026 0,022 0,02 0,009 
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One of the oils, Salmon oil A (supplied by United Petfood Producers (UPP) 
Belgium), displays unique viscosity properties in comparison with the other oils 
tested in the present experiment. Although the viscosity of Salmon oil A at 
refrigerating temperatures is higher than the remaining fish oils, in the temperature 
range of 20-25°C Salmon oil A loses viscosity faster (ΔPa·s/°C) with increasing 
temperature than the other oils tested (see Figure 6). The change in the viscosity 
(ΔPa·s/°C) of crude fish oil (supplied by United Petfood Producers (UPP) 
Belgium), cod liver oil (supplied by United Petfood Producers (UPP) Belgium) 
and Salmon oil B (Vobra Special Petfoods BV, Netherlands) is basically the same 
within the temperature range of 20-25°C. 
 
Salmon oil A was chosen as the carrier oil (vehicle) for preparation of a 
probiotic/oil suspensions for manufacturing probiotic extrusion products by 
vacuum inclusion of the suspension. Salmon oil A was preferred due to the 
viscosity properties in the temperature range 20-25°C (see Figure 6) and its 
organoleptic/nutritional parameters (see Section 3.3.1.1). The manufacturing 
process is performed over a temperature range of 20-25°C and the use of Salmon 
oil A will avoid the clotting of spraying tips (nozzles) in the vacuum coater and 
thus aids in ensuring a homogenous distribution of probiotics in the carrier oil. 
Additionally, the oil/probiotic mixture is constantly mixed in the tank before 
introduction into a vacuum coater, and the use of Salmon oil A avoids the 
formation of a probiotic flakes (non suitable for a vacuum coating) during mixing. 
 
The viscosity of the oils analysed are roughly equal at temperatures above 40°C, 
however, this temperature is too high to ensure the viability of probiotic bacteria, 
and consequently to preserve the probiotic load in the final product. The substances 
added to the oil affect the properties of the oils such as the viscosity. Accordingly, 
the properties of the oil must be taken into account when choosing a vehicle for the 
infusion of probiotic microorganisms. Care should also be taken to ensure that the 
substances added to the oil in the preparation of the oil/probiotic suspension do not 
severely affect other important parameters of the suspension, such as the viscosity. 
 

3.3 Preparation of the probiotics and oil suspension - vehicle for 
the probiotic microorganisms  

 
A suspension is obtained by mixing probiotic microorganisms in a dry powder 

form having a total concentration of between 109-1016 CFU/kg dry powder, into an 
oil. The inclusion rate for the final suspension should be 3,3-6,7 kg of the probiotic 
powder per 100 kg oil (choice of the Salmon oil A oil was described above in 
Section 3.2). The probiotics must be slowly mixed into oil to avoid precipitation. 
Thus, not all of the freeze- dried powder should be added at once. To maintain the 
viability of the probiotics, the temperature of the suspension should not exceed 
30°C. The mixing may be performed in a mixing tank, such as an IBC container, 
under continuous stirring. Preferably, the final suspension is transferred to a 
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storage tank with a mixer. Transfer from the mixing tank to the storage tank is 
preferably done through a bottom outlet in the mixing tank into the storage tank via 
gravity to avoid excess shear in the pump. The suspension is then mixed in the 
storage tank at a temperature of 15-29°C, not exceeding 30oC (the mixing may be 
performed by rotation at 5-350 RPM) to obtain a suspension of homogenously 
dispersed probiotic microorganisms. The suspension should not be stored for 
longer than 3 hours in the storage tank before it is used in a vacuum infusion 
process. If the suspension is stored for a longer time the suspension may become 
contaminated. 

 
The suspension is prepared as follows: 
 
a) A powder with at least one probiotic microorganism in a dry powder freeze-
dried form with a total concentration of 109-1016 CFU/kg is added to the oil, 
b) An oil with a low peroxide value and a high ratio of poly-unsaturated fatty acids 
is used, 
c) A suspension is prepared by adding 3,3 to 6,7 kg of the probiotic microorganism 
powder per 100 kg oil and stirring at room temperature, 
d) The bacteria power is added gradually to the oil (probiotic vehicle) while 
continuously mixing/stirring the oil at room temperature in a storage tank. 
 
The total concentration of at least one probiotic microorganism in the dry powder 
form should be between 1010 to 1013 CFU/kg. Between 3,3 to 6,7 kg of the 
probiotic microorganism powder per 100 kg is added to the oil in the container and 
mixed between one and three hours.  
 
The suspension is applied to the feed product by vacuum infusion taking into 
account at least the concentration of the probiotic microorganisms in the 
suspension, loss of probiotics in the line of manufacturing, and calibrated 
accordingly to obtain a product within the range prescribed by the EU Commission 
Regulation (see Section 3.1). 
 
The suspension obtains a final concentration of 109 - 1013 CFU/kg in the oil and has 
a dynamic viscosity of less than 0,061 Pascal-second (Pa·s) at 20°C.  
 
The feed and food products developed in this dissertation are dog food products 
and ready-to-eat breakfast cereals for human consumption. 
 

3.3.1 Suspension/vehicle parameters for extruded feed 
product manufacturing purposes 

 
A good choice of oil as a probiotic compound carrier (oil vehicle) is based on 

the viscosity of the specific oil and the temperature, which is needed to achieve 
particular viscosity. It was shown experimentally at the full scale pet food factory 
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(UPP) during the development of the current technology that a suitable viscosity of 
the probiotic ingredient vehicle (suspension) for feed and food manufacturing 
purposes needs to be preserved at 0,061 Pa·s or less (see Figure 6). This viscosity 
of the probiotic ingredient vehicle helps to achieve a suitable pumping speed to 
spray the suspension onto the extruded product in the vacuum infusion tank, and 
thus achieve good dispersion of the probiotic carrier into the matrix of the product 
with minimal effects on the probiotic bacteria count and stability while minimizing 
production time. Together with the physical/chemical parameters of the oil, which 
can have an influence on the viability of the probiotics, the organoleptic properties 
of the specific oil is also an important factor determining the overall product taste 
and odour. In addition, nutritional parameters also need to be considered and will 
be analysed below.  
 

3.3.1.1 Suspension/vehicle organoleptic, nutritional 
and viscosity parameters for extruded feed 
products 

 
Organoleptic parameters:  In case of a probiotic dog food, a salmon oil/bacteria 

suspension is used to produce an extruded dry dog food. The choice of the salmon 
oil was based on the eating preferences of dogs which are determined 90% by 
smell. Thus, it is very crucial to find an oil vehicle for a probiotic compound, 
which will not have an influence on a palatability of the final product (dog food). 
Salmon oil A (see Section 3.2) fulfils the organoleptic requirements of dogs.  
 
Nutritional parameters: Together with the above mentioned parameters, the oil 
used as a vehicle for probiotics needs to be “healthy”. High content of saturated 
fatty acids, trans fatty acids and etc. are generally considered as “unhealthy”. The 
high concentration of saturated fats minimizes the probiotic effect of the ready 
product and increases the risk of coronary heart disease by raising levels of “bad” 
LDL cholesterol and lowering levels of “good” HDL cholesterol. Salmon oil is 
well known for its unique composition of polyunsaturated fatty acids (omega 3 and 
omega 6) and thus is generally considered “healthy”.   
 
Viscosity: To select a specific salmon oil variety that also fulfils the criteria for 
being suitable for vacuum infusion, the viscosity of different salmon oils were 
compared. As shown in Table 1, not all salmon oils have the same viscosity 
properties. The viscosity of Salmon oil A decreases faster between 20°C and 25°C 
than does Salmon oil B (difference in viscosity at 20-25oC of both oils is 0,002 
Pa·s). This provides an extra advantage of using Salmon oil A as a carrier (oil 
vehicle). Oils with lower viscosity in the desired temperature range improve the 
mixing ability of the suspension and spray more evenly onto the kibbles. In 
addition, lower viscosity reduces sedimentation and waste during manufacturing 
and improves probiotic stability within the finished product. 
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Considering all the data on Salmon oil A, this oil is considered suitable for the 
purposes discussed herein. It is to be understood that although the present example 
refers to dog food, Salmon oil A is also used in other products for animal 
consumption. 
 

3.3.1.2 Viscosity of probiotic and oil suspension as 
vehicle for vacuum infusion of extruded feed 
product 

 
Because the viscosity of the final suspension is a key parameter for vacuum 

infusion the influence of the bacteria on the viscosity of the oil must be considered. 
Table 1 (lines 10-13) and Figure 5 show that the influence of the bacteria on the 
final viscosity at different temperatures is minimal. The difference between the 
cooling and heating is likely due to residual heat in the analysed samples. Table 1 
(lines 10-13) shows the viscosity of the raw salmon oil vs. suspension viscosity at 
heating from 5°C to 50°C and backwards cooling from 50°C to 5°C. At the current 
inclusion rate, which was used for the production of pet food, the viscosity 
difference between both samples (suspension and raw oil correspondingly, see 
Figure 5) is with average of 0,001 Pa·s at each temperature step. Δ visc. (20-25°C) 
of raw oil is 0,011 Pa·s at heating phase and 0,009 Pa·s at cooling phase. Δ visc. 
(20-25°C) of suspension is 0,011 Pa·s at heating phase and 0,010 Pa·s at cooling 
phase.  
 
One can conclude that a change of Δ visc. (20-25°C) of both samples (suspension 
and raw oil) at cooling and heating phases induces a 0,01 Pa·s change in viscosity, 
on average. In general there will be a variation between different measurements of 
the viscosity of a specific type of oil between different batches. The results 
obtained in the current thesis show that the viscosity of the oil/suspension is an 
important parameter for the production of vacuum infused probiotic products. 
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Figure 5. Viscosity of raw oil and suspension at various temperatures at cooling and 
heating. “Susp” (solid line) indicates the data on suspension of Salmon oil A with 
probiotics concentration/inclusion rate of 1,2 kg/ton of final product. Raw oil (dashed line) 
indicates the data of raw Salmon oil A without probiotics. Top lines show the viscosity 
when the temperature is increased from 5 to 50°C, whereas the bottom lines show the 
viscosity when the temperature is decreased from 50°C to 5°C. In the bottom lines the 
dashed and solid lines are practically positioned on top of each other.  
 
To find a salmon oil, which also fulfils the criteria for being suitable for vacuum 
infusion, the viscosity of different salmon oils (including Salmon oil A and Salmon 
oil B from various producers) were compared. As shown in Figure 6, the viscosity 
of Salmon oil A decreases faster (see slope of the solid line) between 20°C and 
25°C than does Salmon oil B, thus giving an extra advantage of usage of Salmon 
oil A as a carrier (oil vehicle) of probiotic compounds.  
 
In Summary, Salmon oil A is a suitable oil vehicle for vacuum infusion of 
probiotics for an extruded food and feed products.   
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Figure 6. Viscosity of selected oil types versus temperature within the temperature interval 
of 20-25°C. 
 

3.4 General scheme of production unit 
 

A full-scale production plant of United Petfood Producers plc (UPP), Ghent, 
Belgium (see. Figure 7 and Figure 8, screen print-outs of the factory production 
control unit) was used to produce the probiotic pet food products described in this 
dissertation. The first part of the full-scale production plant consists of silos where 
different raw ingredients, such as various grains, pulp, meat meal and etc. are 
stored. The required amount of the ingredients, according to a confidential formula, 
are weighted, mixed and grinded to form a meal which is mixed with the water and 
steam and further then extruded (Figure 7, A). After extrusion, the kibbles are 
transferred to a drying chamber (Figure 7, B) where the moist of the kibbles is 
being regulated up to 6-8% for further vacuum coating procedure.  
 
The production plant consists of a separate standing storage tank to hold the 
probiotic suspension, connected to a dosage tank (weighting box) for adding the 
probiotic suspension. The dosage tank is connected to a vacuum infusion tank 
(Figure 8, A) with spraying nozzles. To infuse more than two suspensions or 
solutions at a time without having to change the contents of the storage and dosage 
tanks we came up with the following scheme: three sets of storage and dosage 
tanks are used to dose a probiotic suspension, a fat solution, and a chicken digest 
(smell enhancer) solution. All of the dosage tanks are connected to a vacuum 
infusion tank by separate spraying nozzles leading into the vacuum infusion tank 
(Figure 8, A).   
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Figure 7. Full-scale production plant (UPP) – extrusion process. 
 

 
Figure 8. Full-scale production plant (UPP) – vacuum infusion process. 
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The probiotic suspension is kept separate from the other components to be vacuum 
infused into the product to ensure optimal viability of the probiotic suspension. 
Also, to avoid intermixing of the probiotic suspension with other liquid solutions, 
which may lower the viability of the probiotic microorganisms the probiotic 
suspension dosage tank (weighting box) is connected with its own set of spray 
nozzles to the vacuum infusion tank (Figure 8, A). This also avoids precipitation 
and clotting of the spraying nozzles. Additionally a rotational mixing tank of the 
probiotic suspension with an impeller is required to make and mix the probiotic 
suspension. By positioning the mixing/storage tank above the suspension dosage 
tank (weighting box), the suspension is transferred without the aid of a pump, 
which typically reduces bacterial viability. 
 
The form and shape of the nozzles was optimized for the solution/suspension being 
vacuum infused. The vacuum infusion tank (Figure 8, A) typically has one or more 
openings to receive a food product. When the food product is in place in the tank 
the following occurs: 
 
a) reduction of the pressure in the vacuum infusion tank to 0,2-0,95 bar, 
b) introducing liquid solutions through the dosage controlling tanks (weighting 
box) and one or more sets of spraying nozzles at, e.g. a temperature of 15-29oC, 
c) restore pressure to 1 bar. 
 
These steps are repeated with other components to be vacuum infused. Pressure 
cycling is important to ensure subsequent solutions are properly infused into the 
product. The release of the vacuum is usually performed slowly to avoid abrupt 
changes in pressure that may be harmful to the product and/or the probiotics.  
 
To ensure an even distribution in the vacuum infusion tank, mixing of the product 
is required. Mixing is performed during the vacuum inclusion steps directly in the 
inclusion tank (Figure 8, A) and after the addition of each ingredient.   
 
After the vacuum coating, the kibbles are transferred to a cooling chamber (Figure 
8, B) where vacuum coated kibbles are cooled to the ambient temperature. At the 
end of this step product is ready for being packed into the consumable/commercial 
packaging.  
 

3.4.1 Spraying nozzles orifice 
 

Because different solutions are being sprayed onto the food or feed products, 
optimal spraying is required. The orifice of each of the spraying nozzles is located 
on top of the vacuum infusion tank (Figure 8, A). Each nozzle has a cross- 
sectional area of between 1-250 mm2, which can be regulated to the optimal cross-
section up to 1-3 mm2 for achieving the best spraying with the optimal spraying 
angle. The importance of having optimal nozzles for each type of solution is that 
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the efficiency of spraying depends on the orifice of the spraying nozzles and the 
viscosity of the solution. Furthermore, spraying also depends on the speed that the 
solution is passed through the nozzle. Thus, not every infusion line needs to have 
the same type of spraying nozzle. 

 
3.4.2 Mixing tank 

 
To maintain the viability of the probiotics and optimal properties of the 

probiotic vehicle during the whole process of vacuum infusion, correct handling of 
the solution is required, including the use of gravity during probiotic suspension 
fluid transfer. When the suspension is transferred to the storage/mixing or dosage 
tank it is important not to supply too much force to the suspension because it may 
result in a loss of viability of the probiotics (flakes or precipitate formation). 
 

3.4.3 Vacuum suction unit  
 

The connection between the storage/mixing tank and the dosage tank (weighting 
box) should not be a vacuum or have positive pressure because pressure swings 
may be harmful to the viability of the probiotics. Furthermore, by minimizing the 
surfaces the probiotics come in contact with, loss of probiotics due to sticking to 
the surfaces of long tubes is avoided. 

 
3.4.4 Mixing 

 
It is important that the probiotics stay and become evenly distributed in the 

suspension when the suspension is held in the storage tank. To avoid sedimentation 
of the probiotics, this tank has mixing capabilities such as a rotating impeller, a 
rotating mixing tank, or a combination of an impeller and a rotating tank. 
 

3.4.5 Opening for applying uncoated product 
 

The vacuum infusion tank should also be able to receive the food product to be 
infused, typically through an opening directly connected to a drying device (Figure 
7, B). This means that the food product to be infused may have a temperature 
above ambient when it enters the vacuum infusion tank (Figure 8, A). More 
solutions/suspensions infuse into the product when the product has a temperature 
of 20-50°C, typically 30-45°C, without resulting in significant loss of viability of 
the probiotics. The temperature of the product decreases during the coating of it 
with the liquid solutions, which have lower temperature than the products itself.  
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3.4.6 Control of pressure 
 

The vacuum infusion tank (Figure 8, A) can be adjusted to pressures in the 
range of 0,01-1,5 bars, typically it is operated in the range of 0,2–0,95 bars. By 
having the possibility also to increase the pressure above 1 bar, a larger pressure 
difference may be achieved following pressure release, which may result in a better 
vacuum infusion. 
 

3.4.7 Temperature control 
 

It is important to control environmental conditions during production, and these 
should have a positive influence on viability of the probiotics. The probiotic 
suspension is kept in the temperature range of 15-29°C. Probiotics are, in general, 
sensitive to temperature variation so good control is required. To provide products, 
which have a constant viability count between different batches, temperature 
control of the tanks, which hold the probiotics is required. 
 
It may be difficult to control the production plant manually, because many steps 
require multiple adjustments simultaneously. A control unit is used for controlling 
temperature throughout the process, the inlet and outlet valves, the amount of 
liquid sprayed through the nozzles, the pressure in the vacuum tank, and mixing 
time. Figure 7 and 8 are a screen print-outs of the factory production control unit in 
control of the production of the pet food at UPP full-scale factory. 
 

3.5 Production process of extruded products 
 

Taking all these factors into consideration, an effective production scheme 
using vacuum infusion technology was developed and extruded pet food kibbles 
with probiotic microorganisms present throughout the entire matrix of the product 
(pores) produced.  

 
The factory set-up parameters are described below. All the technological aspects of 
the oil suspension preparation and production plant structure are covered within the 
proprietary technology owned by Bacterfield Ltd. and covered by patent 
applications I and II.  
 
The required amounts of the ingredients (confidential commercial information) are 
weighed, ground, and mixed to form a meal. The meal is mixed with an appropriate 
amount of water and steam and followed an extrusion process were kibbles are 
formed. Dried kibbles are vacuum coated with liquid ingredients, including the 
salmon oil probiotic suspension. The vacuum coated kibbles are cooled (Figure 8, 
B) prior to packaging.  
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All raw ingredients used in the dry meal are ground with a sieve of 1 mm and the 
average particle size should not exceed 1,5 mm. The moisture level should be at 
10,48% in the meal. The extrusion speed is set to 3800 kg/h to receive kibbles with 
a density from 360-380 g/L. The dryer temperature is set to 120oC and the moisture 
of kibbles after sieving stage is 6,20%. The ratio of probiotic bacteria in the end 
product is set at 1,2 kg per ton of product. Freeze-dried Enterococcus faecium 
NCIMB 10415 (E1707) probiotic bacteria powder with 1x1013 CFU/kg (from 
suppliers certificate of analysis) is pre-ordered for production (Probiotics 
International Ltd, UK). Laboratory analysis of freeze-dried E. faecium probiotic 
bacteria powder show an average concentration of 1,4x1013 CFU/kg in the raw 
probiotic powder used in the particular production. 
 
The probiotic ingredient and its carrier, as well as the production batch and factory 
setup parameters, ensure that correct amounts of suspension are prepared for the 
vacuum infusion procedure. Suspension (in case of a pet food product) makes a 3% 
of the end product. E. faecium probiotic bacteria concentration in the suspension 
was measured prior to vacuum infusion procedure with an average of 1,08x1011 
CFU/kg of the suspension. 
 
Samples were taken immediately after vacuum infusion to determine the probiotic 
count and found to contain 2,05x109 CFU/kg of product. 
 
Vacuum infused dog food kibbles are cooled. After cooling, kibbles at 21oC 
contain more than 1,27x109 CFU/kg. Moisture after cooling stage has been 
recorded at 8,50%.  
 
During the last production stage the product is placed in a silo (upfront cleaned) 
before packaging and samples from the silo product are sent to an accredited 
Belgium laboratory for Weende analysis [46] (also known as proximate analysis, 
quantitative method to determine different macronutrients in feed). Results of 
Weende analysis are presented in Table 2. 

 
Table 2. Weende analysis. 

Moisture:  7,80% Hygienic parameters: 

Dry matter:  92,20% Salmonella (/25g):  absent 
Crude ash:  7,52% Enterobacteriaceae (/g): < 10 
Crude fiber:  2,31% Clostridium perfringens (/g):  < 10 
Crude protein:  24,68%  
Crude fat:  11,91% 
Sugar:  0,61% 
Starch:  47,37% 
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The preparation of the suspension (oil and bacteria mixture) is carried out at the 
earliest one hour before the first vacuum infusion procedure to minimize the risk of 
oxidation. The mixing/storage tank of the suspension comprising an impeller 
should be completely empty and clean before filling it with the suspension.  
 
Before production, the animal fat and digest are placed into separate storage tanks. 
For each batch, 500 kg of salmon oil and 18 kg of bacteria powder are added and 
the suspension is mixed for not less than 1 hour. The mixing speed is set to 180 
RPM. At the stage of bacteria powder addition into the salmon oil, the temperature 
of the oil should be 26oC and during mixing in storage tank, the suspension 
temperature should be not less than 22oC. The oil used in this particular production 
batch was a Salmon oil (International Quality Ingredients BV, Netherlands).  
Pressure parameters for the vacuum infusion tank (Figure 8, A) were set up to 650 
mbar for chicken fat and digest; and 850 mbar for the suspension. The spraying of 
the added liquids and suspension was performed in 3 stages: 
 
Stage 1 – animal fat comprising chondroition & glucoseamine, 
Stage 2 – salmon oil/bacteria suspension, 
Stage 3 – chicken digest as a smell enhancer. 
 
The animal fat and digest were pumped into separate weighting boxes (located at 
the top of the vacuum infusion tank) prior the vacuum infusion. The suspension 
was transferred into a separate weighting box (special dosage tank with an 
implemented impeller in it to keep the suspension homogeneous) until vacuum 
infusion in vacuum infusion tank. In this way the suspension never comes into 
contact with the digest and the fat before vacuum infusion in vacuum infusion tank. 
 

3.7 Evaluation of the quality of the products 
 

3.7.1 Post productional probiotic stability 
measurement  

 
The final product was packed within 3 days after production to avoid all contact 

with air and any possible loss of bacteria quality/stability. The product was kept in 
a clean silo with controlled environmental parameters. The empty silo temperature 
was 19-20oC, whereas the filled silo temperature was 22oC with a product moisture 
level of 7,73%. 
 
After production, the kibbles were submitted to different analyses in order to 
guarantee the quality of the products and the probiotic component. Analyses 
showed that the kibbles had an average concentration of probiotic bacteria within 
the range from 1,2x109 CFU/kg to 1x1010 CFU/kg in the ready product. 
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Shelf-life test of the produced probiotic dog food confirmed the stability of the dog 
food for 15 months at room temperature. Probiotic dog food had a probiotic count 
on a level of 1,06x109 CFU/kg in average over the product shelf-life.  
 
Figure 9 provides the average TVC counts of probiotic vacuum coated pet food 
product over its 5 month shelf-life at different temperatures.  
 
 
 
 
 

 
 
 
 
 
 
 
 

 
Figure 9. Probiotic bacteria average viability during the 5 month of shelf-life testing of a 
vacuum coated feed product. 
 

3.7.2 Evaluation of the probiotic stability of the product  
 

The aim was to produce a probiotic feed and food product that preserves the 
probiotic bacteria concentration and viability at the EU Commission Regulation 
dictated level for a period of one year or more, most preferably at room 
temperature to reduce storage and logistics costs.  

 
The probiotic microorganism Enterococcus faecium NCIMB10415 was used in the 
current work for feed product manufacturing. Accordingly to the EU Commission 
Regulation the feed product (dog food) should contain the probiotic microorganism 
in its composition at the sufficient concentration at least 1x109 CFU/kg of the 
product over the shelf-life of the product. 
 
Total Viable Count (TVC) of vacuum infused dog food samples performed at 
various time points being kept at refrigeration, room and above ambient 
(accelerated) temperature conditions (see Section 2.3.1) gave a confirmation of the 
overall probiotic stability preservation in the final product (see Figure 9). Under the 
accelerated temperature (37±1oC), one month of accelerated stability results is 
equivalent to 3 months real time stability, so 5 months point at the accelerated 
temperature equals to the 15 month of shelf-life point at the room temperature 

6 °C 
22 °C 
37 °C 
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condition giving a 15 months probiotic load stability at room temperature in the 
vacuum infused dog foods produced.   
 
The measured probiotic count on a level of 1,06x109 CFU/kg in average during the 
product shelf-life period corresponds with the product and probiotic stability during 
the shelf-life period of 15 months and fulfils the requirement of the EU 
Commission Regulation (EC) No 1520/2007 of 19 December 2007 [45]. 
 
For the further investigation and characterization of growth of bacteria in solid 
matrixes with a deeper interpretation of the probiotic stability and viability 
preservation not only in the final product but also during the passage throughout 
the gastrointestinal track of host organism a microcalorimetric technique for 
probiotic stability monitoring was developed and will be described below. 

 
3.8 Development of the microcalorimetric technique for the 
probiotic stability monitoring  

 
The purpose of this part of the work was the development of a microcalorimetry 

method to investigate and characterize the growth of bacteria in solid state matrices 
and opaque media (such as extruded pet food product). To evaluate major growth 
parameters, including the detectable bacteria concentration, the microcalorimetric 
trials were first conducted using Lactic Acid Bacteria as a model organism, using a 
liquid medium (see Publication V). 

 
We studied the growth of L. lactis in CRM broth media (CRM - carbohydrate 
restricted medium) with glucose as the main carbon source using a multichannel 
thermal activity monitor TAM III. The optical density, concentrations of glucose 
and lactic acid in the culture media, pH of the culture media, and plate counts of 
the bacteria were measured in parallel to the calorimetric measurements to obtain 
the information necessary for the quantitative interpretation of the calorimetric 
power-time curves - including the peculiarities of growth processes that occur in 
the bacteria. The methods were applied for the study of growth of L. lactis in liquid 
cultures under different glucose concentrations (2–100 g/L). Growth of the bacteria 
during both the exponential phase and deceleration phase were analysed separately 
(deceleration is the phase that combines the very short stationary phase and death 
phase of cells together with the decrease (deceleration) of metabolic activities).  

 
In all experiments heat flows (P, µW) were measured as power-time curves. The 
power-time curves obtained (see Figure 11 and 12) were divided into three phases, 
essentially as ordinary growth curves of bacteria (Figure 10(a)). A lag-phase which 
determines the adjustment period during which bacterial cells adapt to the new 
environment and start exponential growth [47] was defined in practice by the 
sensitivity of the microcalorimeter. In our case growth was observed if there were 
about 105 cells in the ampoule [48]. The second phase of the curve was the 
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exponential growth phase. In Figure 10(a) it was assumed that the transition to the 
stationary phase (deceleration phase of growth) was started from the maximum 
value of the power-time curves. 

Figure 10. The explanation of the processing of bacteria calorimetric power-time curves: 
(a) the division of calorimetric power-time curves into three phases - lag phase, 
exponential growth phase, and deceleration phase; (b) determination of the maximum 
growth rate (µmax, W/h) and the lag phase duration (λ, h); (c) heat amounts determined - 
Qexp is the heat produced during the exponential phase and Qtot - the total heat produced 
during the experiment. 
 
The total heat produced during the growth process (area under the power-time 
curve, Qtot, J) and the heat produced during the exponential growth phase (area 
under the power-time curve left of the vertical line, that goes through the peak, and 
baseline, Qexp, J) (Figure 10(c)) as well as the average maximum growth rate (the 
slope of the tangent to the exponential phase, µmax, W/h) and lag-phase duration 
(the crossing point of X-axis and the tangent, λ, h) (Figure 10(b)) were determined 
using TAM Assistant program (v 0.9.1012.40, SciTech Software AB, Thermometric 
AB). 
 
Figure 11 provides power-time curves describe the growth of L. lactis IL1403 at 
different glucose concentrations (2, 20, 50, 100 g/L) at the same initial inoculation 
concentration of 102 CFU/mL. Each curve presents an average of three parallel 
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power-time curves which were measured for the different environmental conditions 
studied. 
 

 
Figure 11. Bacterial growth monitored by calorimetric power-time curves with differing 
initial substrate (glucose) concentration: a - 2 g/L; b - 20 g/L; c - 50 g/L; d - 100 g/L. 
 
It is evident from Figure 11 that the calorimetric power-time curves measured were 
different in the case of different initial glucose concentrations. It was shown that 
the exponential growth of the bacteria was stopped due to the exhaustion of 
glucose, which occurs at 2 g/L in this strain of L. lactis. At higher glucose 
concentrations, up to 50-100 g/L, exponential growth of the bacteria was 
terminated at pH 4,3. A number of conversion coefficients were determined which 
are used in the interpretation of power-time curves in this and possibly future 
studies of L. lactis under other experimental conditions, including solid-state 
growth. 
 
The results show that calorimetry is a reproducible and sensitive method for the 
continuous monitoring of bacterial growth. This technique can be used to study 
bacterial viability and stability measurements as in the various production mixes 
and in the final product such as extruded kibble. This microcalorimetric method, 
using power-time curve analysis, was applied to investigate and characterize the 
growth of bacteria to assess probiotic stability of vacuum infused dog food.  
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3.8.1 Analysis of the probiotic stability in the final 
product by microcalorimetry means 

 
Figure 12 presents average power-time curves of E. faecium (NCIMB10415) for 

different dog food formulations with both dry and moisturized samples at two 
different pH values.  

Figure 12. Power-time curves of growth of probiotic bacteria in three different 
dog food: dry and moisturized samples (AC, AS and SC) at two different pH 
(pH=2 and pH=7) values.  
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The standard deviation of the averaged power-time curves is 0,55 µW, thus 
confirming the high reproducibility of this calorimetric method. Table 3 presents 
the analysis of these power-time curves. 
 
Table 3. Parameters describing bacterial growth of three dog food formulations 
(AC, AS, SC) at two different pH (pH=2 and pH=7) levels obtained from the 
processed power-time curves: lag phase duration (λ, h), maximal specific growth 
rate (μmax, W/h), heat produced during exponential growth phase (Qexp, J/g) and 
during the total growth (Qtot, J/g) and the respective numbers of bacteria produced 
during the both growth phases (Nexp, CFU/g and Ntot, CFU/g respectively). 
 

    
λ, h σ, h 

µmax, 
W/h

σ,   
W/h

Qexp,  
J/g 

σ,   
J/g 

Nexp,     
CFU/g 

Qtot,    
J/g 

σ,   
J/g 

Ntot,       
CFU/g 

pH
 2

 

AC 4,94 0,77 0,45 0,05 14,28 0,86 5,53x109 37,09 8,58 1,44x1010 

AS 5,08 0,49 0,53 0,01 13,89 4,96 5,38x109 32,18 7,77 1,25x1010 

SC 4,68 0,39 0,58 0,00 12,85 0,92 4,97x109 32,37 1,74 1,25x1010 

pH
 7

 

AC 3,54 0,33 0,50 0,03 17,24 1,13 6,67x109 41,62 3,78 1,61x1010 

AS 4,73 0,09 0,60 0,04 15,52 1,11 6,01x109 34,45 2,10 1,33x1010 

SC 3,42 0,50 0,51 0,17 13,21 0,47 5,11x109 31,68 3,40 1,23x1010 

 
The length of the lag phase was 3,9±0,7 hours (in average) at pH 7 (neutral pH). 
The lag phase was prolonged by 1 hour, up to 4,9±0,2 hours (in average) at pH 2 
(low pH), which is the pH level in dog stomach [43]. Prolongation of the lag-phase 
at low pH can be explained by acidic stress effect on the probiotic bacteria.  
 
The average specific maximum growth rate (μmax, W/h) of this Enterococcus 
faecium bacteria was practically the same at low and neutral pH levels (0,52±0,06 
W/h and 0,54±0,05 W/h correspondingly).  
 
The average heat produced during the exponential phase (Qexp, J/g) at neutral pH 
was 15,33±0,90 J/g and 13,67±0,74 J/g at under acidic conditions. Using the YQ 
value 2,58±0,44x10-9 J/CFU determined by us for L. lactis IL1403 [49], the average 
number of bacteria grown during the exponential growth (Nexp, CFU/g - 5,93x109 
CFU/g at neutral pH and 5,29x109 CFU/g at low pH) was calculated - see Table 3.  
 
The total heat produced during the entire period of thermodynamic activity (full 
length of power-time curves registered, all bacteria growth phases included - Qtot, 
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J/g) was also practically the same at both pH values studied. The average total heat 
produced at neutral pH was 35,92±0,78 J/g and 33,88±1,23 J/g at low pH, which 
corresponds to 1,39x1010 CFU/g and 1,31x1010 CFU/g, respectively. The numbers 
of bacteria grown during the exponential growth phase (Nexp, CFU/g) and bacteria 
grown during the complete growth (Ntot, CFU/g) achieved the same levels of 109 
and 1010 CFU/g correspondingly at the two pH values.  
 
All three formulations of ProBiotic LIVE dog food (AC: Adult Chicken & Rice, 
AS: Adult Salmon & Rice and AS: Senior Chicken & Rice) enriched with probiotic 
bacteria of Enterococcus faecium (NCIMB10415) had the same initial bacterial 
count with an average of 106 CFU/g confirmed by outplating of the samples on the 
PCA presented in Table 4. Average concentrations of bacteria in all three dog food 
formulations was 2,86x106±5,31x105 CFU/g according to the results presented in 
Table 4. This confirms the claim by the producer that the average E. faecium load 
in the product is of 106 CFU per gram. 
 
Table 4. Plate counts of the bacteria on PCA and pH values of different dog food 
formulations and bacteria concentrate. 
 

Sample N, CFU/g σ, CFU/g Bulk pH 

AC 2,35x106 2,19x104 5,77 
AS 3,41x106 6,17x104 5,87 

SC 2,82x106 5,14x104 5,94 

Bacteria concentrate 2,24x1010 3,28x108 5,23 
 
It is known that the low acidic pH in the stomach of dogs is considered to be a 
barrier for probiotic bacteria. The ability to preserve viability during the passage 
through the stomach acidic barrier is a prerequisite for the further successful 
colonization of the probiotic bacteria in the intestinal system of the host. The 
Enterococcus faecium bacteria present in the dog food of ProBiotic LIVE 
formulations were able to show metabolic activity at low pH value, which 
confirmed that Enterococcus faecium can tolerate the passage through the acidic 
barrier of the dog’s stomach and populate the intestine afterwards. The ability of 
the probiotic bacteria Enterococcus faecium (NCIMB10415), to preserve its 
activity throughout the passage through the stomach acidic barrier of dogs was also 
confirmed in trials of the European Food Safety Authority (EFSA, [50]). Analysis of 
the power-time curves revealed that the duration of the time needed for the 
probiotic bacteria to regain their activity in the host organism after consumption 
(the length of the lag-phase) was about 5 hours (see Table 3). This time is sufficient 
for the digest (feed) flow to pass the acidic barrier of stomachs of dogs. 
 
There was no bacterial metabolic activity observed in the case of non-diluted dry 
dog food samples analysed, see Figure 12. Also the freeze-dried Enterococcus 
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faecium (NCIMB10415) bacteria powder concentrate (both dry and diluted 
samples) showed no thermal activity (data not shown).  
 
The results show Enterococcus faecim (NCIMB10145) bacteria, when present in 
extruded dog food kibbles, is able to preserve its viability and growth 
characteristics under acidic and neutral pH. This indicates that the extruded kibbles 
containing E. faecium bacteria are able to tolerate the dog’s stomach acidic barrier 
with further successful colonization in the intestine of dog.  
 
Publication VI shows that the calorimetric technique developed in this doctoral 
work is a sensitive method for the continuous in-situ monitoring of bacterial 
activity in complicated matrices such as extruded feed or food products, and could 
be applied to assess the shelf-life of probiotic ingredients in the products claiming 
probiotic activity.  
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3.9 Evaluation of the possible advantages of probiotic product on 
an animal health level 

 
Table 5 presents the results of a 32 day probiotic vacuum infused dog food 

feeding trial based on the fecal score evaluation on a daily basis.  
 
Table 5. 9 dog fecal scores evaluation during 32 day feeding field trial.  
 Dog Nr. 1 Nr. 2 Nr. 3 Nr. 4 Nr. 5 Nr. 6 Nr. 7 Nr. 8 Nr. 9 

Average day score score score score score score score score score 
1 7 5 4 5 4 6 6 7 4 5,3 
2 6 5 4 5 5 6 6 4 4 5,0 
3 5 5 4 5 5 6 5 6 4 5,0 
4 7 5 4 5 5 6 5 6 4 5,2 
5 5 5 4 4 4 5 5 5 4 4,6 
6 5 5 4 4 4 5 4 5 4 4,4 
7 5 5 4 4 4 5 5 5 4 4,6 
8 5 4 4 4 4 5 5 5 4 4,4 
9 4 4 4 4 4 5 5 5 4 4,3 
10 5 4 4 4 4 5 5 5 4 4,4 
11 5 5 4 4 4 5 5 5 4 4,6 
12 5 4 4 4 4 5 5 4 5 4,4 
13 5 4 4 4 4 5 5 4 5 4,4 
14 4 4 4 4 4 5 5 5 4 4,3 
15 6 4 4 4 4 5 5 5 4 4,6 
16 4 5 3 5 4 5 5 5 4 4,4 
17 4 5 4 4 4 5 5 5 4 4,4 
18 4 3 3 4 4 6 6 5 4 4,3 
19 4 4 3 4 4 5 5 5 4 4,2 
20 4 4 3 4 3 5 5 5 4 4,1 
21 4 3 3 4 3 5 5 5 4 4,0 
22 4 3 3 4 3 5 5 5 4 4,0 
23 4 3 3 4 3 5 4 4 3 3,7 
24 4 3 3 5 3 5 4 5 4 4,0 
25 3 4 4 4 3 5 4 4 3 3,8 
26 3 4 3 4 3 5 4 3 4 3,7 
27 3 3 3 4 3 5 4 3 4 3,6 
28 3 4 2 4 3 5 4 3 4 3,6 
29 3 3 2 4 4 5 4 4 4 3,7 
30 4 3 2 3 3 5 4 5 4 3,7 
31 3 3 3 4 3 5 4 4 4 3,7 
32 3 3 3 3 3 5 4 3 4 3,4 

 



52 

Based on the results fecal score evaluation of 9 dogs obtained during the 32 day 
probiotic vacuum infused dog food feeding trial from Table 5 an average fecal 
score points were taken and a chart was drawn to visualize the fecal score tendency 
and change over the trial duration of the entire probiotic dog food feeding period 
(see Figure 13). 
 

 
Figure 13. Average fecal score during 32 day of dog feeding field trial.  
 
A logarithmic trend line (in red) can describe the change in fecal consistency over 
time. Figure 13 shows that the feces quality score improved by one point after the 
4th day of consuming the extruded probiotic pet food and one point further 
improvement after 26 days of consumption. This clearly indicates that consumption 
of the extruded probiotic pet food reduces the quality scores of diarrhea in fecess 
by 2 points.  
 
The analysis of the health effects of the extruded dog food with compromising 
probiotic microorganism during the feeding field trial was based on the following 
diseases and symptoms: 
 
Diarrhea: several dogs, which were used in these trials were diagnosed with 
diarrhea. The purpose was to demonstrate the effect of the probiotic ingredient on 
the intestinal flora of these dogs and thus show that we could improve fecal quality. 
 
Stress diarrhea: the effect of extruded pet food with compromising probiotic 
microorganism on stress diarrhea has been proven through different dogs, where 
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we were able to drastically improve fecal quality. Stress diarrhea is very common 
with dogs that live in breeding farms or dogs which participate in competitions. 
 
Chronic diarrhea: the reasons for chronic diarrhea are often related to food 
intolerance, which leads to a bad state of the digestive system. These are very 
common problems with modern dogs, especially when they are pure breed. During 
these trials we solved almost all problem cases. 
 
Food intolerance: it is only when we have a food intolerance towards one 
ingredient that the probiotic ingredient is not sufficient. To be able to prove the 
effect on food intolerance we were advised to select dogs, with the allergy 
determined without any doubt. 
 
Bad digestive system: there are several breeds of dogs, which have a bad digestive 
system. The main breeds where this problem occurs are for example the Sheppard 
breeds, the Bulldog and Boxers. For this reason these dogs were all included in the 
trials. These dogs have a short digestive system, which causes them to have 
problems to completely digest their food. As we have seen through these test 
results, the probiotic ingredient helps these dogs to digest their food better. It also 
allows the dog owner to give lesser quantities of the food. So we can conclude that 
the ability of the dog to retain nutrients within the food is much better.  
 
Skin and coat problems: the main cause of skin problems is immunity deficiency. 
The first result on a dog with a low immunity level is the poor skin quality. The 
results of these trials show that the probiotic ingredient cannot take away an actual 
disease such as demodex (results not shown). But we were able to reduce the 
symptoms and the inconvenience for the dog. When we look to the overall state of 
the skin and coat of the different dogs, which participated in these trails, we can 
conclude that all dogs showed a better skin and coat quality at the end of the trials. 
 
Vitality problems: dogs with a low immunity level show a low vitality level, 
however, this is a subjectively determined quality that is close to impossible to 
objectively measure. For this reason we had to rely on the opinion of the breeder. 
The overall opinion of the several breeders, which participated in these trials was 
that the vitality of the dogs was good. On the dog, which received only half of his 
daily feeding, thanks to the extruded petfood with compromising probiotic 
microorganism, we were able to see a significant improvement in vitality.  
 
Results of the feeding field trials confirmed (in-vivo) the health benefits of the 
probiotic vacuum infused dog food product on the host organism.  
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4. TESTING OF THE TECHOLOGY FOR THE HUMAN 
FOOD PRODUCT PRODUCTION 
 

4.1.Viscosity of probiotic oil suspension as vehicle for vacuum 
infusion of extruded food products 
 

Because of specific taste parameters demanded by human consumers, vegetable 
oils were preferred as suitable oil vehicles for vacuum infusion of probiotics into 
extruded food products. As shown in Figure 14, the viscosity of vegetable oils 
widely used in human extruded food measured between 20°C to 25°C shows clear 
differences. Typical oils include maize oil, soybean oil, sunflower oil, linseed oil, 
and borage oil. As shown in Figure 14 the viscosity of linseed oil decreases faster 
between 20°C and 25°C than all the other given vegetable oils - at 20°C it has 
viscosity of less than 0,060 Pascal-second (Pa·s). In addition to the unique 
physical/chemical and organoleptic parameters of linseed oil such as a slightly 
nutty taste and fish oil like poly-unsaturated fatty acid profile, there are additional 
advantages in using linseed oils as a probiotic carrier (oil vehicle) to produce 
extruded human food product. Linseed oil contains 9% saturated fatty acids, 18% 
monounsaturated fatty acids, and 73% polyunsaturated fatty acids. For dietary 
application, oils rich in unsaturated fatty acids are highly preferred due to their 
health benefits.  

 
Figure 14. Viscosity of selected vegetable oil types versus temperature within the 
temperature interval of 20–25°C. 
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4.1.1 Organoleptic, nutritional and viscosity parameters 
of suspensions/vehicles for extruded food products 

  
Organoleptic parameters: Use of animal fats/oils in a human product is limited 

because of the organoleptic parameters, which can have an overall effect on 
palatability of the final product. Thus, animal oils, such as those found in different 
types of fish, are not preferred by the end consumers, even if the oil meets other 
health criteria in terms of the content of poly-unsaturated fatty acids. Thus, the oil 
used as a probiotic oil vehicle in a human product needs to meet the viscosity 
criteria required for optimal vacuum infusion but with different organoleptic 
parameters than the oils used for animal products. Vegetable oils may be suitable 
candidates.  
 
Nutritional parameters: Instead of using animal oil it may be advantageous also to 
be able to have a suitable oil vehicle of vegetable origin. Several vegetable oils 
have positive health parameters. Linseed oil (Vobra Special Petfoods BV, 
Netherlands) compared with soybean oil, maize oil, and sunflower oil is considered 
as a “healthy” oil with a high concentration of poly-unsaturated fatty acids (omega 
3 and omega 6) and mild nutty taste. These parameters make linseed oil a suitable 
candidate as an oil vehicle for human product manufacturing. 
 
Viscosity: When comparing the viscosity of different oils with oils of vegetable 
origin in the range of 20°C and 25°C it became apparent that linseed oil has unique 
properties for its use as an oil vehicle for vacuum infusion of probiotics (see Figure 
14). Linseed oil has the lowest viscosity at both 20°C and 25°C out of the 
vegetable oils analysed. The change in viscosity with temperature of linseed oil is 
relatively small compared with the other oils tested, however it also has a low 
viscosity when compared to the other oils. Even when compared to the animal oils 
(Figure 6), linseed oil has the lowest viscosity at both 20°C and 25°C. Taken 
together, the viscosity of linseed oil together with its unique physical/chemical and 
organoleptic parameters makes this oil a good candidate for use as a probiotic oil 
vehicle for human product manufacturing.  

 
4.2 A pilot trial for production of probiotic product for human 
consumption using the vacuum infusion technology 

 
The following commercially available formulations were chosen to produce two 

ready-to-eat extruded cereal products for pilot testing during this doctoral work.  
These products were infused with products using vacuum infusion technology.  

 
Breakfast cereal 1: Four grain snack (kibbles) breakfast cereal “Neljavilja-
krõbuskid“ (AS BalSnack International Holding, Estonia) - ingredients: four grain 
flakes 70% (rye, oat, wheat, barley flakes), oat brans 20%, fibre (inulin), 
multivitamins, salt 0,4%. 100 g of the first product contains in average: energy 
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289,4 kcal (1224,5 kJ), protein 11,3 g, carbohydrates 44,4 g, fat 3,5 g, fibre 10,6 g, 
sodium 0,004 g. 

 
Breakfast cereal 2: Flakes (pillows) with cinnamon “Oho“ (UAB Naujasis Nevėžis, 
Lithuania) - ingredients: whole grain wheat and rice flour, sugar, vegetable fats, 
fructose, cinnamon 1%, salt. 100 g of second product contains in average: energy 
438 kcal (1845 kJ), protein 8,0 g, carbohydrates 70,2 g (of which sugars 20,1 g), fat 
13,9 g (of which saturated 5,8 g), fibre 2,2 g, sodium 0,36 g. 

 
Both products were vacuum infused by using a probiotic/linseed oil suspension. Oil 
used in particular pilot trial was linseed oil (OÜ Tervix, Estonia). The probiotic 
vacuum infused product was finally coated with low glycemic index syrup. The 
commercially available probiotic bacteria formulation Protexin Balance (Protexin 
Health Care, UK) and two different low glycemic index syrups of Agave (Allos 
GmbH, Germany) and Maple (Cofradex ApS, Denmark) were used. Vacuum 
infusion was carried out using Zepter VG-010 Vacsy Vacuum Pump with glass 
container VG- 011-19 (Zepter International Group). 
 
Methods: 150 grams of breakfast cereals per product and per batch were used. 
Daily dose of probiotics (1 capsules containing 1x108 CFU, accordingly to the 
producer of probiotic compound) was added per 4,5 g of the carrier (linseed oil or 
water) making a 3% (usual production ratio) out of the product amount to be 
infused. Protexin Balance multi strain probiotic bacteria - ingredients: FOS 
(Fructooligosaccharide), probiotic cultures: Lactobacillus casei, Lactobacillus 
rhamnosus, Streptococcus thermophilus, Bifidobacterium breve, Lactobacillus 
acidophilus, Bifidobacterium longum, Lactobacillus bulgaricus- daily dose of 200 
million CFU/per day/2 capsules; 2x108 CFU/day (Protexin Health Care, UK, Best 
before 11.2011, lot nr BN 22962) was gradually introduced into the oil or water 
carrier to create a homogeneous suspension. Prepared suspensions (oil or water 
with probiotics) were continuously mixed on a Vortex mixer prior to spraying in 
order to guarantee the homogeneity of the suspensions. 
 
The spraying of the suspensions and syrups was accomplished using sprinklers. 
Before the vacuum infusion process, the amount of spray coating (by weight) was 
determined to receive a 3% coating by the bacteria suspension and 5% coating by 
the agave or maple syrup coating as a final layer (ratio taken from usual production 
data of dog food). Prepared suspensions were used for vacuum infusion into the 
matrix of ready-to-consume (extruded) human products. Multi-strain probiotics 
containing different suspensions (oil or water) were sprayed on different breakfast 
cereals appropriately in a ratio of 4,5 g to 150 g of the product (3%). Afterwards, 
the product was coated with different syrups (agave or maple) sprayed onto 
different breakfast cereals appropriately in a ratio of 7,5 g to 150 g of the product 
(5%). The product was mixed during spraying to guarantee an equal dispersion of 
sprayed suspensions and coating syrups onto the different products used in the pilot 
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trial. Spraying of the suspensions and mixing was done in one and the same 
vacuum infusion glass bowl sterilized prior the pilot trial to eliminate the probiotic 
count reduction and contamination between intermediate processes. The glass 
bowel was closed with a special vacuum control lid and vacuum atmosphere of 500 
mbar by 630 liters/s vacuum pump was created for approximately 40 seconds in the 
glass bowl containing the product. 
 
All syrups used for the final layer coating (2 stage coating, see below) in pilot trials 
were preheated to 50oC prior to coating to ensure an appropriate viscosity for 
spraying. Spraying of appropriate suspensions and the final coating layers were 
performed in 2 separate stages corresponding to the suspension (linseed oil or 
water) and syrup type (agave or maple). 
 
Stage 1 (3% of product weight). During the process of vacuum coating, the 
prepared probiotic suspensions were vaporized onto the appropriate product and 
vacuum pressure of 500 mbar was created for approximately 40 seconds. Normal 
atmospheric pressure (1 bar) conditions were restored inside the vacuum infusion 
device (glass bowl) by gradual opening of the pressure control system. 
 
Stage 2 (5% of product weight). Preheated up to 50oC final coating layer (agave  or 
maple syrup) was vaporized onto the product and vacuum pressure of 500 mbar 
was created for 20 seconds. Normal atmospheric pressure (1 bar) conditions were 
restored inside the vacuum infusion device (glass bowl) by gradual opening of the 
pressure control system. 
 
All different product coatings with different suspensions were performed in 3 
parallel experiments. All experiments were performed at room temperature. The 
products coated with different suspensions were sent to a laboratory for a Total 
Viable Count (TVC) determination and analysis of a shelf-life during 2 months. All 
samples were shipped in sterile Falcon tubes each containing approximately 5 g of 
sample.  
 

4.2.1 Measured parameters of probiotic human food 
product 

 
Measurements: Bacterial counts in each parallel was measured immediately 

after production (day 0) and subsequently, 2 weeks, 1 month, and 2 months after 
production. Each parallel was placed under 3 different storage conditions: 
refrigerated conditions of 6-8oC, standard conditions of 18-24oC, and accelerated 
conditions 36-38oC. Accelerated temperature conditions induced 3 times faster 
aging, meaning that after 1 month of storage the bacterial count was the same as 
after 3 months of storage under standard conditions. This test shows that the 
product is stabile at room temperature for 6 months. All the TVC measurements of 
the raw materials used are presented in Table 6 and all TVC measurements of 
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performed shelf-life analyses are presented in Table 7. Results in Table 6 and Table 
7 are averages of 3 parallels per suspension and final coating layer of both products 
(Breakfast cereal 1 and 2) analysed in these pilot trials.  
 

Table 6. TVC measurements of used raw materials, CFU/g. 

Breakfast cereal 1 bulk 10 Linseed/bacteria suspension 1,60x108 

Breakfast cereal 2 bulk 40 Water/bacteria suspension 1,20x108 

Raw bacteria powder 9,00x1010   

 
Table 7. TVC measurements of shelf-life analysis, pillows and kibbles, CFU/g. 

Breakfast cereal 1 - kibbles, TVC, CFU/g 

Probiotic 
suspension 

carrier 

Final 
coating 
layer 

Storage 
condition 

temperature, 
oC 

Bacteria count at different time stages 

Day 0 2 weeks 1 month 2 months 

Water Agave 

6-8 8,67x105 9,83x105 1,18x106 1,17x106 

18-24 8,67x105 9,03x105 8,73x105 7,67x105 

36-38 8,67x105 7,07x105 4,87x105 2,13x105 

Linseed oil 

Agave 

6-8 7,73x105 7,97x105 7,47x105 8,13x105 

18-24 7,73x105 8,80x105 9,93x105 9,13x105 

36-38 7,73x105 5,63x105 4,63x105 6,70x105 

Maple 

6-8 1,63x106 1,16x106 1,13x106 1,14x106 

18-24 1,63x106 1,00x106 1,02x106 9,23x105 

36-38 1,63x106 6,53x105 5,57x105 3,37x105 

Breakfast cereal 2 - pillows, TVC, CFU/g 

Probiotic 
suspension 

carrier 

Final 
coating 
layer 

Storage 
condition 

temperature, 
oC 

Bacteria count at different time stages 

Day 0 2 weeks 1 month 2 months 

Water Agave 

6-8 9,00x106 5,00x106 3,45x106 3,66x106 

18-24 9,00x106 3,00x106 2,63x106 3,51x106 

36-38 9,00x106 1,03x106 8,73x105 5,17x105 

Linseed oil 

Agave 

6-8 9,60x105 9,20x105 9,13x105 8,53x105 

18-24 9,60x105 1,00x106 1,25x106 1,10x106 

36-38 9,60x105 7,23x105 6,47x105 2,60x105 

Maple 

6-8 3,16x106 2,23x106 1,50x106 1,51x106 

18-24 3,16x106 2,54x106 1,95x106 1,67x106 

36-38 3,16x106 8,93x105 8,07x105 5,07x105 
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4.3 Evaluation of probiotic human food products 
 

The pilot trial indicates that the initial Total Viable Count of bulk commercially 
available breakfast products (see Table 6, Breakfast cereal 1 and 2 bulk) show 
dramatically lower counts than at the end of the pilot trial after introducing the 
probiotic bacteria suspension into the matrix of products (Table 7, 0 day count). 
This indicates that the particular technology used for the vacuum infusion of the 
breakfast products (kibbles and pillows) developed in this work is also suitable for 
the manufacture of probiotic breakfast products. Additionally, the shelf-life study 
results (see Table 7) indicate that both products used in particular pilot trial 
(Breakfast cereal 1 and 2) have good stability (up to 6 months at the room 
temperature) and all the Total Viable Count (TVC) fluctuations at different storage 
temperatures of different suspensions (probiotic vehicles) and final coating layers 
stay within 1 log value from the initial amount. 

 
In summary, the pilot trial results (see Publication III), of all the products used in 
current pilot trial, together with different suspensions (probiotic vehicles), and final 
coating layers used, are able to maintain a probiotic count at a sufficient level up to 
6 months. These results indicate that different types of extruded food products for 
human consumption (e.g. Breakfast cereal 1 and 2) may be vacuum infused with 
probiotics by using the technology developed in this dissertation while maintaining 
a high TVC over a reasonable shelf-life. 
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5. CONCLUSIONS 
 
1. During the course of this work, technology to produce extruded food and feed 
products containing probiotic microorganisms was developed and implemented 
commercially. The products are marketed as super premium pet food products in 
various European Union countries under the brand names of ProBiotic LIVE and 
Formula ProBiotic.  
 
2. A novel vacuum infusion method using oil suspensions as carriers was 
developed to incorporate probiotic bacteria into the product matrix without causing 
negative impacts on other production steps. An optimal oil viscosity in the range of 
0,061 - 0,048 Pa·s was determined for the vacuum infusion process. Other 
properties of the carriers, which were both essential to ensure that the probiotic 
ingredient were sufficiently viable, and that the end product had marketable 
properties, were also identified and taken into account.  
 
3. The optimal parameters for the maximal preservation of the probiotic viability of 
the end products were determined, and realized in the production processes. The 
viability of the probiotic ingredients was found to be stable for 15 months storage 
at room temperature with the average concentration of probiotic bacteria exceeding 
109 CFU/kg, thus meeting the requirements of the EU Commission Regulation.  
 
4. Evaluation of the quality of the extruded feed product containing probiotic 
microorganisms was carried out in animal trials. 
 
5. A novel microcalorimetry method was developed to confirm the stability of the 
probiotic ingredient and product shelf-life. The calorimetric data confirmed 
preservation of microbial viability/activity and load in-situ during the storage time 
specified by the producer. The microcalorimetric method for the evaluation of 
viability and activity of the probiotic microorganisms in the functional food and 
feed products developed is widely applicable in the field. 
 
6. Efficacy of the developed vacuum infusion technology was confirmed on a pilot 
scale trial carried out with breakfast cereals currently available on the market for 
human consumption.   
  



61 

REFERENCE 
 

1. Saada, N., Delattreb, C., Urdacic, M., Schmitterd, J.M., Bressolliera, P. An 
overview of the last advances in probiotic and prebiotic field, LWT - Food 
Science and Technology, Volume 50, Issue 1, January 2013, Pages 1–16.  

2. Shanahan, F., Dinan, T. G., Ross, P., Hill, C. Probiotics in Transition, 
Clinical Gastroenterology and Hepatology, Volume 10, Issue 11, 
November 2012, Pages 1220–1224. 

3. Ivanov, I. I., Honda, K., Intestinal Commensal Microbes as Immune 
Modulators, Cell Host & Microbe, Volume 12, Issue 4, 18 October 2012, 
Pages 496–508.  

4. Tejero-Sariñena, S., Barlow, J., Costabile, A., Gibson, R. G., Rowland, I., 
In vitro evaluation of the antimicrobial activity of a range of probiotics 
against pathogens: Evidence for the effects of organic acids, Anaerobe, 
Volume 18, Issue 5, October 2012, Pages 530-538.  

5. Maneesh, D., Higgins, P. D., Middha, S., Rioux, K. P., The human gut 
microbiome: current knowledge, challenges, and future directions, 
Translational Research, Volume 160, Issue 4, October 2012, Pages 246-
257.  

6. Ventura, M., Turroni, F., Motherway, M., MacSharry, J., Douwe van 
Sinderen, Host–microbe interactions that facilitate gut colonization by 
commensal bifidobacteria, Trends in Microbiology, Volume 20, Issue 10, 
October 2012, Pages 467-476. 

7. Sinol Sen, S.L., Ingale, Y.W., Kim, J.S., Kim, K.H., Kim, J.D., Lohakare, 
E.K., Kim, H.S., Kim, M.H., Ryu, I.K., Kwon, B.J., Chae, Effect of 
supplementation of Bacillus subtilis LS 1-2 to broiler diets on growth 
performance, nutrient retention, caecal microbiology and small intestinal 
morphology, Research in Veterinary Science, Volume 93, Issue 1, August 
2012, Pages 264-268.  

8. Tellez, G., Pixley, C., Wolfenden, R. E., Layton, S. L., Hargis, B. M., 
Probiotics/direct fed microbials for Salmonella control in poultry, Food 
Research International, Volume 45, Issue 2, March 2012, Pages 628-633. 

9. Licht, T. R., Ebersbach, T., Frøkiær, H., Prebiotics for prevention of gut 
infections, Trends in Food Science & Technology, Volume 23, Issue 2, 
February 2012, Pages 70-82.  

10. Chrzanowska-Liszewska, D., Seliga-Siwecka, J., Kornacka, M. K., The 
effect of Lactobacillus rhamnosus GG supplemented enteral feeding on the 
microbiotic flora of preterm infants-double blinded randomized control 
trial, Early Human Development, Volume 88, Issue 1, January 2012, Pages 
57-60. 

11. EFSA – European Food Safety Authority, http://www.efsa.europa.eu  
12. WO01/95745 Food Product Containing Instable Additives. Patent Number: 

6,991,819 Publication date: 31/01/2006, Applicant: Mars, Inc.  



62 

13. WO05/070232 Food Product and Process for producing it. Patent Number: 
3,212,0989 Application date: 20/04/01, Applicant: Mars, Inc. 

14. WO 03/009710 System and method for on-line mixing and application of 
surface coating compositions for food products. Application Number: 
Application: 10/200,556. Application date: 22/07/2002, Applicant: The 
Procter & Gamble, Inc.   

15. EP 0862863 B2 Cereal product containing probiotics. Application 
Number: 97203997.8. Patent granted: 17.10.2001, Applicant: Nestle S.A. 

16. Yi, L., Xi, L., Songsheng, Q. and Ping, S.J. (2000) Microcalorimetric 
investigation of the toxic action of Cd+ on Rhizopus nigrans growth, 
Journal of Biochemical and Biophysical Methods, pp.231-239 

17. Gustafsson, L., (1991) Microbiological calorimetry. Thermochimica Acta 
pp. 145-171 

18. Vandenhove, H (1998) Microcalorimetric characterization of bacterial 
inocula. In: Advanced instrumentation, data interpretation and control of 
biotechnological processes, Chapter 5. (J. F. M. Van Impe, Vanrolleghem, 
P. A., Inserentat, D. M., eds.) pp. 121-158. 

19. Lamprecht, I. (2003). Calorimetry and thermodynamics of living systems. 
Thermochimica Acta vol 405 no. 1 pp 1-13 

20. Wadsö, L.; Galindo, F. G. Isothermal calorimetry for biological 
applications in food science and technology. Food Control 2009 Vol. 20 
No. 10 pp. 956-961 

21. D.A. Mitchell, O.F. von Meien, N. Krieger and F.D.H. Dalsenter, A review 
of recent developments in modeling of microbial growth kinetics and 
intraparticle phenomena in solid-state fermentation, Biochem. Eng. J. 17 
(2004), pp 15–26. 

22. M. Riva, D. Fessas, A. Schiraldi. Isothermal Calorimetry Approach to 
Evaluate the Shelf-Life of Foods. Thermochimica. Acta 370 (2001) 73–81 

23. C. Alklint, L.Wadso, I. Sjoholm. Accelerated storage and isothermal 
microcalorimetry as methods of predicting carrot juice shelf-life. J. Sci. 
Food Agric. 85 (2005) 281–285. 

24. von Stockar, U., van der Wieler L.A.M. (1997) Thermodynamics in 
biochemistry engineering, Journal of Biotechnology, pp 25-37 

25. M. Antwi, K. Bernaerts, J.F. Van Impe and A.H. Geeraerd, Modelling the 
combined effects of structured food model system and lactic acid on 
Listeria innocua and Lactococcus lactis growth in mono- and coculture, 
International Journal of Food Microbiology 120 (2007), pp. 71–84. 

26. P.D.G. Wilson, T.F. Brocklehurst, S. Arino, D. Thuault, M. Jakobsen, M. 
Lange, J. Farkas, J.W.T. Wimpenny and J.F. Van Impe, Modelling 
microbial growth in structured foods: towards a unified approach. Int. J. 
Food Microbiol. 73 (2002), pp. 275–289. 

27. I. Boe, R. Lovrien, (1989) Cell Counting and Carbon Utilization Velocities 
via Microbial Calorimetry ,Biotech. Bioeng. 35 (1990) 1–7. 



63 

28. A. Menert, M. Liiders, T. Kurissoo, R. Vilu. Microcalorimetric monitoring 
of anaerobic digestion processes.  J. Therm. Anal. 64 (2001) 281–291. 

29. W. W. Forrest, D. J. Walker (1963) Calorimetric measurements of energy 
of maintenance of Streptococcus faecalis,  Biochemical and Biophysical 
Research Communications, pp. 217-222  

30. Liu, J.-S., Marison, I. W., von Stockar, U., (1999) Anaerobic Calorimetry 
of the growth of Lactobacillus helveticus using a highly sensitive BIO-RCI 
Journal of Thermal Analysis and Calorimetry, pp. 1191-1195 

31. A.E.Beezer (2001) An outline of new calculation methods for the 
determination of both thermodynamic and kinetic parameters from 
isothermal heat conduction microcalorimetry, Thermochimica Acta, pp 
205-208 

32. Rong, X.M., Huang Q.Y., Jiang D.H., Cai P., Liang W., (2007) Isothermal 
microcalorimetry: A review of applications in soil and environmental 
sciences, Pedosphere 17 pp 137-145 

33. Z.-D. Nan, Y. Xiang, S.-Q. Cheng, X.-C. Zeng, H.-L. Zhang. 
Thermokinetic Research Method for Bacterial Growth in Conduction 
Calorimeter  J. Therm. Anal. Calorim. 63 (2001) 423–431. 

34. T. Maskow and W. Babel (2003) Thermokinetic description of anaerobic 
growth of Halomonas halodenitrificans using a static microcalorimetric 
ampoule technique, Journal of Biotechnology, pp.267-274 

35. B. Schäffer, S. Szakály, D. Lörinczy. Examination of the growth of 
probiotic culture combinations by the isoperibolic batch calorimetry.  
Thermochim. Acta 415 (2004) 123–126. 

36. J. Higuera-Guisset, J. Rodriguez-Viejo, M. Chacon, F.J. Munoz, N. 
Vigues, J. Mas. Calorimetry of microbial growth using a thermopile based 
microreactor. Thermochim. Acta 427 (2005) 187–191. 

37. M. Peitzsch, B. Kiesel, H. Harms, T. Maskow. Real time analysis of 
Escherichia coli biofilms using calorimetry. Chem. Eng. Process 47 (2008) 
1000–1006. 

38. Winkelmann, M., Hüttl, R., Wolf, G. (2004) Application of batch-
calorimetry for the investigation of microbial activity, Thermochimica 
Acta, p.75-82 

39. Yao, J., Tian, L., Wang, Y., Djah, A., Wang, F., Chen, H., Su, C., Zhuang, 
R., Zhou, Y., Choi, M.M.F, Bramanti, E., (2008) Microcalorimetric study 
the toxic effect of hexavalent chromium on microbial activity of Wuhan 
brown sandy soil: An in vitro approach, Ecotoxicology and Environmental 
Safety 69, pp. 289-295 

40. Y. Chen, J. Yao, F.Wang, Y. Zhou, H. Chen, N. Gai, H. Chen, K. Chen, T. 
Maskow, B. Ceccanti, P. Trebse, G. Zaray. Toxic Effect of Inorganic 
Arsenite [As(III)] on Metabolic Activity of Bacillus subtilis by Combined 
Methods. Curr. Opin. Microbiol. 57 (2008) 258–263. 

41. TA Instruments http://www.tainstruments.com/default.aspx?siteid=11  



64 

42. D.G. Carlson and J.M. Griffin, “Dog Owner's Home Veterinary 
Handbook,” Howell, New York, 1992. 

43. M. Akimoto, N. Nagahata, A. Furuya, K. Fukushima, S. Higuchi, T. Suwa. 
Gastric pH profiles of beagle dogs and their use as an alternative to human 
testing. European Journal of Pharmaceutics and Biopharmaceutics, Vol. 
49, (2000) pp. 99-102 

44. Lewis SJ, Heaton KW (1997). Stool form scale as a useful guide to 
intestinal transit time". Scand. J. Gastroenterol. 32 (9) pp. 920–4 

45. Official Journal of the European Union, COMMISSION REGULATION 
(EC) No 1520/2007 of 19 December 2007 concerning the permanent 
authorization of certain additives in feeding stuffs 

46. Henneberg W & Stohmann F (1860) Beiträge zur Begründung einer 
rationellen Fütterung der Wiederkäuer, vol. 1. Braunschweig, Germany. 

47. Swinner, I.A.M., K. Bernaerts, E.J.J. Dens, A.H. Geeraerd, J.F. Van Impe 
(2004) Predictive modelling of the microbial lag phase: a review, J. Food 
Microbiology pp. 137-159 

48. I. Wadsö. Isothermal microcalorimetry in applied biology. Thermochim. 
Acta 394 (2002) 305–311 

49. N. Kabanova, I. Stulova, R. Vilu, “Microcalorimetric study of the growth 
of bacterial colonies of Lactococcus lactis IL1403 in agar gels,” Food 
Microbiology, Vol. 29, 2012, pp. 67-79. 

50. Opinion of the Scientific Panel on Additives and Products or Substances 
used in Animal Feed on the safety of product Oralin for dogs, The 
European Food Safety Authority Journal, Vol. 51, 2004, pp. 1-6. 
  



65 

ACKNOWLEDGMENTS  
 

This research was carried out in Bacterfield Ltd. in cooperation with various 
Institutions, Universities, laboratories, facilities and contacts in Estonia and all over 
the world including Belgium, Holland, UK and others.  
 
I am indebted to all my colleagues and friends who supported me during all these 
years. Without their help, advice and support, this work could not have ever been 
successfully completed. 
 
My special thanks to my Supervisor, Prof. Raivo Vilu, for giving me the 
opportunity to develop such a challenging and interesting project. Special thanks to 
a great patenting authority team of Plougmann & Vingtoft (Denmark) - Nicka 
Nørlund Kirstejn, Jakob Lohmann and Michael Schandorf Sørensen for excellent 
advises in all the patent texts submitted.  
 
I would like to thank all the research staff who accompanied me on this scientific 
voyage: Tim Collisson, laboratory manager of Eclipse Scientific Group (UK), Hans 
Vermander from VTS bvba (Belgium) in field dog trial organization and 
veterinarian Nathalie Vermander (Belgium).  
 
Many thanks to all of the Bacterfield Ltd. Team for the fruitful years spent as a part 
of the international network. The experience I have gained from working on such a 
challenging project has far exceeded my expectations. Particularly special thanks to 
Vygantas Kirejevas – he deserves a gold medal for his friendship, assistance and 
professional honesty. One of the main awards I have received in these years was to 
get to know him better. Also deep thanks to Aare Kuris, the CEO of the MM Group 
for all his efforts and everyday efficient dealing with my scientific requests. 
Specials thanks go to Margus Linnamäe, the board member of MM Group for 
giving an opportunity to develop the technology described in the current thesis.  
 
Many thanks to all in the United Petfoods Producers plc factory – to all the 
Belgian pet food factory staff and special thanks to the technical and quality 
assurance manager Mieke Lammens, who would require ten pages of 
acknowledgements to truly pay back all the help and kindness I have received from 
her by finding the simplest solutions for all the production problems and 
technological nuances.  
 
Special thanks to Prof. Anton Beynen for kind scientific support and all the 
evaluations regarding the health aspects of dogs and probiotics in animals.  He is 
one of the top professionals in his field, whom I met during this project.   



66 

ABSTRACT  
 

We report the development of technology to produce extruded food and feed 
products containing probiotic microorganisms incorporated by means of vacuum 
infusion of an oil suspension. The production scheme involves preparing a 
probiotic microorganism suspension taking into account also organoleptic and 
nutritional components. It was found that the viscosity parameters of the oil 
suspension needed to be 0,061 Pa·s or lower to function correctly in the processes 
equipment. The development and delivery of this suspension was optimized to 
increase the shelf-life of the products and the probiotic count and viability.  
 
The production scheme and operating conditions were optimized. The factory scale 
production scheme of an extruded vacuum infused food products was developed 
and implemented, and the product is currently being marketed under the brand 
names of ProBiotic LIVE and Formula ProBiotic. Development of the production 
technology involved evaluating the health benefits of the product on a animal 
health level (diarrhea feces/stool quality improved to a score of 4). 
 
A human food product pilot trial run on a laboratory scale based on the same 
vacuum infusion methodology was performed and optimized. It was shown that in 
this case the viscosity of the oil suspension should be 0,061 Pa·s or lower. The 
trials included measuring also the overall food products organoleptic and 
nutritional parameters, the probiotic bacteria count, and preservation of viability 
over the shelf-life of the products.  
 
Designing the production scheme involved understanding the relationships between 
probiotic ingredients with all the other ingredients, as many interactions have an 
influence on the overall probiotic stability of the products. The count and viability 
change over the time, which influence the total health benefits should be controlled 
and maintained. 
 
A microcalorimetric method for bacteria viability monitoring and determination of 
the shelf-life of these products was developed. The microcalorimetry based method 
may be applied widely also in other areas of the probiotic food and feed sector. 
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KOKKUVÕTE 
 

Käesolevas töös on välja töötatud probiootilisi baktereid sisaldavate toiduainete 
ja loomasöötade tootmise tehnoloogia, mis põhineb bakterite õlisuspensiooni 
vaakuminfusioonil. Uurimised näitasid, et vaakuminfusiooniks sobiva 
probiootiliste bakterite õlisuspensiooni valmistamiseks on oluline, et suspensiooni 
viskoossus oleks väiksem 0,061 Pa·s. Töös optimeeriti samuti õlisuspensiooni 
kasutamise ja vaakuminfusiooni tingimused, et saavutada toodete vajalikud 
organoleptilised omadused ja eluiga.  
 
Töötati välja probiootilisi baktereid sisaldavate ekstrudeeritud toodete tööstusliku 
tootmise tehnoloogia ning see ka realiseeriti. Kasutades väljatöötatud tehnoloogiat 
toodetakse erinevatele koertele sobivaid ekstrudeeritud “krõbuskeid” 
rahvusvahelisele turule kaubamärkide ProBiotic LIVE and Formula ProBiotic all. 
Toodete hindamine söötmiskatsetes näitas, et nad on kõrge kvaliteediga ning 
tervistavate omadustega.   
 
Inimtoiduks sobivate probiootilisi baktereid sisaldavate ekstrudeeritud toitude 
tootmise pilootkatsed näitasid, et väljatöötatud vaakuminfusiooni tehnoloogia sobib 
ka nende valmistamiseks. Inimtoiduks sobivate toitude tootmiseks töötati välja 
selleks sobivad õlisuspensioonid ning leiti nii organoleptiliste omaduste seisukohalt 
kui ka toodete säilivusaja pikendamiseks optimaalsed tingimused.  
 
Väljatöötatud tehnoloogiale on taotletud intellektuaalomandi kaitset optimaalselt 
disainitud PCT patendiperekonna näol, mis praeguseks ajaks on viidud rahvuslikku 
faasi USAs, Jaapanis, Euroopa Liidus ja mujal.   
  
Probiootilisi baktereid sisaldavate toodete aktiivsuse ja eluea hindamiseks võeti 
kasutusele mikrokalorimeetria ning töötati välja vajalikud metoodilised alused. 
Kasutades mikrokalorimeetriat, näidati, et väljatöötatud tehnoloogiaga toodetud 
“krõbuskid” sisaldavad elujõulisi baktereid vastavalt tootja poolt antud 
spetsifikatsioonidele. Töös saadud tulemused näitavad, et mikrokalorimeetria 
kasutuselevõtmine probiootiliste bakterite elulemuse ja aktiivsuse hindamisel neid 
sisaldavate toitude ja muude preparaatide puhul on suure perspektiiviga 
ettevõtmine.   
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7. Publikatsioonide loetelu 
 

• N. Kabanova, A. Kazarjan, I. Stulova, R. Vilu, Microcalorimetric study of 
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Inventors: Kirejevas, Vygantas and Kazarjan, Aram. International 
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22. Tiiu-Mai Laht. Influence of Microstructure of the Curd on Enzymatic and 
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