
   
 

 
 
 
 
 

TWIN-SCREW EXTRUSION OF COMMODITY GRADE DAIRY INGREDIENTS TO 
PRODUCE VALUE-ADDED PRODUCTS 

 
 
 
 

A THESIS 
SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL 

OF THE UNIVERSITY OF MINNESOTA 
BY 

 
 
 
 

Andrea Jane Tremaine 
 
 
 
 
 
 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 
FOR THE DEGREE OF 
MASTER OF SCIENCE 

 
 
 

Tonya Schoenfuss, Ph.D. 
 
 
 

May 2012 
 
 
 
 
 
 
 
 
 
 
 
 
 



   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 Andrea Jane Tremaine 2012



  i 
 

 

Table of Contents 

List of Tables ..................................................................................................... iv 

List of Figures ..................................................................................................... v 

1 Introduction ...................................................................................................... 1 

2 Literature Review ............................................................................................. 2 
2.1 Twin-Screw Extrusion ........................................................................................ 2 

2.1.1 Extruder Components .................................................................................... 3 
2.1.1.1 Barrel ....................................................................................................................... 3 
2.1.1.2 Screws .................................................................................................................... 3 
2.1.1.3 Die ........................................................................................................................... 4 

2.1.2 Operation ....................................................................................................... 4 
2.1.3 Process Responses ....................................................................................... 5 

2.1.3.1 Torque ..................................................................................................................... 5 
2.1.3.2 Specific Mechanical Energy .................................................................................... 6 
2.1.3.3 Die Temperature ..................................................................................................... 7 
2.1.3.4 Die Pressure ........................................................................................................... 7 

2.1.4 Effect on Foods .............................................................................................. 8 
2.1.4.1 Physical Effects ....................................................................................................... 8 
2.1.4.2 Chemical Effects ..................................................................................................... 8 
2.1.4.3 Nutritional Effects .................................................................................................... 9 

2.2 Ingredients/Products .........................................................................................11 
2.2.1 Starch ...........................................................................................................11 

2.2.1.1 Structure ................................................................................................................ 11 
2.2.1.2 Phase Transitions ................................................................................................. 11 
2.2.1.3 Effects of Extrusion on Starch............................................................................... 13 

2.2.2 Nonfat Dry Milk .............................................................................................13 
2.2.2.1 Components .......................................................................................................... 13 
2.2.2.2 Ingredient Functionality ......................................................................................... 16 

2.2.3 Oligosaccharides ..........................................................................................17 
2.2.3.1 Definition and Use ................................................................................................. 17 
2.2.3.2 Effects on Health ................................................................................................... 18 
2.2.3.3 Methods of Oligosaccharide Production ............................................................... 20 
2.2.3.4 Regulatory status .................................................................................................. 21 
2.2.3.5 Current Oligosaccharides Marketed as Prebiotics: Pros and Cons of 
Oligosaccharide Production .............................................................................................. 23 
2.2.3.6 Food applications .................................................................................................. 24 

2.3 Twin-Screw Extrusion in the Production of Novel Dairy Products ................24 
2.3.1 Incorporation of Milk Proteins in Extruded Formulas .....................................24 

2.3.1.1 Whey Protein Concentrates .................................................................................. 24 
2.3.1.2 Nonfat Dry Milk ..................................................................................................... 27 

2.3.2 Production of Oligosaccharides by Extrusion ................................................28 
2.4 Methods to Evaluate Extruded Products .........................................................30 

2.4.1 Combined Methods .......................................................................................30 
2.4.1.1 Colorimeter Measurements to Determine the Effect of Processing on Color ....... 30 

2.4.2 Methods used to Evaluate NDM Extrudates ..................................................35 
2.4.2.1 Spectroscopic Measurement of Melanoidins from Maillard Browning .................. 36 
2.4.2.2 Textural Measurements by the Three-Point Bend Test ........................................ 37 

 2.4.2.3 Water Absorption Index………………………………………………………………..37 



  ii 
 

 2.4.2.4 Water Solubility Index………………………………………………………………….38 
2.4.2.5 Rapid Visco Analyzer Measurements ................................................................... 38 

2.4.3 Methods used to Monitor Oligosaccharide Production ..................................39 
2.4.3.1 Sugar Profile Analysis by HPLC ........................................................................... 40 
2.4.3.2 Measurement of Soluble Dietary Fiber ................................................................. 40 

3 Extrusion of Nonfat Dry Milk and Starch ..................................................... 42 
3.1 Introduction ........................................................................................................42 
3.2 Materials and Methods ......................................................................................45 

3.2.1 Materials .......................................................................................................45 
3.2.2 Pretrial Experiments to Determine Extrusion Conditions ...............................45 
3.2.3 Experimental Design and Preparation of Raw Materials ................................46 
3.2.4 Chemical Analysis .........................................................................................47 
3.2.5 Physical Analysis ..........................................................................................48 
3.2.6 Statistical Analysis ........................................................................................50 

3.3 Results and Discussion ....................................................................................51 
3.3.1 Chemical Analysis .........................................................................................51 
3.3.2 Process Responses ......................................................................................53 
3.3.3 Physical Analysis ..........................................................................................58 

3.4 Conclusions .......................................................................................................67 

4 Extrusion of Lactose to Produce Oligosaccharides ................................... 68 
4.1 Introduction ........................................................................................................68 
4.2 Materials and Methods ......................................................................................69 

4.2.1 Materials .......................................................................................................69 
4.2.2 Pretrial Experiments to Determine Extrusion Conditions ...............................69 
4.2.3 Experimental Design and Preparation of Raw Materials ................................70 
4.2.4 Chemical and Physical Analysis ....................................................................71 
4.2.5 Statistical Analysis ........................................................................................74 

4.3 Results and Discussion ....................................................................................74 
4.3.1 Formula Effects on Process Measurements and Product Parameters ...........74 
4.3.2 Chemical and Physical Analysis ....................................................................78 

4.4 Conclusions .......................................................................................................83 

5 Concluding Remarks ..................................................................................... 84 

6 References ..................................................................................................... 84 

7 Appendix ........................................................................................................ 98 
A.1 Extended Methods for Nonfat Dry Milk and Starch Puffs ...............................98 

A.1.1 Extrusion of NDM and Starch Puffs ..............................................................98 
A.1.2 Protein ........................................................................................................ 101 
A.1.3 Moisture ..................................................................................................... 102 
A.1.4 Ash ............................................................................................................. 103 
A.1.5 Fat .............................................................................................................. 105 
A.1.6 pH .............................................................................................................. 108 
A.1.7 Colorimetric Measurement of Color ............................................................ 109 
A.1.8 Spectrophotometric Measurement of Color ................................................. 114 
A.1.9 Puff Solubility—Water Solubility Index and Water Absorption Index ........... 115 
A.1.10 Degree of Cook with Rapid Visco Analyzer ............................................... 116 
A.1.11 Breaking Strength Index ........................................................................... 119 

A.2 Extended Methods for Extruded Lactose ...................................................... 121 
A.2.1 Extrusion of Lactose ................................................................................... 121 



  iii 
 

A.2.2 Degree of Polymerization ........................................................................... 124 
A.2.3 Lactose ....................................................................................................... 126 
A.2.4 Soluble Dietary Fiber .................................................................................. 130 

A.3 Additional Figures ........................................................................................... 141 
A.3.1 Motor Torque .............................................................................................. 141 
A.3.2 Expansion Ratio ......................................................................................... 141 
A.3.3 Breaking Strength Index ............................................................................. 142 
A.3.4 L Value ....................................................................................................... 142 
A.3.5 a Value ....................................................................................................... 143 
A.3.6 b Value ....................................................................................................... 143 

         A.3.7 Peak Viscosity…………………………………………………………………….144 

 



  iv 
 

List of Tables 

Table 1. Oligosaccharides that are GRAS…………………………………………………..22 

Table 2. Proximate analysis and product and process responses collected during the 
experimental trial……………………………………………………………………………….36 

Table 3. Parameters and the methods used to characterize the products of lactose 
extrusion……………………………………………………………………………………..….39 

Table 4. Proximate composition of the dry blended nonfat dry milk and starch 
mixtures………………………………………………………………………………………….52 

Table 5. pH of the dried extrudates…………………………………………………..………52 

Table 6. The effect of independent variables, and interactions between the independent 
variables on process responses using a mixed model……………………………..………54 

Table 7. SME, motor torque, die pressure and die temperature responses for each 
treatment assessed by conducting a standard analysis of variance using a pairwise 
comparison, and corrected using Tukey honestly significant difference…...….…………55 

Table 8. The effect of the independent variables and interactions between the 
independent variables on product responses using a mixed model…………………..….60 

Table 9. Browning, L value, a value, b value and WAI responses for each treatment 
assessed by conducting a standard analysis of variance using a pairwise comparison, 
and corrected using Tukey honestly significant difference………………………………...62 

Table 10. The effect of independent variables and interaction between the independent 
variables on process measurements based on univariate analyses of variance..………75 

Table 11. Average values for each treatment for select responses based on the fitted 
analyses of variance adjusting for multiple testing using Tukey honestly significant 
difference………………………………………………………………………………………..76 

Table 12. The effect of the independent variables and interactions between the 
independent variables on product responses based on univariate analyses of 
variance...........................................................................................................................81 

Table 13. Soluble dietary fiber in extruded lactose mixtures by glucose concentration, 
citric acid concentration and product trial……………………………………………………83 

 

 

 

 
 



  v 
 

List of Figures 

Figure 1. Megazyme integrated total dietary fiber assay procedure for determining 
HMWSDF and LMWSDF………………………………………………………………………42 

Figure 2. Screw design used on a Buhler 44mm co-rotating twin-screw extruder for the 
manufacture of nonfat dry milk and starch puffs…………………………………………….47 

Figure 3. The effect of nonfat dry milk concentration (%) and acid level (% of the added 
fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 kg/h) on 
SME (specific mechanical energy, W/kg) during product extrusion on a Buhler 44mm co-
rotating twin-screw extruder…………………………………………………………………...56 

Figure 4. The effect of nonfat dry milk concentration (%) and acid level (% of the added 
fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 kg/h) on 
die temperature (°C) during product extrusion on a Buhler 44mm co-rotating twin-screw 
extruder………………………………………………………………………………………….57 

Figure 5. The effect of nonfat dry milk concentration (%) and acid level  (% of the added 
fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 kg/h) on 
die pressure (bar) during product extrusion on a Buhler 44mm co-rotating twin-screw 
extruder………………………………………………………………………………………….57 

Figure 6. The effect of nonfat dry milk concentration (%) and acid level (% of the added 
fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 kg/h) on 
bulk density (g/100 cm³) of 5cm ropes of dried extrudate………………………………….61 

Figure 7. The effect of nonfat dry milk concentration (%) and acid level (% of the added 
fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 kg/h) rate 
on browning (Absorbance420/g solids as per the method of Davies et al., 1998) of dried 
extruded samples………………………………………………………………………………63 

Figure 8. The effect of nonfat dry milk concentration, fluid addition rate and acid level in 
injected fluid on dried extrudate appearance………………………………………………..63 

Figure 9. The effect of nonfat dry milk concentration (%) and acid level (% of the added 
fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 kg/h) on 
WAI (water absorption index, weight gel/weight of dry solids) of dried extruded 
samples………………………………………………………………………………………….64 

Figure 10. The effect of nonfat dry milk concentration (%) and acid level (% of the added 
water) at (a) low fluid addition rate and (b) high fluid addition rate on WSI (water 
solubility index, (weight dried supernatant/weight sample) x 100) of dried extruded 
samples………………………………………………………………………………………….65 

Figure 11. Stereomicroscopic images of the extruded samples as nonfat dry milk 
concentration, fluid addition rate, and the acid level in injected fluid were varied……….67 

Figure 12. Screw design used on a Buhler 44mm co-rotating twin-screw extruder for the 
manufacture of lactose formulations containing varying concentrations of glucose and 
citric acid………………………………………………………………………………………...71 



  vi 
 

Figure 13. HPLC chromatogram of the degree of polymerization (DP) for extrudates with 
0% glucose and 2% citric acid, overlaid with a glucose ladder. (a) galactose (b) glucose 
(c) lactose……………………………………………………………………………………….82 

Figure A.3.1 The effect of nonfat dry milk concentration (%) and acid level (% of the 
added fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 
kg/h) on motor torque (Nm) during product extrusion on a Buhler 44mm co-rotating twin-
screw extruder…………………………………………………………………………………141 

Figure A.3.2 The effect of nonfat dry milk concentration (%) and acid level (% of the 
added fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 
kg/h) on expansion ratio (diameter of extrudate/diameter of die orifice) during product 
extrusion on a Buhler 44mm co-rotating twin-screw extruder……………………………141 

Figure A.3.3 The effect of nonfat dry milk concentration (%) and acid level (% of the 
added fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 
kg/h) on breaking strength index (N/diameter in mm) during product extrusion on a 
Buhler 44mm co-rotating twin-screw extruder……………………………………………..142 

Figure A.3.4 The effect of nonfat dry milk concentration (%) and acid level (% of the 
added fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 
kg/h) on L value during product extrusion on a Buhler 44mm co-rotating twin-screw 
extruder………………………………………………………………………………………...142 

Figure A.3.5 The effect of nonfat dry milk concentration (%) and acid level (% of the 
added fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 
kg/h) on a value during product extrusion on a Buhler 44mm co-rotating twin-screw 
extruder………………………………………………………………………………………...143 

Figure A.3.6 The effect of nonfat dry milk concentration (%) and acid level (% of the 
added fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 
kg/h) on b value during product extrusion on a Buhler 44mm co-rotating twin-screw 
extruder………………………………………………………………………………………...143 

Figure A.3.7 The effect of nonfat dry milk concentration (%) and acid level (% of the 
added fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 
kg/h) on the peak viscosity during product extrusion on a Buhler 44mm co-rotating twin-
screw extruder………………………....………………………………………………..…….144 



  1 
 

1 Introduction 

 Extrusion is a valued food processing operation as it can be used to create food 

products with unique textural properties. It has the advantage of being a continuous 

process, can be highly automated, and can consistently create quality products 

(Heldman and Hartel, 1997; Riaz, 2000; Guy, 2001). Common foods produced by 

extrusion include pasta, ready-to-eat cereals, snack products, confectionary products 

and texturized vegetable protein. Novel foods and ingredients can be created using non-

traditional ingredients such as protein and fiber (Harper, 1981; Mercier et al., 1989; 

Camire, 1991; Camire and King, 1991; Heldman and Hartel, 1997; Riaz, 2000; Onwulata 

et al., 2001a; Berk, 2009). These novel extruded products and ingredients can be 

produced in order to improve the nutritional value and alter the structural characteristics 

of food products (Onwulata et al., 2001a; Camire and King, 1991). 

 In particular, dairy products can be used to increase the nutritional value, and to 

increase the functionality, both of which can fuel the creation of novel products. Dairy 

products are good sources of macronutrients including protein, carbohydrates and lipids, 

and micronutrients such as vitamins and minerals (Fox and McSweeney, 1998).  

Low fat dairy products are not only associated with health benefits, but they also 

offer increased functionality. Proteins and lipids are the main contributors to the 

functionality of dairy products (Fennema et al., 2008). A particular functional property is 

often associated with the molecular properties. For example, protein-protein interactions 

are associated with functional properties including aggregation, cohesion, texturization, 

gelation, elasticity and extrudability (Fennema et al., 2008). Other functional properties 

associated with different molecular properties include solubility, viscosity, water 

absorption, emulsification, color, flavor and odor. Lipids in milk can also contribute to 

functional properties such as the appearance, flavor and texture (Fennema et al., 2008). 

The functional properties of dairy products, as well as the use of specialized 

processing conditions, can be utilized in the development of novel products. For 

example, biodegradable Styrofoam has been created with casein and clay using 

glyceraldehyde to link the casein proteins together (Pojanavaraphan et al., 2010). A 

further example includes the development of microparticulated whey protein, which was 

created by heating under high shear conditions to obtain certain particle size ranges 
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(Havea et al., 2009). If the microparticulated powder was within a certain particle size 

range, a creamy mouthfeel could be obtained. 

The overall objective of this research revolves around the use of nonfat dry milk 

(NDM) and lactose, and the twin-screw extrusion processing of these commodity grade 

dairy ingredients to produce value-added products. The literature review contains 

relevant information concerning the extrusion of NDM, which includes the effect of acid 

level, fluid addition rate and NDM concentration in twin-screw extrusion puffing of NDM 

powder and starch, as well as information on the twin-screw extrusion of lactose and 

lactose-glucose mixtures to polymerize the sugars to produce oligosaccharides. The 

introduction, materials and methods, results and discussion and conclusions from both 

projects are discussed in separate chapters within the thesis.  

2 Literature Review 

2.1 Twin-Screw Extrusion 

Extrusion is a process by which raw materials are mixed and transferred, and 

can be ultimately shaped by forcing the mass through a small die (Riaz, 2000; Guy, 

2001; Berk and Zeki, 2009). Extrusion cooking, in particular, is a thermomechanical 

process, which involves a combination of heat transfer, mass transfer, pressure changes 

and shear, resulting in effects such as cooking, sterilization, drying, melting, cooling, 

texturizing, conveying, puffing, mixing, kneading, shaping, separation, flavor generation, 

and encapsulation (Guy, 2001; Berk and Zeki, 2009). Extrusion can be used to 

manufacture an array of products. The first reported product manufactured with an 

extruder occurred in the mid-1940’s, and involved the production of an expanded 

cornmeal-based snack (Riaz, 2000). With the development of new designs of extrusion 

equipment, the number of applications in food processing has increased over the years 

(Schwartzberg and Rao, 1990). Typical foods produced by extrusion include pasta, 

ready-to-eat cereals, snack products, confectionary products and texturized vegetable 

protein (Harper, 1981; Mercier et al., 1989; Camire, 1991; Heldman and Hartel, 1997; 

Riaz, 2000; Berk, 2009). Other products manufactured by extrusion, but not limited to, 

include precooked and modified starches, breading substitutes, beverage bases, soup 

and gravy bases, baby food, beer powders, cheese and casein, food gums, reformed 

fruit bits and sheets, topping and bakery analogs, coextruded products, and dairy and 
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meat products (Harper, 1981; Camire, 1991, Riaz, 2000). As extruder designs continue 

to change, the types of applications will also change. One promising extrusion 

technology, for example, utilizes supercritical fluid extrusion to produce protein-enriched 

snacks, which maximize the nutrient density and textural properties (Cho and Rizvi, 

2010). Newer applications are on the horizon. Extrusion also offers high productivity, 

product quality, and is considered an environmentally friendly process (Guy, 2001). Food 

undergoes physical, chemical and nutritional changes during extrusion—these effects 

will be described in this literature review, along with a description of the major 

components involved in a twin-screw extruder, the mechanics of extrusion operation, as 

well as a description of process responses. Lastly, extrusion applications will briefly be 

described. 

 2.1.1 Extruder Components 

 Twin-screw extruders can vary immensely, but three common elements to all 

extruders include a barrel, two screws, and a die. 

2.1.1.1 Barrel 

 The barrel contains the rotating screws. The walls of the barrel are normally 

smooth, but can also have longitudinal or helical grooves to force the materials from the 

inlet to the die (Riaz, 2000). It consists of a varied number of segments that are clamped 

or bolted together (Harper, 1981). Overall, the barrel is usually classified into three 

sections including the feeding zone, the kneading zone and the cooking zone (Riaz, 

2000). While being conveyed down the barrel, the materials can be heated by injected 

steam or hot water, indirectly heated by thermal oil or electric heaters, and cooled 

indirectly using water or other cooling medium in the jacket (Riaz, 2000). In addition to 

heat transfer through the barrel wall jackets, heat transfer also occurs due to the 

generation of mechanical energy (Harper, 1989).  

2.1.1.2 Screws 

 As the name implies, a twin-screw extruder is comprised of two screws. The 

screws are responsible for accepting feed ingredients at the extruder inlet, conveying, 

working and forcing material through the exit of the extruder, known as the die (Harper, 

1981). The two screws can either have a counter-rotating configuration, which is rotation 

in opposite directions, or co-rotating configuration, which is rotation in the same direction 
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(Heldman and Hartel, 1997). A higher throughput capacity is possible with co-rotating 

screws, so this consequently is the most common screw design (Heldman and Hartel, 

1997).  

Screws are composed of a series of elements, which are assembled on a screw 

shaft (Chung, 2000). Screw elements have particular functions that can include 

conveying, kneading and mixing (Chung, 2000). The individual elements that make up 

the screw can be varied so as to alter the forces acting on the material flowing through 

the extruder (Heldman and Hartel, 1997). A series of repeated conveying and mixing 

elements are commonly used (Frame, 1994). Conveying elements are responsible for 

generating pressure in order to promote the flow of materials through the mixing element 

zones in the extruder, while mixing elements are responsible for biochemical 

conversions (Frame, 1994). Conveying elements include forward conveying and reverse 

pitch elements (Schaer, 2010). Forward conveying elements force the material to flow 

towards the die, while reverse pitch elements force the material back towards the inlet of 

the extruder (Giles et al., 2005). The reverse conveying elements cause the screw to be 

completely filled, which ultimately causes the extruded material to be worked (Giles et 

al., 2005). Mixing elements, on the other hand, include kneading elements, which offer 

dispersive, high shear mixing, and polygon elements, which offer distributive, low shear 

mixing (Schaer, 2010). Dispersive mixing refers to the breakdown of the minor 

components of a mixture into smaller size particles, while distributive mixing refers to the 

homogenous distribution of the minor components within a mixture (Alemaskin et al., 

2005). 

2.1.1.3 Die 

 A die is defined as one or more small openings, which shapes food material as it 

flows out the exit of the extruder (Harper, 1981; Riaz, 2000). The die can be constructed 

in a variety of shapes, and the type of die influences the product shape, functional 

properties as well as the quality of the extruded product (Harper, 1981; Riaz, 2000).  

2.1.2 Operation 

 Dry and wet ingredients are continuously fed into the extruder and are mixed and 

conveyed by the rotating screws, which transform the ingredients into particulate moist 

solids or doughs of varying viscosity, depending on the amount of moisture added to the 
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extruder (Riaz, 2000; Berk and Zeki, 2009). The majority of the material is transported 

through C-shaped ‘chambers,’ which are formed between the screws in co-rotating, fully 

intermeshed extruders (Heldman and Hartel, 1997; Berk and Zeki, 2009). The first 

section of the extruder is known as the conveying section, and in this section, large 

screw angles result in the forward movement of the material (Berk and Zeki, 2009). In 

the second section of the extruder, known as the melt pumping or metering section, 

pressurization occurs as a result of the flow restriction and the die (Berk and Zeki, 2009). 

Mixing mainly occurs in the intermeshing section between the screws, while material 

between the screw surfaces and the barrel moves towards the die (Berk and Zeki, 

2009). The friction between the screw surface and the material results in the generation 

of heat; however, external sources are typically required to provide additional heating 

(Riaz, 2000; Berk and Zeki, 2009). When the material reaches the die, the restriction of 

the flow results in a pressure increase as the product flows through the die orifice (Riaz, 

2000).  

2.1.3 Process Responses 

 Torque, specific mechanical energy (SME), die temperature and die pressure are 

process responses that can be used to describe the extrusion process. SME and die 

pressure, in particular, are very useful in describing conditions the product encounters 

during extrusion and to assist in explaining the functionality and the quality of extruded 

food products (Lei et al., 2005). These process responses will now be discussed.  

2.1.3.1 Torque 

 Torque is described as the effectiveness of a force to produce rotation (Ghebre-

Sellassie and Martin, 2003). The torque required to rotate the screw is related to its 

speed, fill, as well as to the viscosity of the food material in the barrel (Mercier et al., 

1989). The diameter of the screw shaft is a large determinant in the torque capability; a 

larger diameter results in a higher torque capability (Ghebre-Sellassie, 2003). Measuring 

the torque enables the operator to determine the resistance of the material to the 

process and conditions (Ghebre-Sellassie and Martin, 2003). Torque is a product of the 

applied force and the radial arm, or the distance from the center of rotation to the force 

applied, and is typically expressed in units of [m g], [N m], or [ft-lb] (Ghebre-Sellassie 

and Martin, 2003).  
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 Torque is commonly expressed as shaft torque, also known as motor torque, 

which is a percentage of the maximum torque (Lei et al., 2005). Shaft torque can be 

affected by several factors including screw speed, moisture content of the product being 

extruded, barrel temperature, and screw configuration (Lei et al., 2005). For example, an 

increase in both the screw speed and moisture content resulted in a decrease in shaft 

torque, while increasing the barrel temperature increased the shaft torque during the 

extrusion of rice flour (Lei et al., 2005). Lei et al. (2005) also found that the screw 

configuration was shown to affect torque, with the use of more reverse elements 

resulting in a higher torque. 

2.1.3.2 Specific Mechanical Energy 

 SME is defined as the energy input transmitted to the material being extruded, 

and is produced as a result of the friction generated between the screw elements and 

the product (Ortiz et al., 2010; Schaer, 2010). SME represents the mechanical energy 

consumption per unit mass of product, and is typically expressed in units of Wh/kg (Guy, 

2001; Lei at al., 2005; Owolabi et al., 2008; Schaer, 2010).  

SME is usually correlated to product expansion, and thus the extrudate 

appearance and the texture are greatly affected by this parameter (Welti-Chanes et al., 

2002; Owolabi et al., 2008; Ortiz et al., 2010). SME has been demonstrated to affect 

other factors, including the polymeric structure and the average molecular weight of the 

extrudates (Welti-Chanes et al., 2002). Starch fragmentation as well as gelatinization 

can occur with an increase in SME, thereby affecting the rheological properties of the 

melt and the glass transition of the extrudate (Welti-Chanes et al., 2002). An increase in 

SME was correlated with a higher degree of starch gelatinization in a whole-wheat flour, 

meat meal, and water mixture (Gropper et al., 2002). The authors in the aforementioned 

study suggested that an increase in SME resulted in an increase in the mechanical 

forces disrupting intermolecular hydrogen bonds, which likely catalyzed the gelatinization 

process. 

Similar to shaft torque, SME is affected by a number of factors. The particular 

screw configuration determines the amount of mechanical energy generated during the 

process, with an increase in SME associated with a screw containing more kneading 

elements and reverse elements (Lei et al., 2005). In one study, increasing the die 

temperature and mass flow rate of both a rice starch system and a chickpea-flour based 



  7 
 

snack resulted in a decrease of SME, while increasing the screw speed resulted in an 

increase in SME due to higher shear rates at higher screw speeds (Akdogan, 1996; 

Meng et al., 2010). While Akdogan (1996) reported a decrease in SME with an increase 

in moisture content in an extruded rice starch system, Meng et al. (2010) reported that 

SME was not affected by the feed moisture in a chickpea flour, potato starch and whey 

protein concentrate blend. It is likely that the intrinsic nature of the extruded ingredients 

utilized, as well as the particular water addition rate used during extrusion processing 

affect the SME. 

2.1.3.3 Die Temperature 

 The die temperature can impact functional and physical characteristics of 

extrudates. Akdogan (1996) described the impact of die temperature on the viscosity of 

a material exiting the extruder; a high die temperature was associated with a decrease in 

the viscosity of the material flowing through the extruder. The viscosity is important 

because it often can be used to indicate the degree of cook and can be correlated to 

finished product characteristics, such as product expansion, density, and degree of 

crispness (Colonna et al., 1989; Wang et al., 1993). Shukla et al. (2005) investigated the 

effect of die temperature on functional properties of extrudates during the extrusion of a 

mixture containing corn distillers’ dried grains and corn meal. They found that an 

increase in die temperature was associated with a decrease in the L* value (or decrease 

in lightness) and bulk density, and an increase in the water absorption index (WAI) and 

water solubility index (WSI). 

2.1.3.4 Die Pressure 

 Die pressure has been shown to be affected by the moisture content, product 

temperature, feed rate, screw speed and barrel temperature (Lu et al., 1992; Lei et al., 

2005; Meng et al., 2010). Monitoring the die pressure can provide vital information on 

extrusion operations, safety, as well as information on the viscosity or consistency of a 

food material (Harper, 1989; Rauwendaal, 2001). The pressure at the die determines the 

output from the extruder, and is equivalent to the pressure required to overcome the 

resistance of the die (Rauwendaal, 2001). As the die pressure changes, the extruder 

output also changes, consequently altering the dimensions of the extrudate 

(Rauwendaal, 2001). During the operation of the extruder, pressure fluctuations may 

occur, and these fluctuations may indicate product surging, as well as changes in 
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moisture content or ingredient characteristics of the feed (Harper, 1989). In addition to 

monitoring pressure for process control and safety, die pressure can also be measured 

in order to understand the rheological properties of the paste (Lei et al, 2005). As 

mentioned previously, the viscosity or consistency of the food material can often be 

correlated to finished product characteristics (Colonna et al., 1989). Reduced expansion 

occurs when the viscosity of the material is high and the die pressure is low, or when the 

viscosity of the material is low and the die pressure is high. Conversely, high viscosity 

materials in combination with a high die pressure favor an expanded product. 

2.1.4 Effect on Foods 

2.1.4.1 Physical Effects 

 Food material undergoes physical changes as it flows through the extruder and 

exits the die. A melt, or dough-like material, is obtained as the material is exposed to 

high temperature, high pressure and high shear (Berk, 2009). Shear has the potential to 

cause the reorientation of molecules, thereby inducing new internal structure changes 

(Berk, 2009). For example, the orientation of protein molecules in the direction of product 

flow within the extruder can result in a texturized extrudate, which is utilized in the 

production of meat analogs (Berk, 2009). As the product flows through the die, the 

product is shaped and water vapor and volatile substances can flash off, provided the 

appropriate temperature, moisture and pressure exist. As the pressure is released 

expansion of the product is induced (Heldman and Hartel, 1997; Riaz, 2000; Berk, 

2009). The expansion of extrudates results in a certain degree of porosity, ultimately 

affecting the physical properties such as the textural properties (Mercier, 1989; Riaz, 

2000). 

2.1.4.2 Chemical Effects 

 Two primary components, carbohydrates and protein, undergo chemical changes 

during extrusion processing, with the most notable reactions including starch 

gelatinization and protein denaturation (Camire, 1998). Both mechanical and thermal 

energy transmitted to starch will disrupt the molecular structure of starch (Liu et al., 

2009). Gelatinization and melting of starch occurs under conditions of physical force 

and/or in the presence of heat and water, resulting in the formation of a continuous 

viscous paste (Camire et al., 1990; Heldman and Hartel, 1997; Berk, 2009; Liu et al., 
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2009). The degree of extrudate gelatinization determines product parameters such as 

texture, density, mouthfeel, and expansion ratio (Camire et al., 1990). Starch can also 

undergo fragmentation and starch hydrolysis as a result of the shear stress during 

extrusion (Camire et al., 1990; Liu et al., 2009). During starch fragmentation, smaller 

oligosaccharides accumulate, which decreases the viscosity (Heldman and Hartel, 

1997). Hydrolysis of starch can lead to the formation of reducing sugars, which can 

eventually react with proteins via the Maillard browning reaction (Camire et al., 1990).  

 Similar to carbohydrates, extrusion also induces chemical changes in proteins. 

Proteins are primarily affected by temperature and shear (Berk, 2009). Multiple changes 

can occur to proteins during extrusion. Proteins can form a melt and can be denatured 

(Heldman and Hartel, 1997; Berk, 2009). A melt is formed after the glass transition has 

occurred, and is a process that takes place in the presence of heat and moisture to 

create a flowable material (Strahm, 2000). Denaturation can lead to increased viscosities 

(Berk, 2009). Proteins can also undergo cross-linking and texturization (Camire et al., 

1990; Berk, 2009). Cross-linking amongst protein molecules occurs after the original 

covalent and noncovalent bonds have been broken (Camire et al., 1990). The cross-

linking of amino acid residues is especially favored in the presence of heat and alkaline 

conditions (Camire et al., 1990). One such cross-link is the linkage between 

dehydroalanine and lysine to form lysinoalanine, which ultimately negatively impacts the 

nutritive quality, and affects the physical characteristics of the food (Camire et al., 1990). 

Additionally, proteins can participate in the Maillard reaction when in the presence of 

reducing sugars (Heldman and Hartel, 1997; Berk, 2009).  

2.1.4.3 Nutritional Effects 

 Extrusion can alter the nutritional properties of foods. Extrusion parameters that 

affect the nutritional quality include parameters such as the feed material composition, 

prior processing history of feed materials, water content, material feed rate, screw 

speed, screw configuration, barrel temperature, and injection and die configuration (Guy, 

2001). Processing at high moisture contents, low temperatures and short residence 

times has demonstrated an improvement in nutritional quality, while processing at low 

moisture contents, high temperatures and using improper formulations (for example, a 

formulation containing reducing sugars) results in a decrease in nutritional quality (Singh 
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et al., 2007). The positive and negative nutritional effects as a result of extrusion will now 

be discussed. 

 Extrusion has been shown to improve protein and starch availability, as 

demonstrated in a study by Perez-Navarrete et al. (2007). They extruded corn and lima 

bean flour blends and found that the in vitro digestibility of the extrudates was 82% as 

compared to the 77% digestibility in the raw flours. Improved protein digestibility arises 

as protein becomes denatured (Mercier et al., 1989; Guy, 2001). Other nutritional 

benefits of extrusion include the destruction of antinutritional factors, an increase in 

soluble dietary fiber, minimal transformation of unsaturated fatty acids to trans fatty 

acids, and an increase in iron absorption due to the increasing solubility of iron (Mercier 

et al., 1989; Camire et al., 1990; Singh et al., 2007). 

 Extrusion can also adversely affect the nutritional properties of foods. Lysine is 

extremely susceptible to loss during extrusion, with significant losses occurring at low 

moisture contents and high temperatures (Mercier et al., 1989). Lysine and other amino 

acids participate in the Maillard browning reaction, ultimately affecting the protein quality, 

protein availability and protein nutritional value (Mercier et al., 1989; Heldman and 

Hartel, 1997; Singh et al., 2007). In addition to the loss of protein quality as a result of 

the Maillard reaction, heat-labile vitamins can also be lost during extrusion (Singh et al., 

2007). 

 Alterations to the nutritional properties of components in extruded products, such 

as proteins and amino acids, carbohydrates, dietary fiber and vitamins and minerals, can 

either be beneficial or deleterious depending on the extrusion conditions (Singh et al., 

2007). For example, vitamin retention is variable and dependent on the type of vitamin, 

the source of the vitamin and the extrusion conditions (Camire et al., 1990; Heldman and 

Hartel, 1997). Additionally, protein digestibility can increase as a result of extrusion, and 

at the same time protein quality can decrease due to the destruction of essential amino 

acids (Singh et al., 2007).  
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2.2 Ingredients/Products 

2.2.1 Starch 

2.2.1.1 Structure 

 Starch is stored by plants in spherical granules that vary in size, shape, 

composition and structure (Copeland et al., 2009; Liu et al., 2009). Starch is a polymer, 

with individual sugar units linked mainly by -D-(1 4) glucosidic bonds (Liu et al., 2009) 

Amylose and amylopectin comprise 98-99% of the dry weight of most starch granules, 

with the specific amounts of amylose and amylopectin varying depending on the starch 

age and source (Copeland et al., 2009; Liu et al., 2009). The remaining components of 

the granule include lipids, minerals and phosphorus.  

 Amylose has a linear structure with -(1 4) glucosidic bonds, whereas 

amylopectin has -D-(1 6) glucosidic bonds in addition to -D-(1 4) glucosidic bonds, 

which contributes to its branched structure (Liu et al., 2009). Granules have a semi-

crystalline structure and have many concentric layers, sometimes referred to as growth 

rings, that increase in diameter from the center to the surface of the granule (Donald, 

2004; Fennema et al., 2008; Copeland et al., 2009). Each successive layer alternates 

between a crystalline and amorphous composition. Amylopectin is primarily in the 

crystalline region, and occurs as double helices (Fennema et al., 2008; Copeland et al., 

2009). Amylopectin branching points and the amylose fraction, which are normally in the 

form of left-handed helices, occur mainly in the amorphous regions (Copeland et al., 

2009). Plasticization and water absorption occur in the amorphous region of the granule, 

whereas crystalline regions, which consist of a bundle of molecular chains in the 

amylopectin fraction, impart water insolubility and aid in the creation of a high viscosity 

paste (Zobel and Stephen, 2006).  

2.2.1.2 Phase Transitions 

 When starch is exposed to thermal processing or chemicals, chemical and 

physical reactions may occur. Reactions occurring during thermal processing include 

water diffusion, granule expansion, gelatinization, fragmentation, melting and re-

crystallization (Liu et al., 2009). Gelatinization, melting and fragmentation are the most 

relevant changes occurring during extrusion (Lai and Kokini, 1991). It is important to 
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understand how thermal processing and chemicals affect starch because flow properties 

of the molten starch, including both the melt viscosity and elasticity, are partially 

responsible for product characteristics such as product expansion during extrusion 

(Colonna et al., 1989). 

 The amount of water present, the amount of available starch, and the 

temperature have the greatest impact on the loss of starch granule integrity and 

crystallinity, and the subsequent changes in functional properties. Conditions of high 

moisture and moderate heat favor the process of gelatinization, whereas low moisture 

contents and high temperatures promote greater amounts of melting (Lai and Kokini, 

1991). Gelatinization is the process by which the starch granules undergo changes 

including swelling, absorption of water, loss of crystallinity, and leaching of amylose 

(Donald, 2004). Water enters the amorphous regions first, and as the temperature 

increases, swelling occurs, which results in structural disorder (Donald, 2004). The 

crystalline regions are disrupted and amylopectin double helices dissociate, leading to 

the breakdown of the starch granule (Lai and Kokini, 1991; Donald, 2004).  

The temperature at which gelatinization occurs as well as the extent of 

gelatinization can be affected by a number of factors. The temperature at which 

gelatinization occurs has been reported to decrease when starch granules are physically 

damaged, and the presence of substances other than starch during gelatinization can 

affect the degree to which granules are transformed by competing with starch for the 

available water (Lai and Kokini, 1991; Núñez et al., 2009).  

The melting of starch occurs when little moisture is present. As the temperature 

increases, the starch granules become increasingly mobile and the crystalline regions 

begin to melt, or lose their crystallinity (Colonna et al., 1989; Lai and Kokini, 1991). 

Besides gelatinization and melting, the process of fragmentation can also occur 

during extrusion. During fragmentation, the amylose chain is broken apart randomly, and 

a small amount of amylopectin becomes debranched (Lai and Kokini, 1991). 

Fragmentation occurs to a greater extent when the SME is higher (Lai and Kokini, 1991).  

 In addition to thermal processing, the presence of chemicals can also result in 

structural changes in starch. For example, a low pH can promote acid hydrolysis, 

ultimately altering the structure of the granule (Mesa et al., 2009). Several studies have 
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shown that the amorphous regions are hydrolyzed rapidly followed by slow hydrolysis of 

the crystalline regions (Mesa et al., 2009). The susceptibility of the starch granule to acid 

hydrolysis is dependent on several factors. Jayakody and Hoover (2002) found that 

within the amorphous regions of the starch granule, acid hydrolysis is affected by the 

amount of lipids associated with amylose chains, the amylose content, the granule size 

and the presence of pores on the surface of the granule. On the other hand, they found 

that within the crystalline regions of the granule, acid hydrolysis is affected by the 

distribution of branch points between the amorphous and crystalline regions, the 

amylopectin content, and the efficiency in which double helices are packed. 

2.2.1.3 Effects of Extrusion on Starch 

 As explained previously, gelatinization, melting and fragmentation are possible 

changes that starch can undergo during extrusion. Extrusion typically involves a short 

residence time, occurs under low moisture conditions and involves a great amount of 

shear. These unique processing conditions affect how starch is altered. Gelatinization 

typically requires high moisture contents during processing with no shear; however, 

because of the high shear and high pressure that occur during extrusion, gelatinization 

can occur at lower moisture contents (Liu et al., 2009). The shear results in the 

disruption of the starch granules, tearing them apart, thereby allowing water to more 

readily move into the granules. The shear stress that occurs during extrusion can also 

assist in the separation of amylose and amylopectin, ultimately resulting in the loss of 

amylose from the granule (Liu et al., 2009). Eventually, there is a loss of crystallinity due 

to the mechanical disruption, and the fragmentation of starch (Lai and Kokini, 1991). The 

extent of starch fragmentation is dependent on operation conditions including screw 

speed, temperature, moisture content, and type of starch (Liu et al., 2009). 

Fragmentation affects the viscosity of the extruded material, ultimately affecting the 

characteristics of the final product (Liu et al., 2009). 

2.2.2 Nonfat Dry Milk 

2.2.2.1 Components 

 NDM particles generally have an irregular, but spherical shape with an average 

diameter between 10 and 250 µm (Thomas et al., 2004; O’Brien, 2009). NDM consists of 

3-5% water, 0.7-1.3% fat, 35-37% protein, 29-52% carbohydrate and 7.5-8.0% 
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ash/minerals (Deeth and Hartanto, 2009). Proteins and carbohydrates, specifically 

lactose, are the major components responsible for the primary functional properties of 

NDM, thus a description of these components along with the particular functional 

properties will be described (Deeth and Hartanto, 2009).  

2.2.2.1.1 Protein 

The main protein in NDM is casein, accounting for 27% w/w of the NDM, while 

other proteins, primarily whey proteins, account for 6.6% w/w of the NDM (Walstra et al., 

2006). Casein is characterized as being amphiphilic, phosphorylated, and containing 

many proline units (Walstra et al., 2006; Swaisgood, 2008). The caseins are associated 

in micelles as a result of their amphiphilic nature, as well as due to their phosphorylation 

(Swaisgood, 2008). There are four main recognized casein fractions, s1, s2,  and , 

that associate primarily via hydrophobic interactions to form the micelle (Swaisgood, 

2008). -casein is predominantly found on the surface of the micelle, while the s and -

caseins are predominately found in the interior of the micelle. The phosphorylated serine 

amino acids also contribute to the structure by binding divalent ions such as Ca+2, and to 

a lesser extent Mg+2 and citrate, creating bridges between proteins within the micelle 

(Fox and McSweeney, 1998). 

As a whole, casein lacks secondary and tertiary structures due to the high 

proportion of the amino acid proline (Fox and McSweeney, 1998). This lack of higher 

structure makes denaturation of the protein difficult, and only possible at temperatures 

exceeding 140 C (Varnam and Sutherland, 1994; Fox and McSweeney, 1998). Besides 

temperature, there are other factors that can alter the stability of the casein micelle. 

Caseins will either gel or form a precipitate when the pH is adjusted to their isoelectric 

point. The structure formed depends on the temperature, rate of acid addition and 

whether or not they are exposed to agitation as the pH is adjusted. The pH at which the 

casein is exposed to heat can affect micelle stability. Casein proteins will heat aggregate 

when the pH is adjusted above or below a critical range of stability (Singh and Creamer, 

1992). In addition, adding acids or alkali salts will also alter micelle stability because the 

binding of Ca+2 to phosphate in the micelle will be altered, thus affecting interactions 

holding the micelle together (Fennema et al., 2008).  

 Whey proteins are also present in NDM, although are less abundant than casein. 

The main whey protein fractions are -lactalbumin and -lactoglobulin (Fennema et al., 



  15 
 

2008). Intramolecular folding, as a result of disulfide bond formation occurs between the 

cysteine amino acids of whey proteins (Varnam and Sutherland, 1994). Whey proteins, 

as opposed to caseins, are heat sensitive, with extensive denaturation occurring at 80 C 

(Varnam and Sutherland, 1994). During denaturation, disulfide bonds are broken and 

reformed, which can potentially interact with the sulfur-containing amino acids of -

casein.  

2.3.3.1.2 Lactose 

 Lactose is a disaccharide composed of -D-glucose and -D-galactose, and is a 

reducing sugar, so it therefore reacts with proteins via the Maillard browning reaction 

(Varnam and Sutherland, 1994; Walstra et al., 2006). Lactose is obtained by 

crystallization of concentrated whey or ultrafiltrate and then centrifuged to recover the 

crystals (Fox and McSweeney, 2009). Because lactose is a disaccharide, twice the 

energy of a monosaccharide is obtained when ingesting it (Varnam and Sutherland, 

1994; Fox and McSweeney, 1998; Walstra et al., 2006). 

When lactose is in solution, there is an equilibrium mixture of -lactose hydrate 

and - lactose, and the configuration is altered through the process of mutarotation 

(Zadow, 1984; O’Brien, 1995; Fox and McSweeney, 1998). Temperature and pH affect 

the rate of mutarotation (Fox and McSweeney, 1998). Anhydrous -lactose is another 

crystalline form, but is less stable than -hydrate so it is often converted to -lactose 

hydrate or -lactose depending on the temperature and if water is present (O’Brien, 

1995). The - and - crystal forms vary with respect to their solubility, crystal shape and 

size, hygroscopicity, specific rotation, and sweetness (Fox and McSweeney, 1998; 

O’Brien, 2009). The -anomer of lactose has a lower solubility, and thus crystallization is 

more likely to occur (Swaisgood, 2008). This crystallization is responsible for a common 

defect in frozen dairy desserts.  

Lactose can also undergo isomerization to lactulose, which is recognized as 

being a prebiotic (Aider and Halleux, 2007). In lactulose, the glucose in lactose changes 

to a fructose configuration (Aider and Halleux, 2007). This transformation can occur in 

alkaline conditions, in the presence of ammonia or amines or catalysts such as strong 

acids, strong bases and amphoteric catalysts such as hydroxyls, sulfites and borates 

(Aider and Halleux, 2007). Lactulose does not exist in raw milk, but the lactulose 
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concentration increases with an increase in the severity of heating (Olano et al., 1989; 

Morales et al., 2000). Morales et al. (2000) subjected milk to a variety of heat treatments 

including pasteurization, ultra high temperature (UHT) processing and sterilization. 

Lactulose was barely detectable in pasteurized milk, was present in UHT milk, but was 

present in the highest concentrations in sterilized milk (Morales et al., 2000). For this 

reason, the International Dairy Federation (IDF) has deemed lactulose to be an indicator 

to distinguish UHT milk from in-batch sterilized milk (Morales et al., 2000). 

The melting point of lactose can vary depending on the type of crystal(s) present. 

Fox and McSweeney (1998) have reported that the -hydrate form of lactose has a 

melting point of 202 C and the -anhydride form of lactose has a melting point of 252 C. 

The specific melting point observed for lactose also depends on the particular method 

used to determine the melting point. The melting point of sugar is variable across 

literature depending on the rate at which it is heated, and for this reason some scientists 

believe that the loss of crystalline structure is through thermal decomposition rather than 

thermodynamic melting (Gray, 2011). 

2.2.2.2 Ingredient Functionality 

 The extent of protein denaturation, lactose content, and the amount of lipids and 

minerals present often determine the functionality of a product (Fennema et al., 2008). A 

discussion of protein and lactose functionality, specifically, will now be discussed.  

2.2.2.2.1 Protein 

 Proteins not only deliver nutritional benefits such as delivering amino acids, 

conferring antioxidant activity, enhancing the immune system and preventing 

gastrointestinal infections, but they also contribute to functional properties (Thomas et 

al., 2004). In fact, most of the functional properties of NDM are due to the milk proteins 

(Thomas et al., 2004). Functional properties of casein, specifically, include fat 

emulsification, foaming, solubility at a pH greater than six, water binding, and 

precipitation by Ca+2 and chymosin (Early, 1998). Functional properties of whey proteins, 

on the other hand, include gelation, foaming, solubility at a wide range of pH, and the 

ability to be denatured by heat (Early, 1998). Protein functionality is governed by the 

extent of protein denaturation, which is dependent on the severity of the heat treatment, 

and is also dependent on the particular application (Skanderby et al., 2009). Denaturing 
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protein generally leads to a loss in solubility, which can impact emulsification and 

foaming properties; however, it can also be used strategically to create texturized 

products (Fennema et al., 2008). Flavor and color production due to the Maillard 

browning reaction are additional functional properties of milk proteins (Fennema et al., 

2008). Casein is particularly susceptible because it is a rich source of lysine, which is an 

amino acid more likely to partake in Maillard browning (Fox and McSweeney, 1998). 

Flavor production can also arise from the whey proteins, which contain 1.7 percent 

sulfur, and can contribute to a cooked flavor (Fox and McSweeney, 1998). 

2.2.2.2.2 Lactose 

 Similar to protein functionality, the particular functionality imparted by lactose is 

dependent on the particular application. Lactose’s functional properties include a low 

sweetening power (27-39% of sucrose), humectant qualities, the ability to contribute to 

browning, the ability to suppress sucrose crystallization, the ability to stabilize protein, 

and the ability to prevent protein interactions by acting as a mechanical spacer by 

hydrogen bonding to the protein chain (Varnam and Sutherland, 1994; Early, 1998; 

Baldwin, 2010). Browning, in particular is of upmost importance during the thermal 

treatment of NDM because, as mentioned previously, lactose is a reducing sugar and 

can react with protein in the presence of heat to produce colored compounds (Fox and 

McSweeney, 1998; Deeth and Hartanto, 2009).  

2.2.3 Oligosaccharides 

2.2.3.1 Definition and Use 

 The exact definition of oligosaccharides is open to debate. According to 

Barreteau et al. (2006), oligosaccharides are commonly defined as monosaccharides 

with degrees of polymerization (DP) between two and ten, although a DP of up to 20-25 

commonly fits the classification of an oligosaccharide. Taniguchi (2005) as well as 

Mussatto and Mancilha (2007), on the other hand, define oligosaccharides as containing 

between three and ten sugar units. 

 Oligosaccharides can be isolated from plant polysaccharides and are also 

naturally present in milk (Playne and Crittenden, 2004; Barreteau et al., 2006). 

Oligosaccharides are present in concentrations between three to six grams per liter in 

human’s milk, while cow’s milk only contains 0.03-0.06 grams per liter of 



  18 
 

oligosaccharides (Playne and Crittenden, 2004). Fructo-oligosaccharides (FOS), 

galacto-oligosaccharides (GOS), trans galacto-oligosaccharides, isomalto-

oligosaccharides, and xylo-oligosaccharides are examples of oligosaccharides 

(Barreteau et al., 2006). The leading oligosaccharides on the world market include FOS 

and GOS (Barreteau et al., 2006). While the use of oligosaccharides in food 

manufacturing is still in its infancy in Europe and especially the United States, Japan has 

a more extensive use (Rastall and Gibson, 2002).  

 Oligosaccharides can contribute to many functional properties in food processing 

operations. They can be used to alter the viscosity, contribute to moderate sweetness 

while having a low calorific value (1.5-2.0 kcal/g) and low cariogenicity, alter the freezing 

point of foods, control the extent of Maillard browning, emulsify, form a gel, color foods, 

improve mouth feel, retain moisture to prevent excessive drying, promote a low water 

activity, and to reduce crystal formation (Playne and Crittenden, 2004; Mussatto and 

Mancilha, 2007; Vrese and Schrezenmeir, 2008). Oligosaccharides are particularly 

useful because they are quite stable to heat and acid (Playne and Crittenden, 2004). 

 Some oligosaccharides can be classified as dietary fiber, and therefore, but not 

necessarily could have prebiotic qualities (AGNS/FAO, 2007). In fact, many 

oligosaccharides are classified as being prebiotics (Barreteau et al., 2006; Vrese and 

Schrezenmeir, 2008). Prebiotics are non-digestible entities and thus are resistant to 

gastric activity as well as hydrolysis and absorption, therefore they provide minimal 

calories, and instead are fermented by intestinal microflora, stimulating the growth of 

probiotic bacteria such as Bifidobacteria and Lactobacilli (Rastall and Gibson, 2002; 

Barreteau et al., 2006; Vrese and Schrezenmeir, 2008; Pandya and Haenlein, 2009). 

Inulin, FOS, GOS and lactulose are the most prevalent forms of prebiotic 

oligosaccharide ingredients in Europe, and are the only prebiotics supported by 

extensive research and human trials, although other prebiotics are marketed around the 

world (Gibson et al., 2004; Rastall, 2010). 

2.2.3.2 Effects on Health 

The regular consumption of prebiotic oligosaccharides has been associated with 

numerous health benefits. Most notable, involves the improvement of immune system 

functioning as conditions become favorable for beneficial microorganisms and 

detrimental for pathogenic organisms (Rastall and Gibson, 2002; Saier et al., 2005; 
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Mussatto and Mancilha, 2007; Dominguez-Vergara et al., 2009). This phenomenon is 

described as the bifidogenic effect, which aids in the management of intestinal 

microbiota (Playne and Crittenden, 2004; Taniguchi, 2005). The growth of 

Bifidobacterium species along with Lactobacillus species in the lower gut is promoted, 

while the growth of the detrimental C. perfringens and B. fragilis is inhibited (Ahn et al., 

1997; Ruiter and Voragen, 2002; Gibson, 2004; Macfarlane et al., 2006; Rudolfová and 

Curda, 2005). Proliferation of Bifidobacterium species is likely due to the tolerance of 

these bacteria to short chain fatty acids arising from the fermentation of the 

oligosaccharides and the resulting acidification (Playne and Crittenden, 2004; 

Macfarlane et al., 2006; Mussatto and Mancilha, 2007; Park and Oh, 2010). 

The consumption of oligosaccharides by infants who are not breast-fed has been 

shown to be particularly beneficial. Breast milk naturally contains a mixture of 

oligosaccharides, and infants consuming breast milk have been shown to have intestinal 

microflora that is dominated by bifidobacteria (Bakker-Zierikzee et al., 2005). Feeding 

infants a prebiotic mixture containing oligosaccharides, of similar composition to breast 

milk, has been shown to modulate the growth of intestinal microbiota, resulting in a 

reduction in pathogen growth and improvement of immune system functioning (Fanaro 

et al., 2005). Infants that have received a formula supplemented with a GOS/FOS 

mixture experienced a similar effect on metabolic activity of the intestinal flora as in 

breast-fed infants, and have had similar faecal pH values, short-chain fatty acid profiles 

and stool consistencies as breast-fed infants (Bakker-Zierikzee et al., 2005; Dominguez-

Vergara et al., 2009). 

In addition to promoting the growth of beneficial microorganisms and inhibiting 

the growth of detrimental microorganisms, the consumption of oligosaccharides can also 

result in additional health benefits. A decrease in the incidence of fever and infections 

has been shown to occur following a healthy infant’s consumption of a mixture of GOS 

and FOS (Mussatto and Mancilha, 2007; Dominguez-Vergara et al., 2009). 

The consumption of oligosaccharides can also address the issue of lactose 

intolerance, constipation relief among the elderly, and incidence of diarrhea (Hamilton-

Miller, 2004; Mussatto and Mancilha, 2007). The non-cariogenic properties, which 

prevent the formation of dental plaques and tooth decay, as well as the low caloric value, 
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make oligosaccharides beneficial components in food systems (Ruiter and Voragen, 

2002; Taniguchi, 2005; Mussatto and Mancilha, 2007). 

Another well-studied effect of oligosaccharide consumption is the improvement in 

calcium absorption and the resulting increase in bone mineral density, particularly 

among adolescents (Gibson et al., 2004; Hamilton-Miller, 2004; Macfarlane et al., 2006). 

For example, an enhancement in calcium absorption has been shown among teenagers 

when a combination of prebiotic short and long chain inulin-type fructans were 

consumed daily (Abrams et al., 2005). The increased absorption is attributed to an 

increase of mineral availability and binding/sequestering capacity of non-dietary 

oligosaccharides as the intestinal pH decreases as a result of oligosaccharide utilization 

by microorganisms in the intestine (Mussatto and Mancilha, 2007; Park and Oh, 2010).  

Many other potential health benefits have been suggested. Oligosaccharides 

may be used to treat hepatic encephalopathy, regulate lipid metabolism, influence 

glycemia/insulinemia, improve overall mineral absorption, decrease the risk of colon 

cancer, reduce serum lipid and cholesterol concentrations, and may prevent the 

adhesion and resulting colonization of specific pathogenic microorganisms and toxins to 

epithelial receptors (Rastall and Gibson, 2002; Ruiter and Voragen, 2002; Gibson et al., 

2004; Playne and Crittenden, 2004; Taniguchi, 2005; Swennen et al., 2006; Pandya and 

Haenlein, 2009). 

Although many beneficial effects can arise from oligosaccharide use, detrimental 

effects as a result of the overconsumption of oligosaccharides exist. These include 

flatulence, abdominal pain, intestinal discomfort, eructation, bloating, and gut cramps 

(Swennen et al., 2006; Vrese and Schrezenmeir, 2008). In order to promote the 

beneficial effects and prevent the detrimental effects, adults are advised to consume 

between ten and fifteen grams of oligosaccharides per day (Playne and Crittenden, 

2004). 

2.2.3.3 Methods of Oligosaccharide Production 

Oligosaccharides can be produced by the following methods:  

Extraction: Oligosaccharides can be extracted and purified from plants (Playne and 

Crittenden, 2004). For example, inulin can be extracted from chicory, and raffinose and 

stachyose can be extracted from soybeans (Rastall and Gibson, 2002).  
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Chemical: The production of oligosaccharides by chemical methods can be used to 

produce lactulose, xylo-oligosaccharides, soy oligosaccharides and inulin-based FOS 

(Rastall and Gibson, 2002).  

Enzyme technology/degradation: The controlled enzymatic degradation of 

polysaccharides by hydrolysis can be used to produce oligosaccharides (Rastall and 

Gibson, 2002; Playne and Crittenden, 2004). Examples of enzymatic-degraded 

oligosaccharides include FOS from inulin and xylo-oligosaccharides from xylan.  

Enzymatic synthesis: Enzymatic synthesis occurs by transfer reactions, beginning with 

inexpensive sugars such as sucrose and lactose, and ultimately producing 

oligosaccharides such as isomalto-oligosaccharides, GOS, lacto-sucrose, and some 

FOS (Rastall and Gibson, 2002).  

Extrusion processing: It has been demonstrated that sugars can be polymerized in the 

presence of heat and acid (Färber, 1936; Leuck, 1945; Leuck, 1948; Manley-Harris and 

Richards, 1993). Hwang et al. (1997, 1998) have demonstrated that both glucose and 

lactose can be polymerized in the presence of a citric acid catalyst during extrusion 

processing. This method of oligosaccharide production will be described in detail in a 

later section. 

2.2.3.4 Regulatory status 

 Many oligosaccharides have been granted GRAS (generally recognized as safe) 

status. GRAS status is either established if it has been used as an additive prior to 1958, 

or if a group of qualified experts deem the additive safe based on scientific evidence. 

Table 1 displays some of the GRAS notice numbers for oligosaccharides, the year and 

the companies that obtained the GRAS approval, the trade names for the 

oligosaccharides marketed, and the method of oligosaccharide production. 
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Table 1. Oligosaccharides that are GRAS1  

GRN 
No.

2
 

Oligosaccharide 
Year of 
closure 

Company 
Seeking GRAS 

approval 

Trade names of 
oligosaccharides 

marketed as 
prebiotics 

Method of 
oligosaccharide 

production 

44 
Fructo-

oligosaccharides 
2000 GTC Nutrition 

NutraFlora, 
Meioligo, 
Actilight 

Enzymatic 

synthesis by -
fructofuranosidase 

(Environ 
International 
Corporation, 

2000) 

118 Inulin 2003 
Imperial-

Sensus, LLC 

Fruitafit Extraction 
(Environ 

International 
Corporation, 

2002) 

233 

Combination of 
galacto-

oligosaccharides 
and polydextrose 

2009 
Mead Johnson 
and Company 

Litesse Chemical: vacuum 
melt condensation 

method (Mead 
Johnson and Co., 

2007) 

236 
Galacto-

oligosaccharides 
2008 

Friesland 
Foods Domo 

Vivinal Enzymatic 

synthesis by -
galactosidase 

(Environ 
International 
Corporation, 

2007) 

246 
Isomalto-

oligosaccharide 
mixture 

2009 BioNeutra, Inc. 

Vitasugar Enzyme catalyzed 
hydrolysis of 

starch (BioNeutra 
Inc., 2008) 

286 
Galacto-

oligosaccharides 
2009 GTC Nutrition 

Purimune Enzymatic 

synthesis by -
galactosidase 

(GTC Nutrition, 
2009)  

334 
Galacto-

oligosaccharides 
2010 

Yakult 
Pharmaceutical 

Industry Co., 
Ltd. 

Oligomate 55 N 
and Oligomate 

55 NP 

Enzymatic 

synthesis by -
galactosidase 

(Spherix 
Consulting, Inc., 

2010) 
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343 

Wheat bran 
extract 

composed 
primarily of xylo- 
and arabinoxylo-
oligsaccharides 

2010 Fugeia NV 

Wheat Bran 
Extract 

Partial enzymatic 
depolymerization 

of the water-
unextractable 
arabinoxylan 
component of 

wheat bran (EAS 
Consulting Group, 

LLC, 2010) 

1
Generally recognized as safe 

2
GRAS notice number 

 

2.2.3.5 Current Oligosaccharides Marketed as Prebiotics: Pros and Cons of 

Oligosaccharide Production 

 Many oligosaccharides are marketed as prebiotics. In fact, all the 

oligosaccharides shown in Table 1 are marketed as prebiotics. Most of the 

oligosaccharides that have GRAS status have been produced enzymatically. While 

improved efficiency of enzymatic production of oligosaccharides is possible with the use 

of new enzyme variants by site-directed and random mutagenesis, as well as through 

evolution, there are cons to this method of production (Monsan and Auriol, 2004). The 

batch reaction can take as long as 12 hours, and yields often do not exceed 50 percent 

and are more commonly between 30 and 40 percent (Playne and Crittenden, 2004; 

Gosling et al., 2010). Additionally, there are problems associated with enzyme 

inactivation and enzyme reuse (Hwang et al., 1998). 

 A plethora of problems is also associated with oligosaccharides produced 

chemically, a method by which some oligosaccharides that have prebiotic properties 

have been produced. Problems include corrosion of the reactor, the need to remove 

chemicals, the need to carefully monitor the reaction, low yields, long reaction times and 

expense (Endo and Koizumi, 2000; Prapulla et al., 2000; Rastall and Gibson, 2002). For 

these reasons, chemical means of producing oligosaccharides are not feasible for 

industrial applications (Endo and Koizumi, 2000). 

 On the other hand, extraction and enzymatic hydrolysis are improved methods of 

producing prebiotic oligosaccharides. The use of endo-glycanases in enzyme reactors 

enables one to control the molecular weight distribution of the oligosaccharides (Rastall 

and Gibson, 2002). This leads to controlled rheological properties and selective 

fermentation in the colon (Rastall and Gibson, 2002). Future methods of prebiotic 
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oligosaccharide production that are efficient and that have the potential to create novel 

oligosaccharides with unique nutritional and functional properties are likely to have the 

most market potential. 

2.2.3.6 Food applications 

 Oligosaccharides are utilized in many types of food products including dairy 

products, confectionaries, beverages, breads, breakfast cereals, desserts, bakery 

products, meats, infant food, food for the elderly, jam, feed additives and honey products 

(Ruiter and Voragen, 2002; Playne and Crittenden, 2004; Mussatto and Mancilha, 2007; 

Park and Oh, 2010). Further applications are expected to arise in the future as 

oligosaccharide production and consumption increase. 

2.3 Twin-Screw Extrusion in the Production of Novel Dairy 
Products 

2.3.1 Incorporation of Milk Proteins in Extruded Formulas 

 A great deal of past research has revolved around the incorporation of milk 

proteins in extruded formulations, with some milk proteins currently being utilized in 

commercial formulations. Much focus has centered on the use of whey protein 

concentrates (WPC) and whey protein isolates (WPI), although caseinates and NDM 

have also been studied. Past, current and future uses of WPC and NDM in extrusion 

formulas will now be described.  

2.3.1.1 Whey Protein Concentrates 

 Much research has been focused on the incorporation of WPC in extrusion 

formulations. Extrudates have been characterized by expansion, breaking force, bulk 

density, air cell size, scanning electron microscopy, color, volatile compound production, 

water absorption index (WAI), and water solubility index (WSI). The physical properties 

such as the expansion ratio, hardness, and density have a great effect on product 

characteristics and consumer acceptability (Ibanoglu et al., 2006).  

The addition of WPC into extrusion formulations has resulted in decreased 

extrudate expansion (Onwulata et al., 1998; Allen et al., 2007; Amaya-Llano et al., 2007; 

Matthey and Hanna, 1997; Onwulata et al., 2001a; Onwulata et al., 2001b). This 

reduced expansion is partially caused by the presence of protein. Protein 
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macromolecular properties likely affect the extensional properties of the extruded melt, 

the distribution of water, as well as the extent of covalent and non-bonding interactions 

(Allen et al., 2007; Amaya-Llano et al., 2007). Additionally, Matthey and Hanna (1997) 

have suggested that there may be interactions between amylose and WPC that alter 

physicochemical interactions, thus affecting product expansion. Allen et al. (2007) have 

suggested that amylose and whey proteins may align linearly, and may ultimately form 

an amylose-protein complex.  

 As the concentration of WPC increases, a decrease in extrudate expansion 

occurs, along with an increase in breaking strength, or hardness (Onwulata et al., 1998; 

Onwulata et al., 2001a; Onwulata et al., 2001b; Brncic et al., 2008). 

 Bulk density is a measure of expansion, with a low-density product correlated 

with a highly expanded product, and vice versa (Colonna et al., 1989). Allen et al. (2007) 

observed an increase in bulk density as WPC was added to both normal cornstarch and 

pre-gelatinized waxy cornstarch. In a study by Amaya-Llano et al. (2007), the 

concentration of cornstarch (75-95%) as well as WPC (5-25%) was altered, and they 

found that the bulk density was only slightly affected by the change in WPC 

concentration. Extrudates with a high bulk density had a dense and rigid structure, 

possibly because the starch was not fully gelatinized and plasticized. It is known that the 

presence of substances other than starch can affect the degree of starch gelatinization if 

they compete with starch for the available water (Núñez et al., 2009).  

 WPC has been used in many food applications including processed meat and 

fish, dairy, processed foods and snack applications (U.S. Dairy Export Council, 2008). 

The fortification with WPC results in improved nutritional and functional properties 

(Onwulata and Tomasula, 2004; Walsh and Carpenter, 2009). Typically, WPC is utilized 

in small concentrations. For example, nowadays many snack foods that are whey-based 

typically contain 2-5% whey—though products that contain dairy proteins in higher 

concentrations are available (Onwulata and Tomasula, 2004). For example, milk protein 

concentrate puffs have been marketed by Kerry Ingredients in Ireland, and nutritional 

supplement snacks made with isolated soy protein/WPI have been marketed (Chef Jay’s 

protein puffs and Costas Foods muscle puffs). A product with a high concentration of 

WPC has yet to be made available to consumers. A particularly promising WPC 

application in the future is texturized WPC processed by extrusion.  
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 Texturization is a process by which ingredients are subjected to technologies 

such as extrusion to create structure and texture (Onwulata and Tomasula, 2004). The 

rotating screws in the extruder press proteins against the fixed heated barrel walls 

causing the denaturation and unfolding of the globular structure, and when the product 

exits through the restriction die, the proteins realign in the direction of flow (Onwulata et 

al., 2003; Onwulata et al., 2010). Research has been conducted on the production of 

texturized WPC for snack food and meat applications, and the snack food industry and 

meat industry may soon be able to utilize this technology. 

 Texturized WPC can be used in snack foods to create a mild and smooth dairy 

flavor, promote color development, improve the nutritional and textural characteristics, 

improve the shelf life, and at the same time serve as a cost-effective ingredient (U.S. 

Dairy Export Council, 2008). Onwulata et al. (2010) extruded NDM, WPC and WPI at 

high moistures to produce texturized proteins that had decreased water binding, which 

rendered the texturized product more suitable for use in puffed snacks. The use of NDM 

resulted in a marginal product because the presence of lactose resulted in poor 

texturization. Extruding WPC and WPI, on the other hand, resulted in the production of 

texturized products when extruded at high temperatures. In addition to traditional thermal 

extrusion, supercritical fluid extrusion is gaining popularity and may become an efficient 

and effective way to produce whey-incorporated texturized snack products. Supercritical 

fluid extrusion involves processing below 100 C, so as to maximize protein quality and 

minimize the formation of undesirable Maillard browning reaction products (Rizvi and 

Mulvaney, 1993). A snack product containing 40-60% WPC was developed using this 

technology, which had an expanded and crispy texture (Rizvi and Mulvaney, 1993).  

 Texturized WPC may also be used in the future for meat extender or meat 

replacement applications. Texturized WPC can be used for binding, extending, 

modifying the texture, improving the nutrition, and for increasing the cooking yields 

(Dairy Management Inc., 2006; U.S. Dairy Export Council, 2008). Unlike snack 

texturization, the product is cooled prior to exiting the die to prevent product expansion 

as it returns to atmospheric pressure, instead promoting the formation of a meat-like 

texture (Walsh and Carpenter, 2009). At least 80% of individuals who consume meat 

alternatives do not consider themselves vegetarians; therefore, a growing market for 

healthy meat alternatives exists (Walsh and Carpenter, 2009). An extruded product 

containing 40-100% WPC and 0-60% of an edible polysaccharide to be used as a snack 
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food or meat extender or meat analog has been developed by University of Utah 

researchers, Walsh and Carpenter (2009). A sensory evaluation has also been 

conducted to determine the acceptability of texturized WPC patties as compared to the 

commercially available texturized vegetable protein (Taylor and Walsh, 2002). Taylor 

and Walsh found that there were no significant differences in the texture and 

appearance, and the WPC patties were demonstrated to be as acceptable as 

commercially available meat substitutes. 

2.3.1.2 Nonfat Dry Milk 

 NDM has been used in extruded puffed snack formulations, but has not been 

studied specifically and/or has been used in small concentrations. However, the 

extrusion of NDM as a means to produce a texturized product has been studied. A 

summary of past research involving the use of NDM in extruded formulations will now be 

discussed. 

 Several studies have utilized small quantities of NDM in extrusion formulations, 

but have not described the physical product responses as a result of NDM addition. 

Rayas-Duarte et al. (1998) added 5-10 percent NDM to buckwheat flour mixes in order 

to improve the nutritional quality, flavor and functionality of the blends. Similarly, Malleshi 

et al. (1996) added ten percent NDM to sorghum, pearl millet, or finger millet and mung 

beans in order to provide a nutritious, ready-to-eat, weaning and supplementary food 

with desirable chemical and nutritional properties. Breakfast cereal formulations with five 

percent NDM processed by supercritical extrusion have also been studied (Sokhey et 

al., 1996). The purpose of adding the NDM was to lower the product density, improve 

extrudate cellular morphology, enhance nutritional properties, minimize product collapse, 

and increase the tenderness of the dried extrudate (Sokhey et al., 1996).  

 Other studies have studied the effects of adding NDM to extrusion formulations, 

but in these studies low concentration of NDM were used. Singh et al. (1991) studied the 

effect of various levels of milk protein raffinates containing different concentrations of 

lactose and up to 20 percent NDM coextruded with corn flour at 100, 125 and 150 C on 

extrudate characteristics. They concluded that lactose had a significant effect on product 

characteristics. The expansion ratio decreased above five percent NDM. Below this 

concentration, the NDM appeared to have improved the textural properties of the 

extrudates. Browning increased as more milk protein was added to the feed and as the 
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temperature increased—milk proteins appeared to be more reactive than corn proteins. 

The breaking strength increased and then decreased as the NDM concentration 

increased. Additionally, as the NDM concentration increased, the water holding capacity 

(WHC) decreased because the WHC for gelatinized starch is higher than the WHC for 

proteins.  

 A more recent application for the use of NDM in extruded formulations is in the 

production of texturized products. As mentioned previously, the texturization of NDM is 

difficult due to the presence of high concentrations of lactose, which has the tendency to 

absorb some of the water, thereby preventing protein-protein interactions (Tunick and 

Onwulata, 2006; Onwulata et al., 2010). 

2.3.2 Production of Oligosaccharides by Extrusion 

The production of oligosaccharides by extrusion processing is a promising 

means to produce oligosaccharides. It has already been established that sugars can be 

polymerized in the presence of heat and acid (Manley-Harris and Richards, 1993). 

Fetzer et al. (1953), Leuck (1945, 1948), and Färber (1936) are among those that have 

studied this polymerization mechanism. They independently found that polymerization is 

dependent on a number of factors including the sugar concentration of the initial system, 

amount of water present, temperature, amount of acid catalyst, time, and the number of 

acid catalysts used in the reaction. Fetzer et al. (1953) observed an increase in 

polymerization with an increase in the initial sugar concentration. The amount of water 

present influences the reaction; polymerization is favored in anhydrous conditions, since 

polymerization and hydrolysis are reversible equilibrium reactions (Leuck, 1945; Leuck, 

1948; Fetzer et al., 1953). The particular rate at which equilibrium is reached for a 

particular solids concentration is dependent on the temperature and the pH (Fetzer et 

al., 1953). In a patent by Färber (1936), it was described that the polymerization of 

monosaccharides was regulated by time, temperature and amount of acid catalyst. A 

high temperature and short time were essential to avoid side reactions, and 

decomposition of the polymers occurred if long reaction times and high temperatures 

were used. Färber also described that a mix of mineral acid catalysts can increase the 

amount of polymerized products formed. Ultimately, polymerization creates polymers of 

various sizes and configurations (Leuck, 1945; Leuck, 1948).  
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Extrusion can provide the heat necessary to promote the polymerization of sugar. 

Hwang et al. (1997, 1998) reported that the extrusion of glucose and lactose can be 

used to produce oligosaccharides. They extruded glucose syrup and lactose with a 

catalytic amount of citric acid to produce gluco-oligosaccharides and lacto-

oligosaccharides. The glucose and lactose were processed at 160, 180 and 200 C, 

which resulted in polymerization yields for the glucose syrup of 36.90%, 55.44% and 

77.10%, respectively, and polymerization yields of lactose of 26.45%, 38.16% and 

45.86%. The lactose may have had a lower polymerization yield due to the disaccharide 

structure of lactose, which resulted in a less effective polymerization mechanism. 

Increasing the temperature led to an increase in the viscosity as well as increase in 

polymerization. Exposure to -amylase and amyloglucosidase indicated the presence of 

random linkages rather than solely -1,4 linkages.  

 In a second study, Hwang et al. (1998) extruded glucose with a catalytic amount 

of citric acid to produce gluco-oligosaccharides and polydextrose. The temperature was 

varied similarly to the first study, and resulted in similar results. The polymerization 

yields at 160, 180 and 200 C were 43.9%, 75.0% and 93.7%, respectively. A total of 

63% gluco-oligosaccharides and 11.2% polydextrose were obtained at 180 C, while 

30.7% gluco-oligosaccharides and 63.0% polydextrose were obtained at 200 C. These 

results demonstrate the potential to control gluco-oligosaccharide yields during extrusion 

processing by means of temperature control. The results by Hwang et al. (1997, 1998) 

collectively demonstrate the potential of extrusion processing to be used as a means to 

produce oligosaccharides more rapidly and continuously. Additionally, flexible 

manipulation of the extrudate composition during the production of oligosaccharides may 

be possible.  

 This rapid and continuous process presents an opportunity in oligosaccharide 

manufacturing. If an inexpensive ingredient such as lactose is used to produce 

oligosaccharides that possess prebiotic properties by this rapid non-enzymatic method, 

the oligosaccharides are likely to have market potential. 
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2.4 Methods to Evaluate Extruded Products 

2.4.1 Combined Methods 

2.4.1.1 Colorimeter Measurements to Determine the Effect of Processing on 
Color 

 Two types of non-enzymatic browning include Maillard browning and 

caramelization, which result in brown pigment formation along with flavor development 

(Coultate, 2009). Morales and van Boekel (1998) found that the browning index can be 

measured both spectrophotometrically and colorimetrically in milk and milk-like systems. 

A summary of Maillard browning and caramelization, factors affecting the rate of 

browning, and implications are described. The colorimetric method is also described in 

this section because it was used to monitor pigment formation in NDM and starch 

systems as well as in extruded lactose systems. 

2.4.2.1.1 Maillard Browning 

As mentioned previously, the Maillard browning reaction is a type of non-

enzymatic browning, and involves a reaction between a carbonyl-containing compound 

such as a reducing sugar (aldoses and ketoses) and a primary amino group (Fennema 

et al., 2008). Common reducing sugars include glucose, fructose, and lactose (Fennema 

et al., 2008). The reactions are complex and result in the production of flavor, 

aromagenic and chromogenic compounds (Yaylayan, 2003).  

Following the reaction between an amino group and a carbonyl group, a series of 

reactions ensue. Addition compounds are formed followed by the formation of N-

substituted glycosylamines, Schiff bases and then Amadori products (Fox and 

McSweeney, 1998; Fennema et al., 2008). After Amadori products are formed, there are 

two major pathways to colored pigment production (Nursten, 2005). The Amadori 

products can undergo 1,2-enolization or 2,3-enolization, resulting in the production of a 

mixture of intermediates, ultimately forming reactive cyclic compounds such as HMF 

(Nursten, 2005). In the final stages of Maillard browning, aldol condensation, and 

polymerization occur at elevated temperatures resulting in the formation of melanoidins 

(Nursten, 2005). Melanoidins are large molecular weight, dark-colored, insoluble 

compounds (Fennema et al., 2008). The pigments vary in color, with the specific color 

dependent on the food involved and the extent of the reaction (Morales and van Boekel, 

1998).  
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2.4.2.1.1.1 Factors Affecting the Rate of Maillard Browning 

The rate of Maillard browning is affected by several factors including the 

temperature, moisture content, water activity, pH and presence of other compounds 

such as sulfur dioxide, sulfites or sulfur-containing compounds (Fennema et al., 2008). 

The rate of browning is also dependent on the ratio of reducing sugar to amino acid, as 

well as the pressure (Baisier and Labuza, 1992; Lei et al., 2007). Extrusion processing 

conditions can also be altered to reduce the amount of browning by reducing the 

residence time; the time the material spends in the barrel can be reduced by increasing 

the feed rates and increasing the screw speed (Heldman and Hartel, 1997). Although the 

browning rate is affected by several factors, the moisture, pH and temperature have the 

greatest influence, so therefore will be discussed in detail. 

The amount of moisture in a food system affects the rate of Maillard browning. 

Typically, the reaction rate is slow at very low moistures, most rapid at intermediate 

moistures, and slows again at high moistures (Fennema et al., 2008). This can be 

explained by the fact that at higher moistures, the reactants are diluted, so therefore are 

less likely to react with one another (Warmbier et al., 1976). On the other hand, at very 

low moistures, the reactants lose mobility as a result of the increase in viscosity, so the 

reaction rate decreases (Warmbier et al., 1976).  

 The pH also has a marked effect on the rate of Maillard browning. As explained 

previously, the Amadori product can take one of two pathways—either 1,2-enolization or 

2,3-enolization prior to melanoidin production. The pH determines which type of 

enolization is favored (Nursten, 2005). 1,2-enolization is favored at a lower pH whereas 

2,3-enolization is favored at a higher pH (Nursten, 2005). The reaction rate is more rapid 

in a basic environment (Ajandouz and Puigserver, 1999). This can be explained by the 

following two explanations. First, in an acidic environment, less browning occurs 

because the amino groups are protonated, so are therefore unavailable to react with 

carbonyl containing compounds (Miller, 1998). On the other hand, in a basic 

environment deprotonation of the -amino group can occur, which accelerates the 

reaction (Ajandouz and Puigserver, 1999). At a pH greater than five, in particular, 

reactive cyclic intermediate compounds and compounds containing amino groups are 

more likely to polymerize to melanoidins (Fennema et al, 2008). A second explanation is 

related to the fact that the rate of mutarotation of the hemicacetal and hemiketal 

intermediates created in the reaction increases as the pH increases (O’Brien, 2009). 
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Normally sugars only participate in the browning reaction when they are in their acyclic 

form (O’Brien, 2009).  

 Temperature has been shown to have the greatest effect on the rate of 

browning—with browning increasing two to three times for every increase in 10 C, and 

may be even higher in systems containing fructose (Gogus et al., 2010). The 

composition of Maillard reaction products is also affected by temperature, with an 

increase in carbon content, aromaticity and carbon saturation observed as the 

temperature increases (Gogus et al., 2010).  

2.4.2.1.1.2 Implications in Extruded Dairy-Containing Products 

The Maillard reaction is likely to occur in extruded products containing dairy 

ingredients, and may result in both adverse and beneficial effects. The nutritional quality 

often decreases after non-enzymatic browning due to the linkage of essential amino 

acids to lactose, which results in a loss in protein quality and availability as well as a 

decrease in the digestibility (Thomas et al., 2004). This linkage occurs after the Schiff 

base undergoes the Amadori rearrangement to form an Amadori product (Thomas et al., 

2004). The products are not metabolically available, and therefore are not digestible 

because the peptide bond formed between the amino acid and lactose is resistant to 

hydrolysis by trypsin (Fox and McSweeney, 1998; Ajandouz et al, 2001; Thomas et al., 

2004). The formation of the linkage also results in a decrease in the essential amino 

acids, and therefore the biological value of the protein decreases (Fox and McSweeney, 

1998). The amino acid lysine, which is an essential amino acid, is found in abundance in 

the caseins and is likely to be involved in the reaction (Fox and McSweeney, 1998). 

Accompanying a decrease in the nutritional value is a potential increase in the 

allergencity of some proteins, and the production of undesirable flavor compounds, 

carcinogenic and mutagenic compounds (Wang et al., 1999; Thomas et al., 2004). Many 

of the intermediate products of Maillard browning, such as furfural and 

hydroxymethylfurfural, have been associated with the development of off-flavors (Ferretti 

and Flanagan, 1972; Fox and McSweeney, 1998). The mutagenic nature of browned 

products has also been demonstrated (Nishigaki et al., 2009).  

 Although the Maillard browning reaction is associated with adverse effects, 

beneficial effects also exist. Desirable flavors and colors are often produced, functional 

properties may increase at the initial stages of the reaction, and an increase in 
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antioxidant activity due to the formation of the Maillard reaction products may result (Yen 

and Hsieh, 1995; Fox and McSweeney, 1998; Ajandouz et al., 2001; Guy, 2001). 

 Because the Maillard browning reaction occurs extensively in extruded dairy-

containing products, there is a need to understand the consequences of consuming a 

product with a significant amount of Maillard browning, and understand how the product 

formulation and processing conditions will affect the rate and extent of browning.  

2.4.2.1.2 Caramelization 

 Caramelization, as opposed to Maillard browning, occurs in the absence of 

amino acids and proteins, and occurs at temperatures greater than the melting point of 

the sugar (Gogus et al., 2010). Caramelization can lead to desirable product 

characteristics in the initial stages, but the extent of caramelization must be controlled in 

order to prevent the production of burnt and bitter compounds, which are associated with 

high molecular weight compounds (Kamuf et al., 2003; Gogus et al., 2010). Flavor 

compounds generated during caramelization include diacetyl, hydroxymethylfurfural 

(HMF), among hundreds of other compounds (Gogus et al., 2010). 

Caramel colors used in industrial applications are produced through the process 

of controlled caramelization (Kamuf et al., 2003). Commercial production involves 

heating sugars with or without the presence of ammonia or sulfite—ammonia and sulfite 

affect the color intensity as well as the charge of the caramels and therefore determine 

the suitability for use in food products (Myers and Howell, 1992; Gogus et al, 2010). Four 

classes of caramel colors exist, which are classified based on the manufacturing 

methods and macromolecular properties (Myers and Howell, 1992; Kamuf et al., 2003). 

Class I and II compounds are produced without the use of ammonium compounds. 

Because of the lack of ammonium compounds, which initiate the degradation process, 

much higher reaction temperatures are required (Myers and Howell, 1992). Acids may or 

may not be used in the production of all caramel class compounds (FAO, 2011).  

Ammonium compounds are used in the production of class III and IV compounds, while 

sulfite compounds are used in the production of class II and IV compounds. 

Caramelization can occur by acidic and basic degradation (Gogus et al., 2010). 

Gogus et al. (2010) have described caramelization by both acidic and basic degradation. 

In acidic degradation, the sugar undergoes dehydration to form 1,2-enediol. The enediol 
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converts to HMF, in the case of hexoses, and 2-furaldehyde, in the case of pentoses. 

Intermediate compounds are produced, but the final reaction involves fragmentation to 

produce flavor compounds, and finally polymerization to produce color compounds. 

Alkaline degradation, on the other hand, involves enolization followed by polymerization 

reactions.  

2.4.2.1.2.1 Factors Affecting the Rate of Caramelization 

Similarly to Maillard browning, several factors including the type of sugar present, 

pH and temperature can affect the rate of caramelization. Buera et al. (1987) prepared 

dilute fructose, xylose, glucose, maltose, lactose and sucrose solutions with 

concentrations between five and ten percent, and found that the fructose and xylose 

solutions browned more rapidly as compared to the other solutions. They attributed this 

response to the fact that pentoses have less structural stability than hexoses, and 

therefore are more reactive. Kim and Lee (2008) also observed this effect in glucose and 

fructose solutions. The pH and temperature have also been shown to have an effect on 

the rate and extent of caramelization. A lower pH inhibited caramelization, while a pH 

from 7.0 to 12.0 corresponded to an increase in browning intensity in both fructose and 

glucose solutions (Burea et al., 1987; Phongkanpai et al., 2006). An increase in 

browning was observed with an increase in temperature when heating glucose and 

fructose solutions (Kim and Lee, 2008). 

2.4.2.1.2.2 Implications of Caramelization 

Color and flavor compounds can be produced through the process of 

caramelization, with other implications associated with the products of caramelization 

existing, such as an increase in antioxidant capacity and carcinogenicity. In a study by 

Tsai et al. (2009), fructose, xylose, glucose and sucrose with concentrations ranging 

from 1 to 40 percent and at different pHs (3, 7, and 10) were heated at 90 C from 0 to 42 

hours, and the antioxidant capacity was determined. The highest antioxidant capacity 

was observed at high monosaccharide concentrations and at more alkaline conditions. 

Pitotti et al. (1995) also studied the antioxidant properties of heated fructose and glucose 

solutions with and without amino acids. They demonstrated that the non-enzymatic 

products associated with the processes of caramelization and Maillard browning had 

antioxidant properties, which could slow peroxidase activity. 
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 The carcinogenicity of certain products of caramelization has also been 

observed. A petition was submitted by Center for Science in the Public Interest to revoke 

the GRAS status and prohibit the use of caramel colorings produced with ammonia 

(Jacobson, 2011). These caramel colors contain 2-methylimidazole and 4-

methylimidazole, which have been determined to be carcinogenic in animal studies 

(Jacobson, 2011). 

2.4.2.1.3 Measurement of Browning by Colorimeter Measurements 

A tristimulus colorimeter can be used to measure the color of a sample, and has 

been used to measure the production of melanoidins during the advanced stages of 

Maillard browning, as well as monitor the color changes that occur during the 

caramelization of sugar (Pagliarini et al., 1990; Quintas et al., 2007). This instrument is 

useful because it measures color as how the eyes perceive color (HunterLab, 2010). A 

color comparison of the samples is based on three different color values as described by 

three axes coordinates, x, y and z, with a minimum value of zero and a maximum value 

of 100 for each axis (HunterLab, 2008). The axis that runs from top to bottom, the z-axis, 

describes the L value, which describes the lightness of the sample. A value of 100 is a 

perfect reflecting diffuser, whereas a minimum value of zero represents black. The a 

value describes the x-axis coordinates. A positive a value is red, while a negative a 

value is green. The b value describes the y-axis coordinates. A positive b value is 

yellow, while a negative b value is blue.  

2.4.2 Methods used to Evaluate NDM Extrudates 

 In addition to evaluating the extent of browning in NDM-starch puffs, many other 

parameters were measured in order to determine the effect of NDM concentration, acid 

level in the injected fluid, as well as the fluid addition rate on extrudate characteristics. A 

summary of these parameters including the process and product responses and the 

proximate analysis of the NDM-starch raw mixes and/or extrudates is provided in Table 

2. 
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Table 2. Proximate analysis and product and process responses collected during the 
experimental trial 

Proximate Analysis Process Responses Product Responses 

Parameter 
Measured 

Method Parameter 
Measured 

Method Parameter 
Measured 

Method 

Moisture Vacuum 
oven 

(ADPI
1
, 

2002) 

Die 
temperature 

Extruder 
output 

Browning Absorbance at 
420 nm (Davies 

et al., 1998) 

Protein Dumas Die 
pressure 

Extruder 
output 

Color Hunterlab 
colorimeter (Wu 

et al., 2007) 
Fat Mojonnier 

fat 
extraction 
(Wehr and 

Frank, 
2004) 

Motor 
torque 

Extruder 
output 

Puff solubility 
(WAI

2
 and 

WSI
3
) 

Method 
described by 

Onwulata et al., 
1998 

Ash Dry ashing 
with muffle 

furnace 
(ADPI, 
2002) 

Specific 
mechanical 

energy 

Extruder 
output 

Expansion 
ratio 

Diameter 
extrudate/diamet

er die orifice 

Carbohydrate By 
difference 

  Hardness Three point 
bend test 

    Bulk density Weight per 
volume 

    Degree of 
gelatinization 

Rapid visco 
analyzer 

1
American Dairy Products Institute 

2
Water absorption index 

3
Water solubility index 

 

 In the following sections, selected parameters shown in Table 2 will be 

described, as a means to justify why these measurements are important. These include 

spectroscopic measurements of melanoidins from Maillard browning, three point bend 

test to determine extrudate hardness, water absorption index (WAI), water solubility 

index (WSI) and testing with a rapid visco analyzer to determine the degree of starch 

gelatinization. 

2.4.2.1 Spectroscopic Measurement of Melanoidins from Maillard Browning 

 Melanoidins, the end-pigments that form during the Maillard browning reaction, 

are light absorbing compounds, as well as light scattering compounds due to their large 

molecular weight (Owusu-Apenten, 2005). These Maillard reaction products exhibit 

absorption beginning in the UV range and continuing in the visible range, having no 

definitive maximum wavelength for absorption due to the variable number of products 
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produced in the reaction (Owusu-Apenten, 2005). The absorption at 420 or 500 nm is 

usually measured to monitor the formation of the brown color (Owusu-Apenten, 2005). 

The absorption at 420 nm was used in the current study as a means to assess the 

extent of browning. 

2.4.2.2 Textural Measurements by the Three-Point Bend Test 

 Several instrumental measurements of texture analysis exist for the analysis of 

extruded puffs, with the particular method of analysis dependent on the sample, the 

texture parameter desired, as well as the availability of test cell fixtures. The three-point 

bend test is a snap test commonly used to analyze the texture of crackers, biscuits, 

cookies and extrudates (Smith, 2003; Cauvain and Young, 2009). The bend test can be 

used to determine the force required to bend or snap a sample, or in other words to 

determine the strength or hardness of a sample (Cauvain and Young, 2009; Grote and 

Antonsson, 2009). Hardness is defined as the force at maximum compression, and is a 

measure of the resistance to plastic deformation (Steffe, 1992; Grote and Antonsson, 

2009).  

The name of the test derives from the experimental set-up. The test specimen 

rests on two supports, and a third compressing bar is lowered between the two supports 

(Bourne, 2002; Cauvain and Young, 2009). As the central compressing bar is lowered 

and a force is applied to the sample, the force increases as the sample resists snapping 

until the compressing bar faces no resistance, and the sample snaps (Cauvain and 

Young, 2009). 

2.4.2.3 Water Absorption Index 

The WAI commonly provides a measure of the volume occupied by starch after 

swelling in excess water, and is related to the volume of gel formed (Cristina da Silva et 

al., 2009; Ortiz et al., 2010). The WAI is dependent on the availability of hydrophilic 

groups, as well as on the gel formation capacity of the macromolecule (Cristina da Silva 

et al., 2009). The WAI is typically used to evaluate the extent of gelatinization, since 

native starch does not absorb water at room temperature, but absorbs water after 

thermal processing (Lazou and Krokida, 2010). Extrusion temperature and moisture 

have been reported to affect the degree of gelatinization, and consequently, the WAI is 

also affected. The WAI has also been used to determine the extent of protein 
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denaturation of extruded puffs, since less water is absorbed by protein as it becomes 

denatured (Fernández-Gutiérrez et al., 2004).  

2.4.2.4 Water Solubility Index 

The WSI, on the other hand, determines the amount of soluble polysaccharides 

that leach out of the starch granule when in the presence of excess water (Cristina da 

Silva et al., 2009; Ortiz et al., 2010). WSI is often used to indicate the extent of starch 

molecule degradation and dextrinization (Cristina da Silva et al., 2009; Lazou and 

Krokida, 2010). The WSI can be affected by molecular interactions occurring between 

the starch, protein and lipid components (Cristina da Silva et al., 2009). For example, the 

WSI can provide evidence on whether or not a protein-starch complex has formed 

(Smietana et al., 1988; Amaya-Llano et al., 2007). The WSI can also be affected by the 

material ratio, feed moisture content, extrusion temperature, and feed rate (Lazou and 

Krokida, 2010).   

2.4.2.5 Rapid Visco Analyzer Measurements 

A Rapid Visco Analyzer (RVA) is a viscometer that can be used to assess the 

properties of many foods (Cauvain and Young, 2009). One application is for the 

determination of the pasting properties of a starch solution during heating and cooling 

(Cauvain and Young, 2009). Water and samples are typically put into an aluminum 

cylindrical vessel with a plastic stirrer. The vessel is lowered into the RVA instrument 

and then the sample is subjected to a certain temperature profile and stirring rate over a 

period of time, which is specific to the RVA profile used. The viscosity of the sample is 

recorded over time and a pasting curve is generated based on the changes in viscosity 

over time.  

A number of parameters can be elucidated from the curve including the pasting 

temperature, peak viscosity, trough viscosity and final viscosity. As starch is heated, the 

starch granules absorb water and swell, and amylose leaches out of the starch granules, 

thereby increasing the viscosity (Copeland et al., 2009). The temperature at the initial 

increase in viscosity is known as the pasting temperature (Copeland et al., 2009). This 

value is dependent on many variables including the starch-type, pH and the presence of 

substances such as sugar and salt (Núñez et al., 2009). The peak viscosity occurs when 

the number of swollen, but intact granules is at a maximum, and eventually the granules 

begin to degrade as the sample is heated, decreasing the viscosity (Copeland et al., 
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2009). The minimum viscosity attained after the peak viscosity, but prior to the final 

viscosity is known as the trough viscosity. As the temperature decreases, the viscosity 

increases to a final value—the viscosity at this period of time is known as the setback 

viscosity (Copeland et al., 2009). During this time, the starch molecules undergo 

retrogradation, which involves the realigning of starch molecules to a semi-crystalline 

state.  

Extrusion processing involves subjecting samples to thermal and mechanical 

energy, and results in a RVA profile with lower peak and final viscosities (Newport 

Scientific, 1997). Foods processed by extrusion such as ready-to-eat breakfast cereals 

and snacks can therefore be tested using a RVA in order to determine the degree of 

starch transformation during processing, known as the degree of cook (Cauvain and 

Young, 2009). Post-processing analysis of the extrudates is particularly effective in 

ensuring product consistency (Cauvain and Young, 2009). 

2.4.3 Methods used to Monitor Oligosaccharide Production 

 Process measurements (die temperature, product temperature, motor torque, 

specific mechanical energy) were recorded during the extrusion of lactose, and a variety 

of methods were used to characterize the extruded product. The parameters measured 

and the methods utilized are summarized in Table 3. 

Table 3. Parameters and the methods used to characterize the products of lactose 
extrusion 

Parameter Measured Method 

Moisture Karl Fischer 

Color HunterLab colorimeter 

pH pH meter 

DP
1
 analysis Ion exclusion HPLC

2
 

Lactose Megazyme lactose assay procedure 

Soluble dietary fiber Megazyme integrated total dietary fiber assay 

1
Degree of polymerization 

2
High performance liquid chromatography 

 The quantity of lactose will be determined prior to and after extrusion to 

understand if lactose was either hydrolyzed, converted to lactulose or other 

disaccharides, or polymerized to sugars with higher degrees of polymerization (DP). A 
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description of the methods used to determine the DP and the soluble fiber content of the 

products of lactose extrusion are described in detail in the following sections. 

2.4.3.1 Sugar Profile Analysis by HPLC 

 HPLC is the preferred method of analysis for monosaccharides and 

oligosaccharides (BeMiller, 2003). Since carbohydrates do not possess UV-absorbing 

chromophores, refractive index (RI) detectors as well as evaporative light-scattering 

detectors (ELSD) are utilized (Churms, 2004). RI detectors were more commonly used 

in the past; however, due to their limited sensitivity, ELSD detectors have become more 

popular (Churms, 2004).  

Ion-exclusion chromatography can be utilized to separate oligosaccharides by 

size or DP (Fritz and Gjerde, 2009). The DP is the number of repeating units in a 

polymer (Mori, 1998). In ion-exclusion chromatography, ionic materials pass through the 

column more readily, while non-ionic materials pass through the column more slowly 

(Fritz and Gjerde, 2009). Therefore, since larger oligosaccharides have more charge 

than smaller oligosaccharides, the larger oligosaccharides will pass through the column 

more quickly. Thus, the sugars are separated on basis of size or DP. This method of 

chromatography was utilized in the current research to fractionate the oligosaccharides.  

2.4.3.2 Measurement of Soluble Dietary Fiber 

 The non-digestible components that make up food materials are collectively 

know as dietary fiber (BeMiller, 2003). Dietary fiber can be classified as either insoluble 

or soluble dietary fiber. In most instances, when considering soluble and insoluble 

dietary fiber, soluble dietary fiber is more susceptible to fermentation and microbial 

degradation (Gallaher, 2000). As a result, different physiological effects are observed. 

Insoluble dietary fiber includes cellulose, lignin and insoluble hemicelluloses, while 

soluble dietary fiber includes -glucans, arabinoxylans, gums, pectins, oligosaccharides 

and soluble hemicelluloses (Goñi et al., 2009).  

 Methods of analysis for fiber determination include both gravimetric and chemical 

methods (BeMiller, 2003). A gravimetric method was utilized in this research, and 

involved the use of the Megazyme integrated total dietary fiber assay kit, which models 

the AOAC Official Methods. This method includes the ability to determine the total 

dietary fiber content of resistant starch and non-digestible oligosaccharides, quantities of 
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which are difficult to determine with the traditionally used method. Since we expected to 

produce oligosaccharides as the dietary fiber component, efforts were focused on solely 

determining the quantity of soluble dietary fiber. The procedure begins with the 

enzymatic digestion of starch and protein. Indigestible dietary fiber (IDF) was 

precipitated out of solution with the addition of ethanol, and the filtrate containing high 

molecular weight soluble dietary fiber (HMWSDF) and low molecular weight soluble 

dietary fiber (LMWSDF) was collected. Total soluble dietary fiber consists of the 

HMWSDF and the LMWSDF fractions. The filtrate was precipitated with four volumes of 

ethanol, and the precipitate constituted the HMWSDF. The true quantity of HMWSDF 

was determined after correcting for ash and protein. The LMWSDF component was in 

the filtrate, and the quantity was analyzed by HPLC. Figure 1 is a flow diagram that 

describes the procedure for the Megazyme integrated total dietary fiber assay. 
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Figure 1. Megazyme integrated total dietary fiber assay procedure for determining 
HMWSDF1 and LMWSDF2 

 

1
High molecular weight soluble dietary fiber 

2
Low molecular weight soluble dietary fiber 

3 Extrusion of Nonfat Dry Milk and Starch 

3.1 Introduction 

Extrusion is a valued food processing operation as it can be used to create food 

products with unique textural properties. It has the advantage of being a continuous 

process, can be highly automated, and can consistently create quality products 
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(Heldman and Hartel, 1997; Riaz, 2000; Guy, 2001). Starch is typically used in extruded 

formulations in puffed snacks and cereal applications due to its expansion and structure-

forming properties created as starch is gelatinized, fragmented, and retrograded 

(Moskowitz, 1987; Lai and Kokini, 1991; Huang and Rooney, 2001). Partial or full 

fortification with proteins has also been used in expanded products to impart nutritional 

and functional benefits. Soy protein is a leading protein used in extrusion puffing, but 

milk proteins such as whey protein concentrates and isolates, caseinates and milk 

protein concentrates and isolates have also been studied (Smietana et al., 1988; 

Barraquio and van de Voort, 1991; Onwulata et al., 2001a; Amaya-Llano et al., 2007). 

Less research has focused on nonfat dry milk (NDM) because of the difficulty in creating 

expanded puffs when used at high levels, and because of its higher lactose content, 

which can lead to browning (Walstra et al., 2006). NDM would be beneficial in that it 

currently has the advantage of an abundant and inexpensive supply, has the full amount 

of calcium found in milk, and has a cleaner flavor than whey protein concentrates.  

 The main characteristics of a protein affecting its usefulness in extrusion are 

solubility, protein-protein interactions and protein-starch interactions. In cereal extrusion, 

electrostatic bonds contribute to the three-dimensional structure and are the primary 

interactions occurring between macromolecules (Arêas, 1992). In protein extrusion, both 

covalent and non-covalent bonds are present, which largely influence the final structure 

by adversely affecting product expansion (Arêas, 1992; Li and Lee, 1996; Moraru and 

Kokini, 2003). Proteins also affect the distribution of water throughout the matrix, and 

their macromolecular structure and conformation affect the rheological properties of the 

extruded material (Moraru and Kokini, 2003). Allen et al., (2007) demonstrated that 

product shrinkage can be minimized by promoting the conversion of starch into dextrins 

during extrusion processing, which has been shown to confer stability to the extrudate. 

Further, the aforementioned study noted that protein-starch interactions prevent the 

breakdown of starch to dextrins, which can result in reduced structural stability in 

extruded puffs. Protein-protein interactions have been found to improve the functional 

characteristics of extruded products, by contributing to texturization, and have been 

exploited in meat analogs as well as puff and crisp applications (Faubion and Hoseney, 

1982; Liu and Hsieh, 2007; Liu and Hsieh, 2008). Texturization occurs as proteins are 

denatured, disassociated, aligned with the direction of flow within the extruder and then 

cross-linked at the die (Arêas, 1992). Extrusion formulations and conditions can be 
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manipulated to promote protein interactions. For example, a patent by Onwulata (2006) 

describes the use of partially denatured whey protein in puffs containing high amounts of 

protein, so that expansion can be optimized and a desirable crunch and crispness can 

be obtained. Similar treatments prior to inclusion in extruded puffed products also have 

been shown to improve expansion and textural properties (Onwulata and Tomasula, 

2004; Onwulata et al., 2010). 

 Starch type has also been demonstrated to influence physicochemical 

interactions. Amylose can act as a binder, promoting starch-protein interactions, while 

starches high in amylopectin favor protein-protein interactions (Matthey and Hanna, 

1997; Allen et al., 2007). 

  The pH can also be altered to affect interactions among components. Casein 

proteins in NDM will heat aggregate when the pH is adjusted above or below a critical 

range of stability (Singh and Creamer, 1992), which is a mechanism that we envision 

can be used to induce protein-protein interactions in the extruder. A recently published 

U.S. patent application describes the production of caseinate puffs from dry acid casein 

with the addition of lime powder to create a pH of extrusion of 5.2-5.6 to induce protein 

interactions (Bisson et al., 2008).  

The cellular structure can also be altered by the amount of added moisture 

during extrusion (Harper, 1981). Higher moisture contents result in lower product 

viscosities within the extruder due to differences in shear, mixing and mechanical heat 

(Akdogan, 1996). Consequently, there is a lower pressure differential between the 

product in the barrel and when it leaves the barrel through the die and encounters 

atmospheric pressure. Little to no expansion results at the die since less moisture is 

flashed off as steam when there is a lower pressure differential (Camire, 1998; Akdogan, 

1999). Increasing the moisture content also increases the mobility of proteins, thus 

increasing the likelihood that cross-links will from, thereby increasing the density of 

extrudates (Strahm, 2006). 

 Given the many ways to manipulate structure in the extruder, we hypothesized 

that NDM concentration, acid level and fluid addition rate could alter the protein-starch 

and protein-protein interactions, consequently affecting the structural and physical 

characteristics of the extruded product. The objective of this study was to investigate the 

variation of NDM concentration, fluid addition rate and acid level on product attributes 
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such as expansion, cell structure, browning, solubility, and degree of starch conversion. 

It is envisioned that this research will assist product developers in the food industry 

utilize NDM at high concentrations to create functional extruded products.  

3.2 Materials and Methods 

 The materials and methods are described in this section. The expanded 

methods, including the method describing the extrusion process, are in section A.1 of 

the Appendix. 

3.2.1 Materials 

Grade A Low Heat NDM (DairyAmerica, Inc., Fresno, CA), Clearjel S, a modified 

waxy maize (National Starch, Bridgewater, NJ), Elaine 100, potato starch (National 

Starch, Bridgewater, NJ) and 88-92% liquid lactic acid (Food Chemicals Codex grade) 

item A159-500 (Fisher Scientific, Inc., Fairlawn, NJ) were used in all extrusion trials.  

3.2.2 Pretrial Experiments to Determine Extrusion Conditions 

Five pretrial extrusion runs took place in order to determine the extruder 

processing conditions (barrel temperatures, screw design, screw speed), along with the 

experimental parameters (starch type, fluid addition rates, and acid levels in the injected 

fluid). The processing conditions were chosen to maximize visual appeal and to obtain 

puffs with a potentially acceptable expansion ratio and bulk density. Selections of the 

initial barrel temperature profile and screw design were based on prior experience. The 

intermediate NDM level (65%) was used in all the trials, and two starches (Clearjel S and 

Elaine 100) were evaluated to decide which starch produced a more desirable extrudate. 

Clearjel S was ultimately chosen for the experimental trials. The screw was designed to 

promote ingredient hydration and to obtain optimum shear to promote interactions 

amongst components, yet not result in a jagged appearance due to the application of too 

much shear. The best product was obtained setting the first two barrel sections at 40 C, 

and the last two sections at 80 C. The screw speed selected was 350 rpm. Fluid addition 

rates that could be run on our extruder without reaching maximum torque, and also not 

resulting in excessively dense product which can occur at high fluid addition rates, were 

evaluated. The acid levels used at the beginning of the pretrial were based on evaluating 

NDM/starch blends with acid in a Rapid Visco Analyzer Model 4 (Newport Scientific, 
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Australia) where lactic acid was added and the pH prior to and after RVA analysis was 

determined, so that we could estimate the pH change with heating. We chose an acid 

level that resulted in a pH of 5.2. Unfortunately, this laboratory method was not effective 

in determining the amount of acid to add during extrusion because the resulting samples 

tasted too acidic and had very little expansion. Ultimately, the acid levels chosen for the 

experimental trials were based on whether or not a desirable extrudate was obtained. 

The best conditions determined during these pretrials were used in the experimental 

design. 

3.2.3 Experimental Design and Preparation of Raw Materials 

The experimental design consisted of a full 3 x 3 x 2 factorial design with three 

NDM levels (45, 65, 85%) (dry blend brought to 100% with Clearjel S, a modified corn 

starch derived from waxy maize), two water addition rates (6.5, 7.3 kg/h) and three lactic 

acid levels (0, 33, 50% of the added water), totaling 18 treatments. Treatments are 

defined according to NDM concentration (45NDM, 65NDM, 85NDM), water addition level 

(low moisture (LM), high moisture (HM)), and lactic acid level (low acid (LA), medium 

acid (MA), high acid (HA)). One NDM formula was run on each processing day, and 

each treatment was replicated. The order in which samples were collected was 

determined by fluid addition rate and acid level; HM conditions preceded LM conditions, 

and within each water addition level, LA samples were collected first, followed by MA 

and then HA samples. Due to extrusion operation constraints, the order in which 

samples were collected could not be randomized.  

The NDM and starch were mixed in 50 lb batches with a ribbon blender model 

IMS-1 (Bepex International LLC, Minneapolis, MN) in forward and reverse directions for 

2 minutes each. The mix was processed on a Buhler 44mm co-rotating twin-screw 

extruder DNDL 44 (Bühler AG, Uzwil, Switzerland) with a L/D ratio of 28, which 

consisted of 4 barrel zones set at 40 C, 40 C, 80 C, 80 C from inlet to die. The 

temperatures of the barrels were maintained by a heat transfer control system model 

H47212DT (Mokon, Buffalo, NY). The same screw configuration (Figure 2) was used 

throughout the experimental design and was selected to provide medium shear. Dry 

feed was conveyed at 40 kg/h into the extruder with a K-Tron Soder K-ML-KT20 loss-in-

weight feeder (K-Tron Ltd., Niederlenz, Switzerland). The screw speed was maintained 

at 350 rpm. The water (and water with lactic acid added) was pumped by metering 
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pumps (type N-P33, Bran Luebbe, Inc., Falo Grove, IL) and computer controlled by 

measuring the flow rate with a mass flow meter (Micro Motion, Inc., Boulder, CO). The 

extruded product was collected in ropes after the die temperature, die pressure and 

extruder shaft torque reached steady state, cut into 5 cm lengths with scissors, and then 

dried for 10 minutes at 100 C on trays with a screened bottom on a fluidized bed dryer 

(Model: OTW 05TRR2,Bühler AG, Braunschweig, Germany). Process responses (die 

temperature, die pressure, motor torque and specific mechanical energy) were collected 

at the beginning and end of sample collection for each treatment. Extrudates were 

placed 1 L glass jars, and stored at room temperature until analyzed.  

 

 

 

Figure 2. Screw design used on a Buhler 44mm co-rotating twin-screw extruder for the 
manufacture of nonfat dry milk and starch puffs. 
 
 

3.2.4 Chemical Analysis 

Protein 

Total protein (nitrogen x 6.38) of the extrudates and the NDM and starch 

mixtures was determined using a TruSpec® N (Leco Corporation, St. Joseph, MI) based 

on the Dumas method of combustion.  

Moisture and Ash 

Moisture content was determined by vacuum oven and ash was determined by 

muffle furnace following Bulletin 916, Standards for Grades of Dry Milk (American Dairy 

Products Institute, 2002). The samples were prepared for moisture analysis by grinding 

with a mortar and pestle and then passing through a 60 mesh sieve 60BB8H (Seedburo® 

Equipment Company, Chicago, IL).  
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Fat and Carbohydrate 

Fat was determined following method 15.086 from Standard Methods for the 

Examination of Dairy Products (Wehr and Frank, 2004). Carbohydrate content was 

calculated by difference from the other components. 

pH 

The pH was measured on an Acorn® pH 6 meter (Oakton Instruments, Vernon 

Hills, IL) with an Orion 8172BNWP Ross Sure-Flow pH electrode (Thermo Scientific, 

Inc., Waltham, MA). The pH was measured after combining 10 mL reverse osmosis 

(RO) treated water with 15 g crushed extrudate. 

3.2.5 Physical Analysis 

Bulk Density 

The bulk density of the dried extrudates was determined by filling a 100 cubic 

inch container with dried extrudates and then measuring the mass of that volume.  

Expansion Ratio 

 The expansion ratio was determined by dividing the diameter of the extrudates 

by the die orifice diameter (3.0 mm). The diameters of 10 randomly chosen samples 

within each replicate were measured with an electronic caliper. 

Color 

The color of uncrushed extrudates was determined using the method described 

by Wu et al. (2007). Samples were placed in a glass Petri dish, and the color was 

analyzed with a HunterLab D25 A Optical Sensor Colorimeter (Hunter Associates 

Laboratory, Inc., Reston, VA). A total of 5 measurements were recorded, with rotating 

the Petri dish 90  after each reading. 

Browning at 420 nm 

Extent of browning during extrusion was determined by measuring absorbance at 

420 nm by the method described by Davies et al. (1998) with a few modifications. 

Samples were ground and sifted through a 60 mesh sieve. The sample (0.375 g) was 

dissolved in 12.5 mL RO water, vortexed, and then digested with 0.5 mL of pancreatin 
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solution (50 mg/mL dissolved in RO water), (pancreatin 3X 102558, MP Biomedicals, 

LLC, Solon, OH) while shaking at 45 C for 2 hours. Samples were vortexed, and 1 mL 

was transferred into each of three 2 mL microcentrifuge tubes. 40 µL trichloroacetic acid 

(Sigma-Aldrich®, St. Louis, MO) prepared at 50% weight per volume of RO water was 

added to each sample, the tubes were centrifuged at 15,850g with a Beckman Microfuge 

E (Beckman Instruments, Inc., Palo Alto, CA) for 5 minutes, and then filtered through a 

32 mm Whatman no. 1 filter paper (Whatman, Inc., Piscataway, NJ) into cuvettes. A 

blank was prepared as above but without extrudate. Browning was determined by 

measuring the absorbance at 420 nm with a Beckman DU® 650 Spectrophotometer 

(Beckman Instruments, Inc., Fullerton, CA), and the results were converted to 

absorbance per gram of solids. 

Water Absorption Index and Water Solubility Index 

Water absorption index (WAI) and water solubility index (WSI) were determined 

by modifying the methods reported by Onwulata et al. (1998). Samples were ground with 

a commercial spice grinder and sifted through a 212 micron sieve (NC0003425, Thermo 

Fisher Scientific, Inc., Waltham, MA). 1.010 g (±0.005 g) was placed in a 50 mL 

centrifuge tube and 10 mL RO water was added. After standing 15 minutes (shaking 

every 5 minutes), the samples were centrifuged for 15 minutes at 1000 g in a C5-6R 

Centrifuge (Beckman Instruments, Inc., Palo Alto, CA). The supernatant was decanted 

into a tared aluminum pan, and the weight of the gelled material remaining in the 

centrifuge tube was recorded. WAI was calculated as the weight of the gel obtained after 

the removal of the supernatant per unit weight of original dry solids. To determine the 

WSI, the liquid from the supernatant was evaporated over boiling water, and then the 

pans were dried at 100 C in a gravimetric oven (Imperial II Radiant Heat Oven, Lab-Line 

Instruments, Inc., Melrose Park, IL) for 3 hours as recommended in the Standards for 

the Examination of Dairy Products for the determination of moisture in milk (Case et al., 

1985). The pans were weighed after cooling, and the WSI was determined as the weight 

of the dried supernatant expressed as a percentage of the original weight of the sample. 

Peak Viscosity 

To determine the peak viscosity, which can provide an indication of the degree of 

starch gelatinization that occurred in the extruder, a Rapid Visco Analyzer Model 4 

(Newport Scientific, Australia) equipped with Thermocline for Windows software version 
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2.3 was used. Extrudates were collected after exiting the die and prior to drying, and 

were frozen until analyzed. Extrudates were ground with a spice mill until a fine powder 

was obtained, and then 14.0 g of crushed extrudates were standardized to 14% moisture 

using RO water. The pasting properties were determined by the following conditions: 

Starting temperature was 25°C, and paddle rpm was 960 for 10 seconds. Speed was 

reduced to 160 rpm for the remainder of the test. Beginning at 2 minutes, the 

temperature was ramped to 95°C over 5 minutes. The sample was held at 95°C for 3 

minutes, then cooled to 25°C over 5 minutes. 

Stereomicroscope Images 

Cross-sectional images of the extrudates were taken with a Nikon SMZ1500 

Zoom Stereomicroscope (Nikon Instruments, Inc., Melville, NY) equipped with an 8 

mega pixel Olympus E330 digital single lens reflex camera (Olympus America, Inc., New 

Hyde Park, NY). Extrudates were chosen at random from each treatment, and a razor 

blade was used to cut sections. 

Texture Analysis 

Instrumental texture measurements were determined by using a TA.XTPlus 

texture analyzer (Texture Technologies Corporation, Scarsdale, NY) with a three-point 

bend test fixture (TA-92, Texture Technologies Corporation, Scarsdale, NY). Specifically, 

the breaking strength index (BSI), or the maximum force obtained divided by the 

extrudate diameter was determined. Ten extrudates were chosen randomly, and the 

length of each extrudate was adjusted to 55 mm using a razor blade. The diameter of 

each extrudate was measured prior to texture analysis using an electronic caliper, and 

the two supports were adjusted so that the distance between the supports was 44 mm. 

The extrudate was positioned on the two supports so that the same amount of sample 

overhang was present, and the maximum force was recorded over a distance of 20 mm. 

Extended methods for the analysis of NDM and starch extrudates can be found 

in Appendix A.1. 

3.2.6 Statistical Analysis 

Statistical analysis was conducted using R version 2.12.0 (R Development Core 

Team, 2010). Process and product responses were analyzed to assess the effects of the 
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independent variables, and response surfaces were generated. A mixed model was 

used to obtain estimates for variability between product and sample replicates for select 

responses. After averaging all subsamples, a standard analysis of variance (ANOVA) 

was used with a pairwise comparison, corrected using Tukey honestly significant 

difference. 

To estimate the conditional correlation between responses after accounting for 

NDM concentration, fluid addition rate and acid level, Spearman’s correlation was 

calculated using the mean-adjusted responses for each combination of independent 

variables, after first averaging over all subsamples. 

3.3 Results and Discussion 

3.3.1 Chemical Analysis 

As the percentage of NDM increased, the protein, fat and ash content of the 

NDM/starch dry blend increased as shown in Table 4. The pH of dried extruded product 

decreased with an increase in the percent acid in the fluid injected (Table 5). Also, as the 

amount of NDM increased, there was a concurrent increase in pH, presumably due to 

buffering from the milk solids.  
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Table 4. Proximate composition of the dry blended nonfat dry milk and starch mixtures1 
  % Nonfat Dry Milk/% Starch 

Measurement
2
  45/55 65/35 85/15 

Moisture, % (SE
3
)  6.33 (0.07) 5.38 (0.04) 4.14 (0.07) 

Protein, % (SE)  15.78 (0.07) 22.80 (0.04) 30.00 (0.04) 
Fat, % (SE)  0.348 (0.022) 0.455 (0.019) 0.602 (0.036) 
Ash, % (SE)  3.69 (0.01) 5.22 (0.01) 6.77 (0.01) 
Carbohydrates, % 
(SE) 

 73.85 (0.05) 66.15 (0.05) 58.50 (0.10) 

1
Determined on a wet basis, g/100 g 

2
Number of observations per dry blend formula: Moisture= 2; Protein= 3; Fat= 2; Ash=2; Carbohydrates= not applicable because calculated by 

difference  
3
Standard error 

 

Table 5. pH of the dried extrudates 
Nonfat dry milk concentration 

(% of dry mix)
 2
 

Fluid addition 
rate

3 
 Acid level in injected fluid

4 

 LA MA HA 

45 LM  6.08 4.75 4.45 
45 HM  6.11 4.77 4.37 
65 LM  5.99 5.02 DNC

5 

65 HM  6.06 4.95 4.61 
85 LM  5.99 5.31 4.97 
85 HM  6.16 5.25 4.95 

1
SD between product replicates=0.05 (n= 2); SD between sample replicates=0.02 (n=2) 

2
NDM = low-heat nonfat dry milk; mix fed at 40 kg/h 

3
Fluid addition rate: LM = 6.5 kg/h; HM = 7.3 kg/h 

4
 Liquid lactic acid was added to water, and the combined fluid was injected into the extruder at two different fluid addition rates. Acid level was the 

percent of the liquid acid, by weight, in the injected fluid: LA = 0%; MA = 33%; HA = 50% 
5
Did not collect 
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One treatment, 65% NDM, LM and HA, was produced but was not evaluated due 

to incorrect processing conditions in the initial trial. Two additional trials were carried out 

in an effort to collect this treatment; however, the product produced in two attempts did 

not agree with past product trends. Specifically, the puffs did not brown, even with 

increases in temperature and run time. All ingredients were from the same lot. 

Differences in the time of year caused the incoming water temperature to be 

considerably colder at the time of injection, and we had no ability to control the 

temperature at this point. This may have resulted in the difference observed. Future 

studies could be carried out to determine the effect of inlet water temperature on product 

temperature in different extruder zones, and its effect on puff color and other product 

characteristics. 

3.3.2 Process Responses 

There were numerous differences and interaction effects due to the treatments 

as illustrated in Table 6, and the average values are shown in Table 7. NDM 

concentration, fluid addition rate and acid level all affected the motor torque, SME, die 

pressure and die temperature.  
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Table 6. The effect of independent variables, and interactions between the independent variables on process responses using a 
mixed model 

Variable Process responses
1
 

SME
2 
(W/kg) Motor torque 

(Nm) 
Die temperature 

(ºC) 
Die pressure 

(bar) 

NDM
3
 *

4 
**

5 
** ** 

Acid level in injected fluid * ** ** ** 

Fluid addition rate * ** ** ** 

NDM x acid level in injected 
fluid 

* ** ** ** 

NDM x fluid addition rate NSD
6
 ** ** ** 

Acid level in injected fluid x 
fluid addition rate 

* ** ** ** 

NDM x acid level in injected 
fluid x fluid addition rate 

NSD ** ** ** 

1
Number of observations for each process response, per treatment, per rep = 2 

2
Specific mechanical energy 

3
Nonfat dry milk 

4
Significant difference p <0.05 

5
Significant difference p <0.001 

6
No significant difference  
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Table 7. SME1, motor torque, die pressure and die temperature responses for each treatment assessed by conducting a standard 
analysis of variance using a pairwise comparison, and corrected using Tukey honestly significant difference 

Nonfat dry 
milk 

concentration 
(% by weight 
of dry mix)

2 

Fluid 
addition 

rate
3 

Acid level in 
injected fluid

4
 

SME 
(W/kg) 

Motor 
torque 
(Nm) 

Die 
pressure 

(bar) 

Die 
temperature 

(ºC) 

45 LM LA 272
ab 

293
a 

1.78
a 

131
c 

45 LM MA 271
ab 

308
a 

1.84
a 

129
bc 

45 LM HA 272
ab 

317
a 

1.87
a 

129
bc 

45 HM LA 260
a 

281
a 

1.21
a 

125
a 

45 HM MA 260
a 

299
a 

0.64
a 

127
ab 

45 HM HA 255
ac 

300
a 

1.23
a 

128
abc 

65 LM LA 301
ab 

324
a 

0.80
a 

122
h 

65 LM MA 276
ab 

314
a 

1.04
a 

120
dfh 

65 LM HA DNC
5
 DNC DNC DNC 

65 HM LA 255
a 

281
a 

0.68
a 

118
def 

65 HM MA 254
ac 

310
a 

0.14
a 

117
deg 

65 HM HA 340
b 

298
a 

1.03
a 

118
def 

85 LM LA 272
ab 

311
a 

1.07
a 

121
fh 

85 LM MA 266
ab 

307
a 

1.16
a 

119
defh 

85 LM HA 177
c 

307
a 

0.80
a 

120
dfh 

85 HM LA 266
ab 

190
b 

7.02
b 

116
egi 

85 HM MA 249
ac 

304
a 

1.60
a 

114
gi 

85 HM HA 249
ac 

291
a 

0.57
a 

114
i 

SD between product replicates (n= 2) 19 11 0.35 0.402 
SD between sample replicates (n= 2) 5 11 0.74 0.970 

1
SME = specific mechanical energy 

2
Dry mix fed at 40 kg/h 

3
Fluid addition rate: LM = 6.5 kg/h; HM = 7.3 kg/h 

4
Liquid lactic acid was added to water, and the combined fluid was injected into the extruder at two fluid addition rates. Acid level was the percent 

of the liquid acid, by weight, in the injected fluid: LA = 0%; MA = 33%; HA = 50% 
5
Did not collect 

6
Did not collect 

a-i
Means without a common superscript letter within the same column are significantly different (p < 0.05) 
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SME can provide an indication of how much energy is transmitted to the extruded 

material (Ortiz et al., 2010). The SME in our study was at a maximum at intermediate 

NDM concentrations, and generally higher when lower fluid addition rates were used as 

shown in the response surfaces in Figure 3. Others have observed similar effects of 

water addition on SME (Akdogan, 1996; Köksel et al., 2004). Campanella et al. (2002) 

attributed this effect to increased resistance to screw rotation and flow through the die. 

 

Figure 3. The effect of nonfat dry milk concentration (%) and acid level (% of the added 
fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 kg/h) on 
SME (specific mechanical energy, W/kg) during product extrusion on a Buhler 44mm co-
rotating twin-screw extruder. 
 

Die temperature can affect the viscosity, with a high die temperature decreasing 

the viscosity of the material exiting the extruder (Akdogan, 1996). The viscosity can also 

be related to the die pressure, and can often be correlated to finished product 

characteristics (Colonna et al., 1989). Reduced expansion can occur when materials 

with high viscosities are extruded under low die pressure, or conversely, when materials 

are extruded with low viscosities and a high die pressure. High viscosity materials 

extruded at high die pressures favor expanded products. In our study, acid level had 

variable effects on die temperature, while a decrease in NDM concentration and fluid 

addition rate increased the die temperature, so likely decreasing the viscosity of the 

extruded material at the die. Response surfaces for die temperature and die pressure 

are shown in Figures 4 and 5, respectively. The low die temperature, combined with the 

high die pressure most likely contributed to the structurally sound, expanded extrudates 
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for the treatment that was produced at 85% NDM, 0% acid level in the injected fluid and 

extruded at the high fluid addition rate.  

 

Figure 4. The effect of nonfat dry milk concentration (%) and acid level (% of the added 
fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 kg/h) on 
die temperature (°C) during product extrusion on a Buhler 44mm co-rotating twin-screw 
extruder. 
 

 

Figure 5. The effect of nonfat dry milk concentration (%) and acid level  (% of the added 
fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 kg/h) on 
die pressure (bar) during product extrusion on a Buhler 44mm co-rotating twin-screw 
extruder. 



  58 
 

Monitoring the motor torque enables the operator to determine the resistance of 

the material to the process and conditions, similar to the SME (Ghebre-Sellassie and 

Martin, 2003). Higher motor torque was observed at intermediate NDM concentrations 

and low fluid addition rates in our study (Figure A.3.1). This is in contrast to the study by 

Faller et al. (1999) who saw that all levels of added soy protein decreased motor torque. 

They attributed this to the protein competing for water with the starch, and delaying 

starch gelatinization until just before the die, so less gelatinization occurred in the 

extruder barrel. 

3.3.3 Physical Analysis 

NDM, fluid addition rate and acid level in injected fluid had an effect on the 

physical analysis measurements. NDM concentration affected both the bulk density and 

the expansion ratio, while acid level and fluid addition rate independently did not (Table 

8). Figure 6 shows the effect of NDM concentration and acid level on the bulk density at 

low and high fluid injection rates. As NDM and acid levels increased, the bulk density 

increased (meaning the extrudate was denser and not as expanded). Our findings are 

consistent with research by Limón-Valenzuela et al. (2010) who extruded milk protein 

concentrate (MPC) (0-10%) with a blend of cornstarch and maize, and observed an 

increase in bulk density as MPC concentration increased. Conversely, Onwulata et al. 

(2001a) observed no significant effect on the bulk density as milk proteins including 

casein, WPC and WPI were added to corn meal flour at 250 g/kg. It is likely that the 

product formula (type and amount of protein, starch, fiber, etc.), as well as the 

processing conditions, impacted the bulk density and differences observed when 

compared to other studies.  

An increase in the NDM concentration was associated with a decrease in the 

expansion ratio (Figure A.3.2). Chaiyakul et al. (2009) observed a similar effect as 

protein content was varied in a high protein glutinous rice-based snack. They attributed 

the effect to a decrease in the extensibility of the starch polymer at the die. The 

decreased expansion observed in our study could also be attributed to the lactose in the 

NDM, as hypothesized in a study with whey by Onwulata et al. (2001b). Bulk density has 

been correlated with the expansion of extrudates, with a high bulk density associated 

with a less expanded product (Colonna et al., 1989). As expected in this study, the bulk 
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density and expansion ratio were negatively correlated with a correlation coefficient of  -

0.51 (p= 0.0026). 

As mentioned previously, the breaking strength index (BSI) was determined, but 

due to the extent of variability, these results were not included in the final analysis. The 

response surface plot for BSI can be found in Appendix A.3 (Figure A.3.3).



  60 
 

Table 8. The effect of the independent variables and interactions between the independent variables on product responses using a 
mixed model 

Variable Product responses
1
 

    Color
2
  

 

 Bulk 
density

3
 

ER
4 

 
Browning

5
 L 

value 
a value b value WAI

6
 WSI

7
 RVA Peak 

viscosity
8
 

NDM
9 

**
10 

** ** ** ** ** ** ** ** 

Acid level in injected fluid NSD
11 

NSD ** ** ** ** ** ** ** 

Fluid addition rate NSD NSD ** ** ** ** ** * NSD 

NDM x Acid level in injected 
fluid 

*
12 

NSD ** ** ** ** ** NSD ** 

NDM x fluid addition rate NSD NSD ** ** ** ** ** NSD NSD 

Acid level in injected fluid x 
fluid addition rate 

NSD NSD ** ** ** ** ** NSD NSD 

NDM x Acid level in injected 
fluid x fluid addition rate 

NSD NSD ** ** ** ** ** NSD NSD 

1
 Number of observations for each product response, per treatment, per rep: Bulk density= 1; ER= 10; Browning= 6; Color= 5; WAI= 2; WSI= 2; 

RVA profile= 2 
2
Color determined by measuring L, a and b values of uncrushed extrudates on a HunterLab colorimeter 

3
Measured in g/100 cm

3
 

4
ER=Expansion ratio = diameter of extrudate/diameter die orifice 

5
Browning was determined by measuring absorbance at 420 nm after treating samples as per the method of Davies et al. 2008 

6
WAI=Water absorption index determined by the method of Onwulata et al. 1998 (weight of gel/weight of dry solids) 

7
WSI=Water solubility index was determined by the method of Onwulata et al. 1998 ((weight of dried supernatant/weight of sample) x 100) 

8
Peak viscosity (cP) was measured on hydrated extrudate (pre-dried) using a pasting method on a Rapid Visco Analyzer Model 4 (Newport 

Scientific, Australia) 
9
Nonfat dry milk 

10
Significant difference p <0.001 

11
NSD = No significant difference 

12
Significant difference p <0.05 
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Figure 6. The effect of nonfat dry milk concentration (%) and acid level (% of the added 
fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 kg/h) on 
bulk density (g/100 cm³) of 5cm ropes of dried extrudate. 

 

All independent variables affected the production of brown pigments as 

measured by spectroscopy at 420 nm, as well as the L value (shift from black to white 

with increase in L value), a value (shift from green to red with increase in a value) and b 

value (shift from blue to yellow with increase in b value) (Table 8). The average values 

for each treatment are shown in Table 9. In general, as NDM concentration increased 

and the fluid addition rate decreased, brown pigments increased and extrudates became 

darker (Figure 7), the L and b values decreased, and the a value increased. Response 

surface plots for the L, a, and b values are found in Appendix A.3 (Figures A.3.4, A.3.5, 

and A.3.6, respectively). Bailey et al. (1994) observed similar effects on colorimeter 

parameters as whey protein concentrate (5-25%) was extruded with corn meal and the 

feed moisture was varied (18-22%). Increased levels of browning can be explained by 

higher levels of protein and reducing sugars in NDM, and increased residence time as 

the fluid addition rate decreased as described by Heldman and Hartel (1997). The 

observed brown pigments, L, a and b values exhibited no clear trends with respect to the 

acid level in the injected fluid, and were highly dependent on the fluid addition rate and in 

some instances, the NDM concentration. As shown in the images in Figure 8, 

differences in color can be easily observed between treatments.
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Table 9. Browning, L value, a value, b value and WAI1 responses for each treatment assessed by conducting a standard analysis of 
variance using a pairwise comparison, and corrected using Tukey honestly significant difference 

Nonfat dry milk 
concentration (% 
by wt of dry mix)

2 

Fluid 
addition 

rate
3 

Acid level 
in injected 

fluid
4
 

Browning 
(A420/g 
solids) 

L value a value b value WAI  
(wt of gel/wt of 

dry solids) 

45 LM LA 0.162
ab 

44.8
c 

8.5
cd 

19.9
ac 

1.53
abe 

45 LM MA 0.160
ab 

40.7
cdef 

8.4
cd 

16.8
cde 

1.41
bde 

45 LM HA 0.127
a 

43.3
cde 

8.5
cd 

18.2
cd 

1.20
d 

45 HM LA 0.0819
a 

60.5
ab 

5.1
a 

23.0
ab 

1.66
abc 

45 HM MA 0.0542
a 

55.9
a 

5.9
ab 

19.6
ac 

1.49
abde 

45 HM HA 0.104
a 

44.0
ce 

7.9
bc 

17.7
cde 

1.24
de 

65 LM LA 0.640
cde 

37.5
cdefg 

9.5
cd 

15.7
def 

2.48
k 

65 LM MA 0.796
ef 

34.9
defg 

9.4
cd 

14.4
ef 

2.32
ijk 

65 LM HA DNC
5
 DNC DNC DNC DNC 

65 HM LA 0.435
bc 

44.7
c 

7.9
bc 

17.7
cde 

2.79
h 

65 HM MA 0.678
cde 

39.7
cdef 

8.8
cd 

16.2
cde 

2.12
fij 

65 HM HA 0.465
cd 

34.2
dfg 

9.6
cd 

14.3
ef 

1.84
cfg 

85 LM LA 1.27
g 

29.8
g 

10.1
d 

12.2
f 

2.39
jk 

85 LM MA 1.02
fg 

35.0
defg 

9.8
cd 

14.9
def 

2.06
fgi 

85 LM HA 0.930
ef 

34.7
defg 

10.0
cd 

14.4
def 

2.07
fgi 

85 HM LA 0.0971
a 

69.0
b 

2.0
e 

24.9
b 

3.22
l 

85 HM MA 0.919
ef 

38.2
cdefg 

9.5
cd 

16.3
cde 

1.89
cfg 

85 HM HA 0.754
def 

33.8
fg 

9.4
cd 

14.3
ef 

1.79
acg 

SD between product replicates (n=2)
 

0.0736 2.3 0.4 0.9 0.0747 
SD between sample replicates

6 
0.0248 0.9 0.7 0.3 0.0192 

1
Water absorption index 

2
Dry mix fed at 40 kg/h 

3
Fluid addition rate: LM = 6.5 kg/h; HM = 7.3 kg/h 

4
Liquid lactic acid was added to water, and the combined fluid was injected into the extruder at two different fluid addition rates. Acid level was the 

percent of the liquid acid, by weight, in the injected fluid: LA = 0%; MA = 33%; HA = 50% 
5
Did not collect 

6
n = 2 for WAI; n = 5 for L, a and b values; n = 6 for browning 

a-i
Means without a common superscript letter within the same column are significantly different (p < 0.05)
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Figure 7. The effect of nonfat dry milk concentration (%) and acid level (% of the added 
fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 kg/h) rate 
on browning (Absorbance420/g solids as per the method of Davies et al., 1998) of dried 
extruded samples. 

 
Figure 8. The effect of nonfat dry milk concentration, fluid addition rate and acid level in 
injected fluid on dried extrudate appearance. 
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The WAI is commonly used to provide an indication of the extent of gelatinization 

of starch, but it can also indicate if the puffs will be compatible in a higher water activity 

matrix and maintain a crisp texture (Cristina da Silva et al., 2009). All independent 

variables affected the WAI (Table 8). Average values for each treatment are shown in 

Table 9. As shown in the response surface in Figure 9, a decrease in the WAI was 

generally associated with a decrease in fluid addition rate, a decrease in NDM, and an 

increase in acid level in the injected fluid. The opposite was observed by Fernández-

Gutiérrez et al. (2004) when they increased the protein level in a starch-acid casein 

blend. The authors attributed this effect to protein denaturation. In their study, an 

increase in moisture (18-29%) was associated with an increase in the WAI. This was 

hypothesized to be due to less starch damage and less protein denaturation. 

 

 

Figure 9. The effect of nonfat dry milk concentration (%) and acid level (% of the added 
fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 kg/h) on 
WAI (water absorption index, weight gel/weight of dry solids) of dried extruded samples. 

 

The WSI provides an indication of the amount of soluble solids, and can be used 

to indicate the extent of starch molecule degradation and dextrinization during extrusion 

(Cristina da Silva et al., 2009; Lazou and Krokida, 2010). All independent variables 

affected the WSI; however, the three-way interaction between these variables was not 

significant. An increase in the WSI was associated with a decrease in NDM 

concentration as depicted in the response surfaces for WSI in Figure 10.  Also, an 

increase in acid in the injected fluid and a decrease in fluid addition rate increased the 
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WSI. This trend was also observed as milk proteins were added to buckwheat, barley 

and maize starch extrusion formulations (Smietana et al., 1988). The authors attributed 

this effect to the formation of a protein-starch complex. The results from Amaya-Llano et 

al. (2007) also provide evidence that a protein-starch complex may have formed in our 

study. They extruded WPC with cornstarch at pH 3 to 8 and observed a decrease in pH 

to be associated with an increase in the WSI. They attributed this effect to the hydrolysis 

and fragmentation of starch, and the subsequent interaction with protein, which 

prevented denaturation of the protein and promoted water solubility.  

 
Figure 10. The effect of nonfat dry milk concentration (%) and acid level (% of the added 
water) at (a) low fluid addition rate and (b) high fluid addition rate on WSI (water 
solubility index, (weight dried supernatant/weight sample) x 100) of dried extruded 
samples. 
 

NDM concentration and acid level affected the peak viscosity measured by RVA, 

while fluid addition rate did not (Table 8). As the NDM concentration increased, the peak 

viscosity also increased as shown in the response surfaces in Appendix A.3 (Figure 

A.3.7). A higher peak viscosity in the RVA, when comparing one treatment to another, 

can indicate that less starch was gelatinized during extrusion (and instead is gelatinized 

during the RVA analysis). The presence of substances other than starch can affect the 

degree of starch gelatinization if they compete with starch for available water (Núñez et 

al., 2009). Acid addition resulted in a decrease in the peak viscosity in our study. These 

results are consistent with results obtained by Ohishi et al. (2007). They used acetic acid 

to adjust the pH of a rice starch solution, and found that the non-pH adjusted samples 

had the highest maximum viscosity. The effect was attributed to a shear thinning, 
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whereby the starch granules became increasingly fragile and more prone to breakdown 

during extrusion. Also, added acid would have reduced protein solubility in the NDM, 

thereby reducing the competition for water binding with starch. As mentioned previously, 

fluid addition rate did not affect the peak viscosity in this study. However, Köksel et al. 

(2004) increased the water feed rate during the extrusion of whole-grain durum wheat 

from 367 g/kg to 455 g/kg, which led to an increase in the peak viscosity as measured by 

RVA. They attributed the effect to the reduction of shear applied to the starch because 

water acted as a lubricant, as well as a reduced retention time during extrusion.  

Differences in cellular structure as well as overall shape are apparent in 

stereomicroscope images of extruded puffs as shown in Figure 11. As NDM 

concentration increased, the size of the pores decreased, the extrudates gained more 

structural integrity and were less prone to collapsing, which was observed as the product 

exited the extruder die. Similar effects on porosity have been reported by others as 

protein-containing ingredients have been added to extrusion formulations at high 

concentrations (Ghorpade et al., 1997; Lazou et al., 2007). In our study, a decrease in 

fluid addition rate resulted in an irregular extrudate structure and an observed increase 

in fragility and glassiness in the dried extrudates. Larger air cells were also more 

common at low fluid addition rates, and in the case of the 45% NDM extrudates, the 

structure was unable to withstand the extent of expansion at the die and subsequently 

collapsed prior to drying. The amount of fluid injected affects the rheological properties 

by reducing the viscosity, and has been reported to cause product shrinkage after 

expansion as well as increased fragility in some formulas (Miller, 2006; Barrett, 2003; 

Lazou et al., 2007). The acid addition level had variable effects in our study. At low 

concentrations of NDM (45%), high levels of acid increased the fragility of the puff, and 

resulted in a less regular structure, whereas at high concentrations of NDM (85%), acid 

addition increased the structural integrity of the extrudate. This effect was also observed 

by Barrett and Peleg (1992). They extruded citric acid and cornmeal and observed a 

reduction in density and average cell size with acid addition. Starch hydrolysis was seen 

as a probable explanation, with a reduction in molecular weight and subsequent 

decrease in cell wall strength. The effects observed at high NDM concentrations in our 

study are most likely due to the higher protein content, and protein-protein interactions 

as a result of the heat and acid, thus strengthening the extrudate structure. 
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Figure 11. Stereomicroscopic images of the extruded samples as nonfat dry milk 
concentration, fluid addition rate, and the acid level in injected fluid were varied. 

 

3.4 Conclusions 

In order for puffs and crisps to be used for snack and ingredient uses, the crisps 

must have good expansion, not be too dense, be light in color (not be too brown), and, if 

used in a high or intermediate water activity matrix (cereal bars, for example), must have 

a low WAI. Based on these criteria, as well as the responses examined, several 

conclusions can be drawn in regards to the use of NDM-starch puffs in product 

applications. First, puffs with higher percentages of NDM have higher bulk densities and 

lower expansion ratios. Sensory studies would need to be conducted in order to 

conclude if puffs have an acceptable texture. Also, the percentage of NDM, fluid addition 

rate and acid level affected puff color, with high concentrations of NDM and low 

moistures adversely affecting puff color, and acid level having a variable effect, 

depending on the fluid addition rate. Additionally, the WAI values observed in this study 

are similar to many breakfast cereals (Tan and Chinnaswamy, 1993).  

The response surfaces can be used to narrow in on parameters of interest for 

any particular application so as to obtain the desired product attributes. The extrudate 

with 85% NDM, HM and LA is likely a promising ingredient for snack bar applications. It 

has good expansion and is not too brown. Optimizing around this space by adjusting the 

fluid addition rate and acid level (using less acid than used in our study), and then 

testing the puffs in bar applications is recommended.  

Overall, it is clear that NDM provided structural integrity to the extrudates and 

can be used as a protein source for extruded products. 
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4 Extrusion of Lactose to Produce Oligosaccharides 

4.1 Introduction 

Whey from renneted cheesemaking was once considered a waste product, but 

now is often transformed into valuable ingredients (Smithers, 2008). The solid 

components in liquid whey include lactose, the major whey proteins, minerals, water-

soluble vitamins and specialized ingredients such as phospholipids and enzymes (Atra 

et al., 2005). Whey protein is the valuable ingredient in whey due to its nutritional and 

functional properties, whereas lactose is generally less desirable (Illanes, 2011). Lactose 

is the major solid component in both sweet and acid whey, comprising 44-52 grams per 

liter of whey, and is currently used in food and pharmaceutical uses (Jelen, 2009). Due 

to its abundance in whey, this leads to opportunities to utilize lactose in novel 

applications to transform lactose from a commodity grade ingredient to a value-added 

ingredient.  

Current value-added derivatives of lactose include galactose, lactulose, lactitol, 

lactobionic acid, lactic acid, galacto-oligosaccharides (GOS), lactosucrose and tagatose 

(Paterson and Kellam, 2009). Paterson and Kellam (2009) identified GOS as one of the 

main products likely to have market potential in the future. GOS and other 

oligosaccharides have been shown to have multiple health benefits. Importantly, 

oligosaccharides are classified as soluble dietary fiber and are potential prebiotics 

(Barreteau et al., 2006; Vrese and Schrezenmeir, 2008; Goñi et al., 2009). There are 

numerous definitions for the term “prebiotic”. At the Food and Agriculture Organization of 

the United Nations (FAO) technical meeting on prebiotics, a prebiotic was defined as a 

“non-viable food component that confers a health benefit on the host associated with 

modulation of the microbiota”, and it was recommended that a prebiotic should show 

both bifidogenic activity, and a health benefit to the host (AGNS and FAO, 2007). If a 

fiber is classified as a prebiotic, it makes it a much more marketable ingredient because 

of these health benefits. The U.S. prebiotic market totaled 6,255.0 metric tons in 2007, 

and is expected to reach 14,050.1 metric tons by 2014 (Frost and Sullivan, 2009). The 

largest share of prebiotics in 2007 came from resistant starch and maltodextrins.  

However, GOS and other prebiotics are likely to have higher growth rates and 

consequently occupy a larger share of the prebiotic market by 2014 (Frost and Sullivan, 

2009). 
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These prebiotic market projections illustrate an opportunity to develop methods 

of oligosaccharide production capable of meeting this demand. Although 

oligosaccharides can be extracted from natural sources or produced chemically, most of 

the oligosaccharides that have generally recognized as safe (GRAS) status have been 

produced enzymatically. Enzymatic synthesis of oligosaccharides is associated with 

problems including long reaction times, low yields that often do not exceed 50 percent by 

weight of the raw material, problems with enzyme inactivation, and the inability to reuse 

the enzyme (Hwang et al., 1998; Playne and Crittenden, 2004; Gosling et al., 2010).  

It has been demonstrated that sugar can be polymerized in the presence of heat 

and acid (Färber, 1936; Leuck, 1945; Leuck, 1948; Manley-Harris and Richards, 1993). 

Further, Hwang et al. (1997, 1998) reported that glucose and lactose were polymerized 

up to 93.7% and 45.9%, respectively, during extrusion processing at 200 C. The authors 

hypothesized that lactose was less polymerized due to its disaccharide structure. 

Because extrusion could provide a continuous way to produce oligosaccharides, 

we sought to investigate the polymerization of lactose by extrusion. We hypothesized 

that by seeding the formula with glucose we could increase the amount of lactose 

polymerized. We also hypothesized that the concentration of acid catalyst would have an 

effect on the amount of lactose polymerized. Our objective, therefore, was to investigate 

the effect of varying concentrations of glucose (0%, 10% and 20% w/w of the formula) 

and citric acid concentrations (1% and 2% w/w of the formula) on the yield of oligomers 

from lactose.  

4.2 Materials and Methods 

4.2.1 Materials 

Refined edible fine grind lactose (Davisco Foods International, Inc., Eden Prairie, 

MN), Cerelose dextrose (Corn Products International, Newark, DE) and citric acid 

(Gadot Biochemical Industries Ltd., Haifa Bay, Israel) were used in all extrusion trials. 

4.2.2 Pretrial Experiments to Determine Extrusion Conditions 

 Three pretrial extrusion runs took place in order to determine the extruder 

processing conditions (barrel temperatures, screw design, feed rate, screw speed), and 

to determine the rheological properties of the extruded product. Thermal energy alone 
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could not melt the lactose during the residence time in our extruder, so mechanical 

energy also had to be utilized. Mechanical energy was added to the process by 

optimizing the screw design. Reverse elements were added to the screw shaft to 

increase the retention time, and allow for additional reaction time. Forward elements 

were added prior to many of the reverse elements in order to push the product forward, 

and to prevent the extruder from reaching maximum torque. Additionally, more 

mechanical energy was added towards the front end of the barrel, and this was 

accomplished by using larger elements, using kneading blocks (polypacks) and reverse 

elements in order to melt the dry feed as soon as possible upon introduction into the 

extruder. Reverse elements were placed after the polypacks so that the lactose could be 

held in the melting region longer. 

4.2.3 Experimental Design and Preparation of Raw Materials 

 The experimental design was a full 3 x 2 factorial design consisting of three 

glucose concentrations (0%, 10%, 20%) and two citric acid concentrations (1%, 2%), 

with the remainder of the formula consisting of lactose. All six formula combinations 

were processed in a single run, and the experiment was repeated on separate 

processing days. The order in which samples were collected was randomized for each 

set of product replicates. 

 The lactose, glucose and citric acid were mixed in 30 lb batches with a ribbon 

blender model IMS-1 (Bepex International LLC, Minneapolis, MN) in forward and reverse 

directions for 2 minutes each. The mix was processed on a Buhler 44mm co-rotating 

twin-screw extruder DNDL 44 (Bühler AG, Uzwil, Switzerland) with a L/D ratio of 28, 

which consisted of 4 barrel zones set at 230 C, 238 C, 238 C, and off from inlet to 

outlet. No die plate was used in the extrusion. The temperatures of the barrels were 

maintained by a heat transfer control system model H47212DT (Mokon, Buffalo, NY). 

The same screw configuration (Figure 12) was used throughout the experimental design. 

Dry feed was conveyed at 15 kg/h into the extruder with a K-Tron Soder K-ML-KT20 

loss-in-weight feeder (K-Tron Ltd., Niederlenz, Switzerland). The screw speed was 

maintained at 250 rpm. The extruded product was collected in stainless steel trays after 

the die temperature and extruder shaft torque reached steady state, and then allowed to 

cool and solidify at room temperature. Process measurements (die temperature, product 

temperature (measured with a probe after temperature zone 3) motor torque and specific 
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mechanical energy) were collected at the beginning and end of sample collection for 

each treatment. The product was broken into small pieces and then placed in 1 L glass 

jars, and stored at room temperature until analyzed. 

 

 

 

Figure 12. Screw design used on a Buhler 44mm co-rotating twin-screw extruder for the 
manufacture of lactose formulations containing varying concentrations of glucose and 
citric acid 

 

4.2.4 Chemical and Physical Analysis 

Moisture 

Moisture content of the non-extruded and extruded samples was determined by 

vacuum oven. The samples were prepared for analysis by grinding with a spice grinder 

to a powder. 1-1.5 g of sample was weighed out in duplicate and placed in dried 

aluminum dishes and dried to constant weight at 100 C and 0.683 m mercury for 5 

hours. 

pH 

 The pH of the raw mix formulations and the extrudates was measured on an 

Accumet AB15 pH meter (Thermo Fisher Scientific, Inc., Waltham, MA). The pH was 

measured after combining 10 mL reverse osmosis (RO) treated water with 15 g raw mix 

or crushed extrudate. 

Color 

The color of crushed extrudates was determined using the method described by 

Wu et al. (2007). Extrudates were ground to a fine powder, the powder was placed in a 

glass Petri dish and the color was analyzed with a HunterLab D25 A Optical Sensor 

Colorimeter (Hunter Associates Laboratory, Inc., Reston, VA). A total of 5 

measurements were recorded, with rotating the Petri dish 90  after each reading. 
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Degree of Polymerization 

To determine the degree of polymerization (DP) of the extrudates, test portions 

were prepared by grinding the extrudates to a fine powder with a spice grinder, and then 

dissolving 30 mg into 10 mL double distilled (DD) water. Prior to HPLC analysis, the 

sample was purified by solid phase extraction (SPE) using Strata-X SPE cartridges, 500 

mg (Phenomenex, Torrance, CA). The cartridges were conditioned with 10 mL methanol 

followed by 10 mL DD water. 5 mL of sample was loaded into each cartridge, and then 

washed with 10 mL DD water. Samples were analyzed in duplicate. DP analysis was 

performed on a HPLC (Beckman Coulter Inc., Fullerton, CA) consisting of a System 

Gold 508 auto sampler, System Gold 125 solvent module pump, a programmable C020 

column heater (Torrey Pines Scientific, Carlsbad, CA), and an evaporative light 

scattering detector (ELSD-LTS, Shimadzu Corporation, Kyoto, Japan). All analyses were 

performed with a Phenomenex HPLC 0.5 m porosity x 3.0 mm column in-line filter 

(Torrance, CA) coupled to a Rezex RSO-Oligosaccharide Ag+ 4% column, 200 x 10 mm 

internal diameter (Phenomenex, Torrance, CA). A constant flow rate of 0.3 mL/min with 

isocratic flow consisting of DD water was used. 10 L of sample and 5 L of standard 

were injected each run with a 100 L sample loop. The column temperature was 

maintained at 80 C, and the ELSD nebulizer was maintained at 40 C, and 250 kPa with 

nitrogen. The total run time was 60 minutes, and the chromatograms were monitored for 

55 minutes by Clarity software version 3.0.06.589  (Data Apex Ltd., Czech Republic). 

Sample chromatograms were analyzed qualitatively, and compared to a column 

performance check standard oligosaccharide ladder (ALO-3038, Phenomenex, 

Phenomenex, Torrance, CA).  

Total Soluble Dietary Fiber  

Total soluble dietary fiber, both high molecular weight and low molecular weight 

soluble dietary fiber, HMWSDF and LMWSDF, respectively, were determined using the 

integrated total dietary fiber assay procedure (Megazyme, Wicklow, Ireland). There were 

several modifications to the kit procedure. D-ribose (Sigma, St. Louis, MO) at a 

concentration of 10 mg/mL was used as the internal standard instead of D-sorbitol to 

enable greater resolution from other monosaccharides. After evaporating the deionized 

sample to dryness, it was reconstituted in 2.5 mL water instead of 2.0 mL. To prepare for 

HPLC analysis, the sample was then diluted by a factor of 10 with DD water. An 
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oligosaccharide DP ladder (ALO-3038, Phenomenex, Phenomenex, Torrance, CA) was 

used to determine the demarcation point between DP 2 and DP 3 sugars. The same 

HPLC conditions were used in LMWSDF determination as in DP analysis, with the 

following exceptions. A full 100 L loop of sample and standard was injected and the 

sugars were separated with a Transgenomics CHO-411 column (Omaha, NE). The 

response factor was determined as specified in the kit procedure; however, D-ribose (10 

mg/mL) was used as an internal standard in 1000, 2000 and 3000 ppm glucose 

solutions. Standards were diluted 10 fold prior to injection, and a full 100 L loop of 

sample was injected. LMWSDF was quantified by peak integration using Clarity software 

version 3.0.06.589 (Data Apex Ltd., Czech Republic). To correct for protein in 

HMWSDF, the Kjeldahl procedure was used to measure protein using 5 mL 95.0-98.0% 

sulfuric acid (Sigma-Aldrich, St. Louis, MO) and 1 Kjeldahl tablet (Merck KGaA, 

Darmstadt, Germany) added to sample residue. Digestion occurred in a block heater 

(Büchi Digest System K-437 and Büchi Distillation Unit K-350, Flawil, Switzerland) at 

420 C for 90 minutes. After dilution with 50 mL of reverse osmosis (RO) water, samples 

were neutralized with sodium hydroxide and distilled into 4% boric acid (Mallinckrodt, 

Paris, KY). Distillate was titrated with 0.1 N hydrochloric acid (Alfa Aesar, Ward Hill, MA) 

to pH 5.2 (pH of a faint pink color with methyl red) with a DL22 food and beverage 

analyzer auto titrator (Mettler Toledo, Columbus, OH). The nitrogen conversion factor 

used in calculating the percent protein was 6.25. 

Lactose 

The amount of lactose in the lactose powder and extruded samples was 

determined by the lactose and D-galactose assay procedure (Megazyme, Wicklow, 

Ireland), which hydrolyzes lactose with the enzyme -galactosidase, followed by the 

mutarotation of -D-galactose to -D-galactose enzymatically. The -D-galactose is 

oxidized to D-galactonic acid by NAD+ and -galactose dehydrogenase forming NADH, 

which can be measured spectrophotometrically. Samples were prepared for analysis by 

adding 0.19 g extruded sample, or 0.13 g of lactose to 250 mL volumetric flasks, and 

adjusting to volume with RO water. The pH was then adjusted to 8.6 with 1.0 M sodium 

hydroxide (Sigma-Aldrich, St. Louis, MO), and the absorbance was measured at 340 nm 

with a Beckman DU  650 Spectrophotometer (Beckman Instruments, Inc., Fullerton, 

CA). The percentage of lactose remaining after extrusion was determined by calculating 
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the ratio of the % lactose in the extrudate divided by the % lactose in the raw mix, taking 

into account the purity of lactose, and multiplying by 100.  

Extended methods for the analysis of extruded lactose and lactose-glucose 

mixtures can be found in Appendix A.2. 

4.2.5 Statistical Analysis 

 Process and product responses were analyzed to assess the effects of the 

independent variables by conducting univariate analyses of variance (ANOVA) using 

SPSS version 17.0.2 (IBM SPSS, Chicago, IL). Based on the fitted ANOVAs, we 

presented pairwise comparisons using R version 2.12.0 adjusting for multiple testing 

using Tukey honestly significant difference (R Development Core Team, 2008). 

Pearson’s correlation was calculated to estimate the correlation between responses 

(IBM SPSS, Chicago, IL). 

4.3 Results and Discussion 

4.3.1 Formula Effects on Process Measurements and Product Parameters 

 Glucose concentration had an effect on the specific mechanical energy (SME) 

and motor torque, but had no effect on the die temperature and product temperature 

(Table 10). The concentration of citric acid did not affect any of the process responses. 

The average values for SME and motor torque are shown in Table 11. 
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Table 10. The effect of independent variables and interaction between the independent variables on process measurements based 
on univariate analyses of variance 

Variable Process measurements
1
 

SME
2
  

(W/kg) 
Motor torque  

(Nm) 
Die temperature  

( C) 

Product temperature
3
 

( C) 

Glucose concentration **
4
 ** NSD

5
 NSD 

Citric acid concentration NSD NSD NSD NSD 

Glucose concentration x 
citric acid concentration 

NSD NSD NSD NSD 

1
Number of observations for each process measurement, per treatment, per rep= 2 

2
Specific mechanical energy 

3
Product temperature measured at the end of heating zone 3 

4
Significant difference p <0.001 

5
No significant difference
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Table 11. Average values for each treatment for select responses based on the fitted analyses of variance adjusting for multiple 
testing using Tukey honestly significant difference 

Glucose 
concentration 
(% by weight 
of dry mix)

1
 

Citric acid 
concentration 
(% by weight 
of dry mix) 

   Temperature ( C)  Moisture (%)
3
  Color   

SME
2
 

(W/kg) 
Motor 
torque 
(Nm) 

 Product  Die  Raw 
mix 

Extrudates  L 
value 

a  
value 

b 
value 

 Original 
lactose 

remaining 
after 

extrusion (%) 

0 1 222
a
 126

a
  182.1

a 
165

a 
 4.44

b 
0.91

a 
 67.5

b
 2.7

a 
16.7

a 
 50.7

bc
 

0 2 205
a
 118

a
  179.5

a 
164

a 
 4.55

ab 
1.19

a 
 70.5

ab
 1.9

a 
17.2

a 
 29.9

a
 

10 1 113
b
 67

b
  179.6

a 
165

a 
 5.18

ac 
0.91

a 
 71.1

ab
 1.2

a 
15.9

a 
 54.6

b
 

10 2 107
b
 62

b
  179.5

a 
164

a 
 5.20

ac 
1.14

a 
 75.0

a
 1.2

a 
16.1

a 
 35.8

ac
 

20 1 89
b
 54

b
  179.0

a 
161

a 
 5.52

c 
1.16

a 
 77.1

a
 1.1

a 
16.1

a 
 41.1

abc
 

20 2 84
b
 54

b
  179.4

a 
165

a 
 5.39

c 
1.23

a 
 74.4

ab
 1.2

a 
16.1

a 
 31.3

a
 

SD between sample 
replicates

4
 

6 4  0.5 0  0.12 0.03  0.2 0.2 0.3  2.9 

1
The remaining % of dry mix consisted of citric acid and lactose. Dry mix fed at 15 kg/h 

2
Specific mechanical energy 

3
Determined on a wet basis, g/100 g 

3
Number of observations for each response, per treatment, per rep: SME= 2; Motor torque= 2; Temperature= 2; Moisture= 2; Color= 5; % Original 

lactose remaining after extrusion= 2 
a-c

Means without a common superscript letter within the same column are significantly different (p <0.05)



  77 
 

Heat transfer during extrusion processing is due to thermal energy and 

mechanical energy (Lei et al., 2008). SME represents a source of mechanical energy 

and is defined as the energy input transmitted to the material being extruded, and is 

produced as a result of the friction generated between the screw elements and the 

product (Ortiz et al., 2010; Schaer, 2010). A negative correlation existed between SME 

and the L value, with a correlation coefficient of -0.817 (p= 0.001), meaning that an 

increase in SME resulted in a decrease in the brightness of the extrudates. There was 

also a positive correlation between SME and the a value with a correlation coefficient of 

0.783 (p= 0.003), so an increase in SME was associated with an increase in the redness 

of the extrudates. These color changes arose due to caramelization (discussed in detail 

later), and the correlations exist because the rate and extent of caramelization is 

dependent on heat transfer, so is therefore sensitive to changes in the SME.  

The product responses observed in relation to motor torque were similar to SME. 

Torque is described as the effectiveness of a force to produce rotation (Ghebre-Sellassie 

and Martin, 2003). The torque required to rotate the screw is related to its speed, fill, as 

well as to the viscosity of the food material in the barrel (Mercier et al., 1989). The motor 

torque and SME were greatest during the processing of the 0% glucose formulas. This is 

most likely due to differences in viscosity upon exiting the extruder. Formulas with 0% 

glucose were described qualitatively as having a caramel-like consistency versus a 

honey consistency when glucose was added, upon exiting the extruder. Differences in 

the melting points of the individual sugars, and most importantly the effect of mixing 

different sugars likely accounted for the differences in the viscosity, and ultimately 

differences observed in motor torque. Krüger (2009) reported that the melting points of 

lactose monohydrate and dextrose monohydrate were greater than 200 C and 83 C, 

respectively. Regardless of the individual melting points, mixing two different sugars 

together may have had the greatest effect. Gillot (1904) examined the effect of mixing 

sugars on the melting point of several sugars. Overall, he found that the melting point of 

the two mixed sugars was never exactly the mean of the individual sugar’s melting 

points. Small additions of one sugar into another resulted in a lower melting point, 

regardless of if the added sugar had a higher melting point. Ultimately, the differences in 

motor torque correlated with differences in extrudate color. A negative correlation existed 

between motor torque and the L value, with a correlation coefficient of -0.813 (p= 0.001), 

or a decrease in brightness with increase in motor torque. A positive correlation also 
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existed between motor torque and the a value, with a correlation coefficient of 0.810 (p= 

0.001), or an increase in the redness with increase in motor torque. The increased levels 

of browning could have been due to the differences in product viscosity, and thus the 

formulations with the highest melting point (and viscosity), 0% glucose formulas, took a 

longer time to move from the inlet to the exit of the extruder, thereby having an extended 

heating time. 

As shown in Table 10, glucose and citric acid concentration did not affect the die 

temperature or product temperature (as measured after the third temperature zone). 

There was, however, a positive correlation between product temperature and motor 

torque with a correlation coefficient of 0.611 (p= 0.035). The product temperature is the 

result of the mechanical energy and thermal energy inputs, and the amount of torque is 

indicative of the amount of energy absorbed by the material being extruded due to the 

shear generated from the screws (Fichtali and van de Voort, 1989; Lei et al., 2005). This 

higher energy affected the product color. The product temperature and the L and a 

values were correlated with correlation coefficients of -0.624 (p= 0.030) and 0.772 (p= 

0.003), respectively, so an increase in the product temperature was associated with a 

decrease in extrudate brightness and increase in redness. There was also a correlation 

between the die temperature and the b value, which were positively correlated with a 

correlation coefficient of 0.709 (p= 0.010), so an increase in die temperature was 

associated with increase in yellowness. 

4.3.2 Chemical and Physical Analysis 

The moisture of the raw and extruded samples is shown in Table 11. The 

moisture content of the raw mix could affect the extent of polymerization, since 

polymerization and hydrolysis are two reactions that exist in equilibrium, and water that 

is present or produced during polymerization could ultimately result in the hydrolysis of 

polymers (Leuck, 1945, 1948; Fetzer et al., 1953). The moisture content of the raw 

mixes did affect the color of the extrudates, and was positively correlated with the L 

value with a correlation coefficient of 0.864 (p= 0.000), or increase in lightness with 

increase in moisture. Additionally, the moisture of the raw mixes and the a value were 

negatively correlated with a correlation coefficient of -0.770 (p=0.003), or decrease in 

sample redness with increase in moisture. Although the raw mix moisture was shown to 

affect the color properties of the extrudates, other factors such as the glucose itself could 
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have also influenced color properties. The changes in the L and a values could be 

related to the effects of glucose addition, and how it can decrease the melting point of 

the sugars, thereby decreasing the viscosity of the material flowing through the extruder, 

and decreasing the amount of time exposed to heat in the extruder.  

The extruded samples were lower in moisture than the raw mixes, suggesting 

that water was lost during processing and could have been lost as steam, or through 

decomposition, dehydration and/or polymerization reactions. The generation of black 

smoke as well as the melting of the sugar suggests that decomposition occurred. Lee et 

al. (2011) attributed the loss in crystalline structure (melting) in glucose, fructose and 

galactose to the kinetic process of thermal decomposition. The authors also mentioned 

that dehydration contributes to loss of crystallinity. Dehydration can occur in the heating 

period following sugar melting and is associated with caramelization (Shallenberger, 

1993). The lower moisture of the extruded mix could also indicate that the process of 

condensation polymerization of the sugars occurred. 

The pH of the extrudates was higher than that of the raw mixes, with pHs 

between 2.11 and 2.35 before extrusion and pHs between 2.34 and 2.60 after extrusion, 

corresponding to a pH increase between 5.9 and 12.7%, independent of glucose 

concentration and citric acid concentration. This pH increase suggests that volatilization 

or decomposition of the citric acid occurred. It has been demonstrated that citric acid can 

begin decomposition at 175 C, resulting in the formation of aconitic acid, followed by the 

generation of methyl maleic anhydride and acetone with further heating (Barbooti and Al-

Sammerrai, 1986). As expected, extrudates with 2% citric acid had a lower pH than 

extrudates with 1% citric acid. 

To indicate whether polymerization of the sugars occurred, color, the DP profile 

of the treatments by HPLC, analysis of dietary fiber, as well as the loss of lactose were 

evaluated. 

Color and flavor are created through caramelization of sugars, and 

polymerization also occurs during the process. Jiang et al. (2008) studied the process of 

caramelization of fructose, glucose and sucrose and found that sugar degradation 

occurred in the early stages of caramelization followed by polymerization in the later 

stages. Glucose concentration affected the L value and the a value, while citric acid had 

no effect on the L, a, or b values (Table 12). Although there was a strong interaction 
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between glucose concentration and the a value, there were no significant main effects of 

the predictors. Treatments did vary in the L values, and these average values are shown 

in Table 11. In general, there was a trend that lower citric acid concentrations were 

associated with darker extrudates (lower L values), while there was no clear trend with 

glucose concentration. Buera et al. (1987) studied the kinetics of caramelization in many 

sugar solutions that were adjusted to a water activity of 0.90, including glucose and 

lactose solutions. Browning rates were greater at pH 6 versus pH 5. In terms of the 

differences in reactivity rate of glucose versus lactose, both were assigned to the same 

kinetic model for caramelization, but the rate of color development of lactose was greater 

than the rate for glucose. Since the glucose concentration and citric acid had variable 

effects on the L value, it is likely that color could have been influenced by other factors, 

such as the extrusion residence time.  
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Table 12. The effect of the independent variables and interactions between the independent variables on product responses based 
on univariate analyses of variance 

Variable Product responses
1
 

  Color
2
 

 Soluble dietary fiber
3
 % Original lactose 

remaining after 
extrusion

4 

L value a value b value 

Glucose 
concentration 

NSD
5
 *

6
 * * NSD 

Citric acid 
concentration 

* **
7
 NSD NSD NSD 

Glucose 
concentration x citric 
acid concentration 

NSD NSD NSD NSD NSD 

1
Number of observations for each product response, per treatment, per rep: Soluble dietary fiber= 1; % Original lactose remaining after extrusion= 

2; Color= 5  
2
Color determined by measuring L, a and b values of crushed extrudates on a HunterLab colorimeter 

3
Measured with Megazyme integrated dietary fiber assay procedure and calculated as % by weight of un-extruded mix 

4
Measured with Megazyme lactose and D-galactose assay procedure and calculated as g/100 g of sample  

5
No significant difference 

6
Significant difference p <0.05 

7
Significant difference p <0.001 
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The DP as determined by HPLC revealed that profiles were similar between 

treatments and ranged from DP 1 to DP 15 or higher. A sample chromatogram is shown 

in Figure 13. Both polymerization products and a small quantity of lactose hydrolysis 

products were present in the extruded samples. 

 

  

Figure 13. HPLC chromatogram of the degree of polymerization (DP) for extrudates with 
0% glucose and 2% citric acid, overlaid with a glucose ladder. (a) galactose (b) glucose 
(c) lactose 

 

Similar to DP analysis, soluble dietary fiber analysis provided an indication of the 

extent of polymerization. Soluble dietary fiber was the combination of low molecular 

weight and high molecular weight fiber that remained in the filtrate after precipitation of 

the indigestible dietary fiber with ethanol. Any of the sugars in the filtrate with a DP 

greater than 2 were defined as soluble dietary fiber. Quantification of fiber revealed that 

26-55% by weight of sample was low and high molecular weight soluble dietary fiber 

(Table 13). Because of the high range of variability observed in the results, even 

amongst sample replicates, there were no differences in the amount of fiber between 

treatments. As mentioned previously, Hwang et al. (1997, 1998) polymerized glucose 

and lactose by extrusion and obtained polymerization up to 93.7% and 45.9%, 

respectively. Their polymerization yield for glucose was high though because anything 

larger than glucose was defined as polymerized (including disaccharides). 
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Table 13. Soluble dietary fiber in extruded lactose mixtures by glucose concentration, 
citric acid concentration and product trial1 
Glucose concentration 

(% by weight of dry 
mix)

2
 

Citric acid concentration 
(% by weight of dry mix) 

Product 
trial 

Soluble dietary fiber (%) 

0 1 1 47.3 
0 1 2 30.6 
0 2 1 55.0 
0 2 2 44.5 
10 1 1 33.8 
10 1 2 25.8 
10 2 1 44.3 
10 2 2 50.3 
20 1 1 30.7 
20 1 2 39.9 
20 2 1 41.0 
20 2 2 43.0 

1
Number of observations for soluble dietary fiber, per treatment, per rep= 1 

2
The remaining % of dry mix consisted of citric acid and lactose. Dry mix fed at 15 kg/h 

 
The assay for determining the percent of the original lactose remaining in the 

extrudates had less variability than the dietary fiber assay, and was thus able to indicate 

(indirectly) the effects of citric acid and glucose concentration on polymerization. As 

shown in Table 12, both glucose concentration and citric acid concentration affected the 

amount of the original lactose remaining after extrusion. Lactose was more efficiently 

converted in formulations containing 2% citric acid, with less of the original lactose 

remaining after extrusion (Table 11). Glucose concentration, on the other hand, did not 

exhibit a clear trend. Both 0% glucose/2% citric acid, and 20% glucose/2% citric acid 

extrudates had the least amount of lactose remaining after extrusion. 

4.4 Conclusions 

 Lactose formulas were efficiently polymerized to produce oligosaccharides by a 

continuous, twin-screw extrusion process. A higher citric acid concentration (2% versus 

1%) resulted in an increase in polymerization, while glucose concentration had variable 

effects. Further evaluation of optimum acid catalyst levels, characterization of the soluble 

fiber for types of bonds and sugars present, an assessment of the prebiotic potential, 

and development of clean up and concentration procedures could lead to the production 

of a high-value soluble fiber ingredient from lactose. 
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5 Concluding Remarks 

NDM was extruded with starch at varying fluid addition rates and acid levels in 

order to alter puff properties. NDM was necessary in order to provide structural integrity 

to the extrudates, and therefore can be used as a protein source for extruded products. 

Lactose, a component of whey and a by-product of cheese production was efficiently 

polymerized to produce oligosaccharides by a continuous process. Higher 

concentrations of citric acid resulted in a higher degree of polymerization, while glucose 

concentration had variable effects. Overall, it was demonstrated that commodity grade 

dairy ingredients can be utilized in twin-screw extrusion applications to produce value-

added products. 

6 References 

Abrams, S., I. Griffin, K. Hawthorne, L. Liang, S. Gunn, and G. Darlington. 2005. A 
combination of prebiotic short- and long-chain inulin-type fructans enhances 
calcium absorption and bone mineralization in young adolescents. Am. J. Clin. 
Nutr. 82:471-476. 

Ahn, J., J. Hwang, C. Kim, K. Lee, and J. Park. 1997. Bifidogenic effect of 
glucooligosaccharide prepared from glucose by extrusion process. J. Microbiol. 
and Biotechnol. 7:174-179. 

Aider, M., and D. de Halleux. 2007. Isomerization of lactose and lactulose production: 
Review. Trends Food Sci Technol. 18:356-364. 

Ajandouz, E., and A. Puigserver. 1999. Nonenzymatic browning reaction of essential 
amino acids: Effect of pH on caramelization and maillard reaction kinetics. J. 
Agric. Food Chem. 47:1786-1793. 

Ajandouz, E., L. Tchiakpe, F. Dalle Ore, A. Benajiba, and A. Puigserver. 2001. Effects of 
pH on caramelization and maillard reaction kinetics in fructose-lysine model 
systems. J. Food Sci. 66:926-931. 

Akdogan, H. 1996. Pressure, torque, and energy responses of a twin screw extruder at 
high moisture contents. Food Res. Int. 29:423-429. 

Akdogan, H. 1999. High moisture food extrusion. Int. J. Food Sci. Technol. 34:195-207. 

Alemaskin, K., I. Manas Zloczower, and M. Kaufman. 2005. Color mixing in the metering 
zone of a single screw extruder: Numerical simulations and experimental 
validation. Polym. Eng. Sci. 45:1011-1020. 

Allen, K.E., C.E. Carpenter, and M.K. Walsh. 2007. Influence of protein level and starch 
type on an extrusion-expanded whey product. Int. J. Food Sci. Technol. 42:953-
960. 



  85 
 

Amaya-Llano, S., N. Hernandez, E. Tostado, and F. Martinez-Bustos. 2007. Functional 
characteristics of extruded blends of whey protein concentrate and corn starch. 
Cereal Chem. 84:195-201. 

American Dairy Products Institute (ADPI). 2002. Standards for Grades of Dry Milks 
Bulletin No. 916. 2nd ed. United States. 

Arêas, J. 1992. Extrusion of food proteins. Crit. Rev. Food Sci. Nutr. 32:365-392. 

Atra, R., G. Vatai, E. Bekassy-Molnar, and A. Balint. 2005. Investigation of ultra- and 
nanofiltration for utilization of whey protein and lactose. J. Food Eng. 67:325-332. 

Bailey, M., R. Gutheil, F. Hsieh, C. Cheng, and K. Gerhardt. 1994. Maillard reaction 
volatile compounds and color quality of a whey-protein concentrate corn meal 
extruded product. ACS Symp. Ser. 543:315-327. 

Baisier, W., and T. Labuza. 1992. Maillard browning kinetics in a liquid model system. J. 
Agric. Food Chem. 40:707-713. 

Bakker-Zierikzee, A., M. Alles, J. Knol, F. Kok, J. Tolboom, and J. Bindels. 2005. Effects 
of infant formula containing a mixture of galacto- and fructo-oligosaccharides or 
viable bifidobacterium animalis on the intestinal microflora during the first 4 
months of life. Br. J. Nutr. 94:783-790. 

Baldwin, A.J. 2010. Insolubility of milk powder products- A mini review. Dairy Sci. 
Technol. 90:169-179. 

Barbooti, M., and D. Alsammerrai. 1986. Thermal-decomposition of citric-acid. 
Thermochimica Acta. 98:119-126. 

Barraquio, V., and F. van de Voort. 1991. Sodium caseinate from skim milk powder by 
extrusion processing- physicochemical and functional properties. J. Food Sci. 
56:1552. 

Barreteau, H., C. Delattre, and P. Michaud. 2006. Production of oligosaccharides as 
promising new food additive generation. Food Technol. Biotechnol. 44:323-333. 

Barrett, A., and M. Peleg. 1992. Extrudate cell structure-texture relationships. J. Food 
Sci. 57:1253-1257. 

Barrett, A.H. 2003. Characterization of macrostructures in extruded products. Pages 
369-386 in Characterization of Cereals and Flours: Properties, Analysis, and 
Applications. G. Kaletunç and K. J. Breslauer, ed. Marcel Dekker, New York. 

BeMiller, J.N. 2003. Carbohydrate analysis. Pages 143-174 in Food Analysis. 3rd ed. 
S.S. Nielson, ed. Springer, United States. 

Berk, Z. 2009. Food Process Engineering and Technology. Academic Press, Boston. 

BioNeutra, Inc. 2008. GRAS notice for vitasugar, and isomalto-oligosaccharide (IMO) 
mixture, for use in foods. Report 246. 

Bisson, J.P., S. Carli, and B. Chanet, inventors. 2008. Casein based puffed products, 
their preparations and their use in food products. US Pat. No. 0279987. 



  86 
 

Bourne, M.C. 2002. Food Texture and Viscosity. 2nd ed. Academic Press, San Diego. 

Brncic, M., D. Jezek, S. Brncic, T. Bosiljkov, and B. Tripalo. 2008. Influence of whey 
protein concentrate addition on textural properties of corn flour extrudates. 
Mljekarstvo. 58:131-149. 

Buera, M., J. Chirife, S. Resnik, and R.D. Lozano. 1987. Nonenzymatic browning in 
liquid model systems of high water activity: Kinetics of color changes due to 
caramelization of various single sugars. J. Food Sci. 52:1059-1062. 

Camire, M.E., A. Camire, and K. Krumhar. 1990. Chemical and nutritional changes in 
foods during extrusion. Crit. Rev. Food Sci. Nutr. 29:35-57. 

Camire, M.E. 1991. Protein functionality modification by extrusion cooking. J. Am. Oil 
Chem. Soc. 68:200-205. 

Camire, M.E., and C. King. 1991. Protein and fiber supplementation effects on extruded 
cornmeal snack quality. J. Food Sci. 56:760. 

Camire, M.E. 1998. Chemical changes during extrusion cooking. Pages 109 in Process-
Induced Chemical Changes in Food. S. Fereidoon, C.T. Ho, and N. Chuyen ed. 
Plenum Press, New York. 

Campanella, O.H., P.X. Li, K.A. Ross, and M.R. Okos. 2002. The role of rheology in 
extrusion. Pages 393-413 in Engineering and Food for the 21st Century. J. Welti-
Chanes, G.V. Barbosa-Cánovas, and J.M. Aguilera, ed. CRC Press, Boca Raton, 
FL. 

Case, R.A., R.L. Bradley Jr, and R.R. Williams. 1985. Chemical and physical methods. 
Pages 327-404 in Standard Methods for the Examination of Dairy Products. 15th 
ed. American Public Health Association, United States. 

Cauvain, S., and L. Young. 2009. The ICC Handbook of Cereals, Flour, Dough & 
Product Testing: Methods and Applications. DEStech Publications, Lancaster, PA. 

Chaiyakul, S., K. Jangchud, A. Jangchud, P. Wuttijumnong, and R. Winger. 2009. Effect 
of extrusion conditions on physical and chemical properties of high protein 
glutinous rice-based snack. LWT- Food Sci. Technol. 42:781-787. 

Cho, K., and S. Rizvi. 2010. New generation of healthy snack food by supercritical fluid 
extrusion. J. Food Process. Preserv. 34:192:218. 

Chung, C.I. 2000. Extrusion of Polymers: Theory and Practice. Hanser Publishers, 
Cincinnati. 

Churms, S.C. 2004. Carbohydrates. Pages 839-893 in Chromatography. Vol. 69B. 6th 
ed. E. Heftmann, ed. Elsevier, Netherlands. 

Colonna, P., J. Tayeb, and C. Mercier. 1989. Extrusion cooking of starch and starchy 
products. Pages 247-320 in Extrusion Cooking. C. Mercier, P. Linko, and J.M. 
Harper, ed. American Association of Cereal Chemists, Inc., St. Paul, MN. 

Copeland, L., J. Blazek, H. Salman, and M. Tang. 2009. Form and functionality of starch. 
Food Hydrocolloids. 23:1527-1534. 



  87 
 

Coultate, T.P. 2009. Food: The Chemistry of its Components. 5th ed. RSC Publishing, 
Cambridge. 

Cristina da Silva, M., C.W. Piler de Carvalho, and C.T. Andrade. 2009. The effects of 
water and sucrose contents on the physicochemical properties of non-directly 
expanded rice flour extrudates. Ciência e Tecnologia De Alimentos. 29:661-666. 

Dairy Management, Inc. 2006. Advantages of whey proteins in meats. 

Davies, C., F. Netto, N. Glassenap, C. Gallaher, T. Labuza, and D. Gallaher. 1998. 
Indication of the maillard reaction during storage of protein isolates. J. Agric. Food 
Chem. 46:2485-2489. 

Deeth, H.C., and J. Hartanto. 2009. Chemistry of milk- Role of constituents in 
evaporation and drying. Pages 1-27 in Dairy Powders and Concentrated Milk 
Products. A.Y. Tamime, ed. Wiley-Blackwell, Chichester, U.K. 

Dominguez-Vergara, A., L. Vazquez-Moreno, and G. Montfort. 2009. Role of prebiotic 
oligosaccharides in prevention of gastrointestinal infections: A review. Arch 
Latinoam Nutr. 59:358-368. 

Donald, A.M. 2004. Understanding starch structure and functionality. Pages 156-184 in 
Starch in Food: Structure, Function and Applications. A. Eliasson, ed. Woodhead 
Publishing, Cambridge. 

Early, R. 1998. The Technology of Dairy Products. 2nd ed. Blackie Academic & 
Professional, New York. 

EAS Consulting Group, LLC. 2010. Determination of the generally recognized as safe 
(GRAS) status of wheat bran extract as a food ingredient. Report 343. 

Endo, T., and S. Koizumi. 2000. Large-scale production of oligosaccharides using 
engineered bacteria. Curr. Opin. Struct. Biol. 10:536-541. 

Environ International Corporation. 2000. Generally recognized as safe notification for 
short-chain fructooligosaccharides. Report 44. 

Environ International Corporation. 2002. Generally recognized as safe (GRAS) 
notification for frutafit. Report 118. 

Environ International Corporation. 2007. Generally recognized as safe (GRAS) 
determination for the use of galacto-oligosaccharides (GOS) in foods and term 
infant formulas. Report 236. 

Faller, J.Y., B.P. Klein, and J.F. Faller. 1999. Acceptability of extruded corn snacks as 
affected by inclusion of soy protein. J. Food Sci. 64:185-188. 

Fanaro, S., G. Boehm, J. Garssen, J. Knol, F. Mosca, and B. Stahl. 2005. Galacto-
oligosaccharides and long-chain fructo-oligosaccharides as prebiotics in infant 
formulas: A review. Acta Paediatr Taiwan. 94:22-26. 

Färber, E., inventor. 1936. Method of polymerizing monosaccharides. US Pat. No. 
2027904. 



  88 
 

Faubion, J., and Hoseney. 1982. High-temperature short-time extrusion cooking of 
wheat-starch and flour. Effect of protein and lipid on extrudate properties. Cereal 
Chem. 59:533-537. 

Fennema, O.R., S. Damodaran, and K.L. Parkin. 2008. Food Chemistry. 4th ed. CRC 
Press, Boca Raton. 

Fernández-Gutiérrez, J., E. San Martin-Martinez, F. Martinez-Bustos, and A. Cruz-Orea. 
2004. Physicochemical properties of casein-starch interaction obtained by 
extrusion process. Starke. 56:190-198. 

Ferretti, A., and P. Flanagan. 1972. Steam volatile constituents of stale nonfat dry milk. 
The role of the maillard reaction in staling. J. Agric. Food Chem. 20:695. 

Fetzer, W.R., E.K. Crosby, C.E. Engel, and L.C. Kirst. 1953. Effect of acid and heat on 
dextrose and dextrose polymers. Ind. Eng. Chem. 45:1075-1083. 

Fichtali, J., and F. R. van de Voort. 1989. Fundamental and practical aspects of twin 
screw extrusion. Cereal Foods World. 34:921-929. 

Food and Agriculture Organization (FAO) of the United States. 2011. Compendium of 
food additive specifications: Joint FAO/WHO expert committee on food additives. 
74th meeting. 

Food Quality and Standards Service (AGNS) and Food and Agriculture Organization of 
the United Nations (FAO). 2007. FAO technical meeting on prebiotics. 

Fox, P.F., and P.L.H. McSweeney. 1998. Dairy Chemistry and Biochemistry. 1st ed. 
Blackie Academic & Professional, New York. 

Frame, N.D. 1994. The Technology of Extrusion Cooking. 1st ed. Blackie Academic & 
Professional, New York. 

Fritz, J.S., and D.T. Gjerde. 2009. Ion-exclusion chromatography. Pages 207-238 in Ion 
Chromatography. 4th ed. Wiley-VCH, Weinheim. 

Frost and Sullivan. 2009. U.S. digestive health ingredients markets. 

Gallaher, D.D. 2000. Dietary fiber and its physiological effects. Pages 273-292 in 
Essentials of Functional Foods. M.K. Schmidl, and T.P. Labuza, ed. Aspen, 
Gaithersburg, MD. 

Ghebre-Sellassie, I., and C. Martin. 2003. Pharmaceutical Extrusion Technology. Marcel 
Dekker, New York. 

Ghorpade, V., S. Bhatnagar, and M. Hanna. 1997. Structural characteristics of corn 
starches extruded with soy protein isolate or wheat gluten. Plant Foods Hum. Nutr. 
51:109-124. 

Gillot, H. 1904. Properties of mixtures: melting points of some mixtures of sugars. Page 
804 in Journal of the Chemical Society. Vol. 86 Part 2. Chemical Society, Royal 
Society of Chemistry, Great Britain. 

Gibson, G. 2004. From probiotics to prebiotics and a healthy digestive system. J. Food 



  89 
 

Sci. 69:M141-M143. 

Gibson, G.R., B. Rabiu, C.E. Rycroft, and R.A. Rastall. 2004. Trans-
galactooligosaccharides as prebiotics. Pages 91-108 in Handbook of Functional 
Dairy Products. C. Shortt, and J. O'Brien, ed. CRC Press, Boca Raton. 

Giles, H.F., J.R. Wagner, and E.M. Mount. 2005. Extrusion: The Definitive Processing 
Guide and Handbook. William Andrew Publishing, Norwich, NY. 

Gogus, F., S. Fadiloglu, and C. Soysal. 2010. Biological oxidations: Enzymatic and 
nonenzymatic browning reactions and control mechanisms. Pages 341-382 in 
Advances in Food Biochemistry. F. Yildiz, ed. CRC Press, Boca Raton. 

Goñi, I., M.E. Díaz-Rubio, and F. Saura-Calixto. 2009. Dietary fiber in beer: Content, 
composition, colonic fermentability, and contribution to the diet. Pages 299-307 in 
Beer in Health and Disease Prevention. V. Preedy, ed. Elsevier/Academic Press, 
Amsterdam/Boston. 

Gosling, A., G. Stevens, A. Barber, S. Kentish, and S. Gras. 2010. Recent advances 
refining galactooligosaccharide production from lactose. Food Chem. 121:307-
318. 

Gray, N. 2011. Sugar doesn't melt, it decomposes, say researchers.  

Gropper, M., C. Moraru, and J. Kokini. 2002. Effect of specific mechanical energy on 
properties of extruded protein-starch mixtures. Cereal Chem. 79:429-433. 

Grote, K.H., and E.K. Antonsson. 2009. Springer Handbook of Mechanical Engineering. 
Springer, Berlin. 

GTC Nutrition. 2009. Galactooligosaccharide GRAS notice- infant formula and follow-on 
formula. Report 286. 

Guy, R.C.E. 2001. Extrusion Cooking Technologies and Applications. CRC 
Press/Woodhead Pub., Boca Raton/Cambridge, England. 

Hamilton-Miller, J. 2004. Probiotics and prebiotics in the elderly. J. Postgrad. Med. 
80:447-451. 

Harper, J.M. 1981. Extrusion of Foods. CRC Press, Boca Raton, FL. 

Harper, J.M. 1989. Instrumentation for extrusion processes. Pages 39-55 in Extrusion 
Cooking. C. Mercier, P. Linko, and J.M. Harper, ed. American Association of 
Cereal Chemists, Inc., Saint Paul, MN. 

Havea, P., A.J. Baldwin, and A.J. Carr. 2009. Specialized and novel powders. Pages 
268-293 in Dairy Powders and Concentrated Products. A.Y. Tamime, ed. Wiley-
Blackwell, Chichester, U.K. 

Heldman, D.R., and R.W. Hartel. 1997. Principles of Food Processing. Chapman & Hall, 
New York. 

Huang, D.P., and L.W. Rooney. 2001. Starches for snack foods. Pages 115 in Snack 
Foods Processing. E.W. Lusas, and L.W. Rooney, ed. CRC Press, Boca Raton. 



  90 
 

HunterLab. 2008. CIE L*a*b* color scale.  

HunterLab. 2010. Color measurement of cereal and cereal products. 

Hwang, J.K., C.J. Kim, and C.T. Kim. 1997. Polymerization of sugars by extrusion. J. 
Food Sci. Nutr. 2:296-300. 

Hwang, J., C. Kim, and C. Kim. 1998. Production of glucooligosaccharides and 
polydextrose by extrusion reactor. Starke. 50:104-107. 

Ibanoglu, S., P. Ainsworth, E. Ozer, and A. Plunkett. 2006. Physical and sensory 
evaluation of a nutritionally balanced gluten-free extruded snack. J. Food Eng. 
75:469-472. 

Illanes, A. 2011. Whey upgrading by enzyme biocatalysis. Electronic J. Biotechnol. 
14(6):1-28. 

Jacobson, M.F. 2011. United states department of health and human services food and 
drug administration: Petition to bar the use of caramel colorings produced with 
ammonia and containing the carcinogens 2-methylimidazole and 4-
methylimidazole. 

Jayakody, L., and R. Hoover. 2002. The effect of lintnerization on cereal starch granules. 
Food Res. Int. 35:665-680. 

Jelen, P. 2009. Dried whey, whey proteins, lactose and lactose derivative products. 
Pages 255-293 in Dairy Powders and Concentrated Products. A. Y. Tamime, ed. 
Wiley-Blackwell, Chichester, U.K. 

Jiang, B., Y. Liu, B. Bhandari, and W. Zhou. 2008. Impact of caramelization on the glass 
transition temperature of several caramelized sugars. Part 1: Chemical analyses. 
J. Agric. Food Chem. 56:5138-5147. 

Kamuf, W., A. Nixon, O. Parker, G. Barnum, and D. Williamson. 2003. Overview of 
caramel colors. Cereal Foods World. 48:64-69. 

Kim, J., and Y. Lee. 2008. Effect of pH on the enolization of sugars and antioxidant 
activity of caramelization products obtained by caramelization browning. Food Sci. 
Biotechnol. 17:931-939. 

Köksel, H., G. Ryu, A. Basman, H. Demiralp, and P. Ng. 2004. Effects of extrusion 
variables on the properties of waxy hulless barley extrudates. Nahrung. 48:19. 

Krüger, C. H. 2009. Sugar and bulk sweeteners. In Industrial Chocolate Manufacture 
and Use. 4th ed. S. T. Beckett, ed. Wiley-Blackwell; Ames, Iowa. 

Lai, L., J. Kokini. 1991. Physicochemical changes and rheological properties of starch 
during extrusion. Biotechnol. Prog. 7:251-266. 

Lazou, A.E., P.A. Michailidis, S. Thymi, M.K. Krokida, and G.I. Bisharat. 2007. Structural 
properties of corn-legume based extrudates as a function of processing conditions 
and raw material characteristics. Int. J. Food Prop. 10:721-738. 



  91 
 

Lazou, A., and M. Krokida. 2010. Functional properties of corn and corn-lentil 
extrudates. Food Res. Int. 43:609-616. 

Lee, J., L. Thomas, and S. Schmidt. 2011. Investigation of the heating rate dependency 
associated with the loss of crystalline structure in sucrose, glucose, and fructose 
using a thermal analysis approach (part I). J. Agric. Food Chem. 59:684-701. 

Lei, H., R. Fulcher, R. Ruan, and B. van Lengerich. 2005. Empirical modeling of die 
pressure, shaft torque, SME, and product temperature of rice flour in a corotating 
twin-screw extruder. Cereal Chem. 82:582-587. 

Lei, H., R. Fulcher, R. Ruan, and B. van Lengerich. 2007. Assessment of color 
development due to twin-screw extrusion of rice-glucose-lysine blend using image 
analysis. Lebensm. Wiss. Technol. 40:1224-1231. 

Lei, H., R. Ruan, R. G. Fulcher, and B. van Lengerich. 2008. Color development in an 
extrusion-cooked model system. Int. J. Agric. and Biol. Eng. 1:55-63. 

Leuck, G.J., inventor. 1945. Polymerization of sugars. US Patent No. 2387275. 

Leuck, G.J., inventor. 1948. Polymerization of sugars. US Patent No. 2436967. 

Li, M., and T. Lee. 1996. Effect of cysteine on the functional properties and 
microstructures of wheat flour extrudates. J. Agric. Food Chem. 44:1871-1880. 

Limón Valenzuela, V., F. Martinez Bustos, E. Aguilar Palazuelos, J. Caro Corrales, and 
J. Zazueta Morales. 2010. Physicochemical evaluation and optimization of 
enriched expanded pellets with milk protein concentrate. Cereal Chem. 87:612. 

Liu, K.S., and F. Hsieh. 2007. Protein-protein interactions in high moisture-extruded 
meat analogs and heat-induced soy protein gels. J. Am. Oil Chem. Soc. 84:741-
748. 

Liu, K., and F. Hsieh. 2008. Protein-protein interactions during high-moisture extrusion 
for fibrous meat analogues and comparison of protein solubility methods using 
different solvent systems. J. Agric. Food Chem. 56:2681-2687. 

Liu, H., F. Xie, L. Yu, L. Chen, and L. Li. 2009. Thermal processing of starch-based 
polymers. Prog. Polym. Sci. 34:1348-1368. 

Lu, Q., F. Hsieh, S. Mulvaney, J. Tan, and H. Huff. 1992. Dynamic analysis of process 
variables for a twin-screw food extruder. Lebensm. Wiss. Technol. 25:261-270. 

Macfarlane, S., G. Macfarlane, and J. Cummings. 2006. Review article: Prebiotics in the 
gastrointestinal tract. Aliment. Pharmacol. Ther. 24:701-714. 

Malleshi, N., N. Hadimani, R. Chinnaswamy, and C. Klopfenstein. 1996. Physical and 
nutritional qualities of extruded weaning foods containing sorghum, pearl millet, or 
finger millet blended with mung beans and nonfat dried milk. Plant Foods Hum. 
Nutr. 49:181-189. 

Manley-Harris, M., and G. Richards. 1993. A novel fructoglucan from the thermal 
polymerization of sucrose. Carbohydr. Res. 240:183-196. 



  92 
 

Matthey, F., and M. Hanna. 1997. Physical and functional properties of twin-screw 
extruded whey protein concentrate corn starch blends. Lebensm. Wiss. Technol. 
30:359-366. 

Mead Johnson and Co. 2007. Generally recognized as safe (GRAS) determination for 
the addition of polydextrose to infant formula as a prebiotic ingredient in 
combination with galactooligosaccharides. Report 233. 

Meng, X., D. Threinen, M. Hansen, and D. Driedger. 2010. Effects of extrusion 
conditions on system parameters and physical properties of a chickpea flour-
based snack. Food Res. Int. 43:650-658. 

Mercier, C., P. Linko, and J.M. Harper. 1989. Extrusion Cooking. American Association 
of Cereal Chemists, St. Paul, MN. 

Mesa, N., S. Alavi, N. Singh, Y. Shi, H. Dogan and Y. Sang. 2009. Soy protein-fortified 
expanded extrudates: Baseline study using normal corn starch. J. Food Eng. 
90:262-270. 

Miller, D.D. 1998. Nonenzymatic browning. Pages 18-24 in Food Chemistry Laboratory 
Manual. Nonenzymatic browning. John Wiley & Sons, Inc., Canada. 

Miller, R. 2006. Low moisture extrusion- effects of cooking moisture on product 
characteristics. J. Food Sci. 50:249-253. 

Monsan, P.F., and D. Auriol. 2004. Dextran and glucooligosaccharides. Pages 135-149 
in Bioprocesses and Biotechnology for Functional Foods and Nutraceuticals. J.R. 
Neeser, and J.B. German, ed. Marcel Dekker, New York. 

Morales, F., and M. van Boekel. 1998. A study on advanced maillard reaction in heated 
casein/sugar solutions: Colorr formation. Int. Dairy J. 8:907-915. 

Morales, F., C. Romero, and S. Jimenez Perez. 2000. Characterization of industrial 
processed milk by analysis of heat-induced changes. Int. J. Food Sci. Technol. 
35:193-200. 

Moraru, C.I., and J.L. Kokini. 2003. Nucleation and expansion during extrusion and 
microwave heating of cereal foods. Compr. Rev. Food Sci. Food Saf. 3:147-165. 

Mori, S. 1998. HPLC application to polymer analysis. Pages 831-858 in Handbook of 
HPLC. Vol. 78. E. Katz, R. Eksteen, P. Schoenmakers, and N. Miller, ed. Marcel 
Dekker, New York. 

Moskowitz, H.R. 1987. Food Texture: Instrumental and Sensory Measurement. Marcel 
Dekker, New York. 

Mulvaney, S., and S. Rizvi. 1993. Extrusion processing with supercritical fluids. Food 
Technol. 47:74. 

Mussatto, S., and I. Mancilha. 2007. Non-digestible oligosaccharides: A review. 
Carbohydr. Polym. 68:587-597. 

Myers, D., and J. Howell. 1992. Characterization and specifications of caramel colors- 
an overview. Food Chem. Toxicol. 30:359-363. 



  93 
 

Newport Scientific. Newport scientific application note. 1997. 

Nishigaki, R., T. Watanabe, T. Kajimoto, A. Tada, and T. Takamura Enya. 2009. 
Isolation and identification of a novel aromatic amine mutagen produced by the 
maillard reaction. Chem. Res. Toxicol. 22:1588-1593. 

Núñez, M., A.J. Sandoval, A.J. Mueller, G. Della Valle, and D. Lourdin. 2009. Thermal 
characterization and phase behavior of a ready-to-eat breakfast cereal formulation 
and its starchy components. Food Biophys. 4:291-303. 

Nursten, H.E. 2005. The Maillard Reaction Chemistry, Biochemistry, and Implications. 
Books24x7.com, Norwood, Massachusetts. 

O'Brien, J. 2009. Non-enzymatic degradation pathways of lactose and their significance 
in dairy products. Pages 231-294 in Advanced Dairy Chemistry. Vol. 3. P.L.H. 
McSweeney, and P.F. Fox, ed. Springer, New York. 

O'Brien, J. 1995. Heat-induced changes in lactose: Isomerization, degradation, maillard 
browning. Pages 134-170 in Heat-Induced Changes in Milk. 2nd ed. International 
Dairy Federation, Brussels, Belgium. 

Ohishi, K., M. Kasai, A. Shimada, and K. Hatae. 2007. Effects of acetic acid on the rice 
gelatinization and pasting properties of rice starch during cooking. Food Res. Int. 
40:224. 

Olano, A., M. Calvo, and N. Corzo. 1989. Changes in the carbohydrate fraction of milk 
during heating processes. Food Chem. 31:259-265. 

Onwulata, C.I., R.P. Konstance, P.W. Smith, and V.H. Holsinger. 1998. Physical 
properties of extruded products as affected by cheese whey. J. Food Sci. 63:814-
818. 

Onwulata, C., R. Konstance, P. Smith, and V. Holsinger. 2001a. Co-extrusion of dietary 
fiber and milk proteins in expanded corn products. Lebensm. Wiss. Technol. 
34:424-429. 

Onwulata, C., P. Smith, R. Konstance, and V. Holsinger. 2001b. Incorporation of whey 
products in extruded corn, potato or rice snacks. Food Res. Int. 34:679-687. 

Onwulata, C.I., R.P. Konstance, P.H. Cooke, and H.M. Farrell. 2003. Functionality of 
extrusion - texturized whey proteins. J. Dairy Sci. 86:3775-3782. 

Onwulata, C., and P. Tomasula. 2004. Whey texturization: A way forward. Food 
Technol. 58:50. 

Onwulata, C.I., inventor. 2006. Food products containing partially and/or totally 
denatured milk proteins. US Patent No. 0292287 A1. 

Onwulata, C.I., J.G. Phillips, M.H. Tunick, P.X. Qi, and P.H. Cooke. 2010. Texturized 
dairy proteins. J. Food Sci. 75:E100-E109. 

Ortiz, J., C. de Carvalho, D. Ascheri, J. Ascheri, and C. de Andrade. 2010. Effect of 
sugar and water contents on non-expanded cassava flour extrudates. Ciência e 
Tecnologia De Alimentos. 30:205-212. 



  94 
 

Owolabi, G., M. Bassim, J. Page, and M. Scanlon. 2008. The influence of specific 
mechanical energy on the ultrasonic characteristics of extruded dough. J. Food 
Eng. 86:202-206. 

Owusu-Apenten, R.K. 2005. The maillard reaction. Pages 159-173 in Introduction to 
Food Chemistry. The maillard reaction. CRC Press, Boca Raton. 

Pagliarini, E., M. Vernile, and C. Peri. 1990. Kinetic-study on color changes in milk due 
to heat. J. Food Sci. 55:1766-1767. 

Pandya, A.J., and G.F.W. Haenlein. 2009. Bioactive components in buffalo milk. Pages 
105-157 in Bioactive Components in Milk and Dairy Products. Y.W. Park, ed. 
Wiley-Blackwell, Ames, Iowa. 

Park, A., and D. Oh. 2010. Galacto-oligosaccharide production using microbial beta-
galactosidase: Current state and perspectives. Appl. Microbiol. Biotechnol. 
85:1279-1286. 

Paterson, A. H. J., and S. J. Kellam. 2009. Transformation of lactose for value-added 
ingredients. Pages 625-643 in Dairy-Derived Ingredients Food and Neutraceutical 
Uses. M. Corredig, ed. CRC Press, Boca Raton. 

Perez-Navarrete, C., D. Betancur-Ancona, M. Casotto, A. Carmona, and J. Tovar. 2007. 
Effect of extrusion on protein and starch bioavailability in corn and lima bean flour 
blends. Arch. Latinoam. Nutr. 57:278-286. 

Phongkanpai, V., S. Benjakul, and M. Tanaka. 2006. Effect of pH on antioxidative 
activity and other characteristics of caramelization products. J. Food Biochem. 
30:174-186. 

Pitotti, A., B. Elizalde, and M. Anese. 1995. Effect of caramelization and maillard 
reaction-products on peroxidase-activity. J. Food Biochem. 18:445-457. 

Playne, M.J., and R.G. Crittenden. 2004. Prebiotics from lactose, sucrose, starch, and 
plant oligosaccharides. Pages 99-134 in Bioprocesses and Biotechnology for 
Functional Foods and Nutraceuticals. J.R. Neeser, and J.B. German, ed. Marcel 
Dekker, New York. 

Pojanavaraphan, T., R. Magaraphan, B. Chiou, and D.A. Schiraldi. 2010. Development 
of biodegradable foamlike materials based on casein and sodium montmorillonite 
clay. Biomacromolecules. 11:2640-2646. 

Prapulla, S., V. Subhaprada, and N. Karanth. 2000. Microbial production of 
oligosaccharides: A review. Adv. Appl. Microbiol. 47:299-343. 

Quintas, M.A.C., T.R.S. Brandao, and C.L.M. Silva. 2007. Modeling color changes 
during the caramelization reaction. J. Food Eng. 83:483-491. 

R Development Core Team. 2008. R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, Austria. URL 
http://www.R-project.org. Accessed November 14, 2011. 

Rastall, R.A., and G.R. Gibson. 2002. Prebiotic oligosaccharides: Evaluation of 
biological activities and potential future developments. Pages 107-148 in 



  95 
 

Probiotics and Prebiotics- Where are we Going? G.W. Tannock, ed. Caister 
Academic, Wymondham, Norfolk, England. 

Rastall, R. 2010. Functional oligosaccharides: Application and manufacture. Annu. Rev. 
Food Sci. Technol. 1:305-339. 

Rauwendaal, C. 2001. Polymer Extrusion. 4th ed. Hanser Gardner Publications, 
Cincinnati, OH. 

Rayas-Duarte, P., K. Majewska, and C. Doetkott. 1998. Effect of extrusion process 
parameters on the quality of buckwheat flour mixes. Cereal Chem. 75:338-345. 

Riaz, M.N. 2000. Introduction to extruders and their principles. Pages 1-23 in Extruders 
in Food Applications. M.N. Riaz, ed. Technomic Publ. Co., Lancaster. 

Rudolfová, J., and L. Curda. 2005. Galactooligosaccharides as prebiotics and their 
production from lactose. Chemické Listy. 99:168-174. 

Ruiter, A., and A.G.J. Voragen. 2002. Major food additives. Pages 273-289 in Chemical 
and Functional Properties of Food Components. 2nd ed. Z.E. Sikorski, ed. CRC 
Press, Boca Raton, London. 

Saier, M., N. Mansour, and J. Saier. 2005. Probiotics and prebiotics in human health. J. 
Mol. Microbiol. Biotechnol. 10:22-25. 

Schaer, R. 2010. Process variables & parameters. Food extrusion workshop, University 
of Minnesota. Buhler. 

Schwartzberg, H.G., and M.A. Rao. 1990. Biotechnology and Food Process 
Engineering. Marcel Dekker, New York, NY. 

Shallenberger, R. S. 1993. Taste Chemistry. 1st ed. Blackie Academic & Professional, 
London; New York. 

Shukla, C., K. Muthukumarappan, and J. Julson. 2005. Effect of single-screw extruder 
die temperature, amount of distillers' dried grains with solubles (DDGS), and initial 
moisture content on extrudates. Cereal Chem. 82:34-37. 

Singh, R.K., S.S. Nielsen, J.V. Chambers, M. Martinezserna, and R. Villota. 1991. 
Selected characteristics of extruded blends of milk protein raffinate or nonfat dry 
milk with corn flour. J. Food Process. Preserv. 15:285-302. 

Singh, H., and L.K. Creamer. 1992. Heat stability of milk. Pages 621-656 in Advanced 
Dairy Chemistry. Vol. 1. P.F. Fox, ed. Elsevier Science Publishers LTD, England. 

Singh, S., S. Gamlath, and L. Wakeling. 2007. Nutritional aspects of food extrusion: A 
review. Int. J. Food Sci. Technol. 42:916-929. 

Skanderby, M., V. Westergaard, A. Partridge, and D.D. Muir. 2009. Dried milk products. 
Pages 180-234 in Dairy Powders and Concentrated Milk Products. A.Y. Tamime, 
ed. Wiley-Blackwell, Chichester, U.K. 

Smietana, Z., L. Fornal, J. Szpendowski, and M. Soralsmietana. 1988. Utilization of milk-
proteins and cereal starches to obtain co-extrudates. Nahrung. 32:545-551. 



  96 
 

Smith, A.C. 2003. Textural characterization of extruded materials and influence of 
common additives. Pages 311-350 in Characterization of Cereals and Flours: 
Properties, Analysis, and Applications. G. Kaletunç, and K.J. Breslauer, ed. Marcel 
Dekker, New York. 

Smithers, G. 2008. Whey and whey proteins - from 'gutter-to-gold'. Int. Dairy J. 18:695-
704. 

Sokhey, A., S. Rizvi, and S. Mulvaney. 1996. Application of supercritical fluid extrusion 
to cereal processing. Cereal Foods World. 41:29-34. 

Spherix Consulting, Inc. 2010. Generally recognized as safe (GRAS) determination for 
the use of galacto-oligosaccharides (GOS) in foods and infant formulas. Report 
334. 

Steffe, J.F. 1992. Rheological Methods in Food Process Engineering. 2nd ed. Freeman 
Press, East Lansing, MI. 

Strahm, B.S. 2000. Preconditioning. Pages 115-126 in Extruders in Food Applications. 
M.N. Riaz, ed. Technomic Publishing Co., Lancaster. 

Strahm, B. 2006. Meat alternatives. Pages 136-154 in Soy Applications in Food. M.N. 
Riaz, ed. CRC Press, Boca Raton. 

Swaisgood, H.E. 2008. Characteristics of milk. Pages 885-921 in Fennema's Food 
Chemistry. 4th ed. S. Damodaran, K.L. Parkin, and O.R. Fennema, ed. CRC 
Press, Boca Raton. 

Swennen, K., C. Courtin, and J. Delcour. 2006. Non-digestible oligosaccharides with 
prebiotic properties. Crit. Rev. Food Sci. Nutr. 46:459-471. 

Tan, Y., and R. Chinnaswamy. 1993. Molecular-properties of cereal-based breakfast 
foods. Starke. 45:391-396. 

Taniguchi, H. 2005. Carbohydrate active enzymes for the production of 
oligosaccharides. Pages 20-21 in Handbook of Industrial Catalysts. C.T. Hou, ed. 
Taylor & Francis/CRC, Boca Raton, FL. 

Taylor, B., and M. Walsh. 2002. Development and sensory analysis of a textured whey 
protein meatless patty. J. Food Sci. 67:1555-1558. 

Thomas, M., J. Scher, S. Desobry-Banon, and S. Desobry. 2004. Milk powders ageing: 
Effect on physical and functional properties. Crit. Rev. Food Sci. Nutr. 44:297-322. 

Tsai, P., T. Yu, S. Chen, C. Liu, and Y. Sun. 2009. Interactive role of color and 
antioxidant capacity in caramels. Food Res. Int. 42:380-386. 

Tunick, M.H., and C.I. Onwulata. 2006. Rheological properties of extruded milk powders. 
Int. J. Food Prop. 9:835-844. 

U.S. Dairy Export Council. 2008. Reference manual for U.S. whey and lactose products. 

Varnam, A.H., and J.P. Sutherland. 1994. Milk and Milk Products: Technology, 
Chemistry, and Microbiology. 1st ed. Chapman & Hall, New York. 



  97 
 

Vrese, M., and J. Schrezenmeir. 2008. Probiotics, prebiotics, and synbiotics. Adv. 
Biochem. Eng. Biotechnol. 111:1-66. 

Walsh M.K., and C.E. Carpenter, inventors. 2009. Texturized whey protein product. US 
Patent No. 7597921. 

Walstra, P., J.T.M. Wouters, and T.J. Geurts. 2006. Dairy Science and Technology. 2nd 
ed. Taylor & Francis, Boca Raton. 

Wang, S., J. Casulli, and J. Bouvier. 1993. Effect of dough ingredients on apparent 
viscosity and properties of extrudates in twin-screw extrusion-cooking. Int. J. Food 
Sci. Technol. 28:465-479. 

Wang, M., Y. Jin, J. Li, and C. Ho. 1999. Two novel beta-carboline compounds from the 
maillard reaction between xylose and tryptophan. J. Agric. Food Chem. 47:48-50. 

Warmbier, H., R. Schnickels, and T. Labuza. 1976. Effect of glycerol on nonenzymatic 
browning in a solid intermediate moisture model food system. J. Food. Sci. 
41:528-531. 

Wehr, H.M., and J.F. Frank. 2004. Standard Methods for the Examination of Dairy 
Products. 17th ed. American Public Health Association, Washington. 

Welti-Chanes, J., G.V. Barbosa-Cánovas, and J.M. Aguilera. 2002. Engineering and 
Food for the 21st Century. CRC Press, Boca Raton, FL. 

Wu, W., H. Huff, and F. Hsieh. 2007. Processing and properties of extruded flaxseed-
corn puff. J. Food Process. Preserv. 31:211-226. 

Yaylayan, V. 2003. Recent advances in the chemistry of strecker degradation and 
amadori rearrangement: Implications to aroma and color formation. Food Sci. 
Technol. Res. 9:1-6. 

Yen, G., and P. Hsieh. 1995. Antioxidative activity and scavenging effects on active 
oxygen of xylose-lysine maillard reaction-products. J. Sci. Food Agric. 67:415-420. 

Zadow, J. 1984. Lactose- Properties and uses. J. Dairy Sci. 67:2654-2679. 

Zobel, H.F., and A.M. Stephen. 2006. Starch: Structure, analysis, and application. Pages 
25-29 in Food Polysaccharides and their Application. 2nd ed. A.M. Stephen, G.O. 
Phillips, and P.A. Williams, ed. CRC/Taylor & Francis, Boca Raton, FL. 



  98 
 

7 Appendix 

A.1 Extended Methods for Nonfat Dry Milk and Starch Puffs 

A.1.1 Extrusion of NDM and Starch Puffs 

 Objective: 

Protein fortification in extrusion processing can be used to impart nutritional and 

functional characteristics to extruded products. The most commonly utilized dairy protein 

sources include whey protein concentrates and isolates, while little research has been 

focused on nonfat dry milk (NDM), which remains an underutilized commodity grade 

dairy ingredient. Difficulties in utilizing NDM as a protein source in extrusion include its 

high lactose content, which can lead to Maillard browning, and protein-protein 

interactions are also difficult to induce, which are essential in creating stable puffs. 

Therefore, the objective of this study was to alter formula conditions to manipulate 

product characteristics.  

Experimental Design: 

Nonfat dry milk (NDM) and a modified cornstarch were extruded at three NDM 

concentrations (45, 65, 85%), three lactic acid levels (0, 33 and 50% of the added fluid), 

and two fluid addition rates (6.5, 7.3 kg/h) to alter extrudate characteristics. Process 

responses (die temperature, die pressure, motor torque and specific mechanical energy) 

and product responses (color, solubility, expansion ratio, bulk density and peak 

viscosity) were analyzed and response surface plots were generated.  

One NDM formula was run on each processing day, and each treatment was 

replicated. The order in which samples were collected was determined by fluid addition 

rate and acid level; high fluid addition rates preceded low fluid addition rates, and within 

each fluid addition level, low acid samples were collected first, followed by medium acid 

and then high acid samples. Due to extrusion operation constraints, the order in which 

samples were collected could not be randomized. The experimental design is illustrated 

below. 
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Materials and Equipment: 

 Nonfat dry milk 

 Clearjel-S starch 

 Scale 

 Ribbon blender 

 Large plastic bags for collection of prepared mixes 

 Large buckets (2) 

 Spatula 

 Ribbon blender 

 Buhler 44mm extruder 

 Trays with screened bottoms 

 Fluidized bed dryer (100 C) 

 Scissors 

 Storage containers, glass jars and PP containers  

Procedure: 

Prepare mixes 

1. Weigh ingredients required for a 50 lb batch into a large bucket and then pour 

into the ribbon blender. The batch formulas are shown below for formulas 

containing 45%, 65% and 85% NDM. Make sure that the trap door is closed at 

the bottom of the ribbon blender. 
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Formula % NDM Ingredient amount (lbs)/50 lb batch 

NDM Starch 

1 45 22.5 27.5 

2 65 32.5 17.5 

3 85 42.5 7.5 

 

2. Close both the grated cover and the top cover of the ribbon blender when the 

NDM and starch are in the ribbon blender. 

3. Mix for 2 minutes in both forward and reverse directions. Press stop and let the 

blades come to a complete stop before changing directions. 

4. Collect some of the dry mix and store in a PP container. 

5. Open the top cover of the ribbon blender and continue mixing in either forward or 

reverse direction (essential for the mixing to occur in order to get the mix out of 

the ribbon blender). 

6. Open a bag and set inside a large bucket—do not fold the top part of the bag 

down.  

7. Slowly open the trap door at the bottom of the ribbon blender and pour the mix 

into the bag that is sitting in the bucket. To direct mix into the bag, take the top of 

the bag and wrap it around the exit of the ribbon blender. Make sure to carefully 

control the flow through the trap door. 

8. Switch to a new bag once the first bag is full, and repeat as necessary. 

9. With the ribbon blender off, use a spatula to scrape the remaining mix into the 

bag. 

Extrusion 

1. Allow the extrusion staff to start up the extruder—this will include pouring the 

feed into the K-Tron extruder feeder (the order in which treatments will be run 

must be randomized), warming up the barrels, rotating the screws, and slowly 

increasing the dry feed rate. The dry feed rate is allowed to increase to the set 

feed rate as the barrels warm up and the product begins to melt (the % torque 

will need to be closely monitored). 

2. Once the conditions have been reached and the extruder has reached steady 

state with regards to the die temperature, die pressure, and motor torque, begin 

to collect the samples.  
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3. Record the extrusion operation data on the operation data sheet at the beginning 

and towards the end of every sample collection. 

Sample collection, drying, and sample storage 

1. Collect the extruded product in ropes and lay in trays with screened bottoms. 

2. Dry extrudates in trays for 10 minutes at 100 C in a fluidized bed dryer. 

3. Allow the product to cool in the trays, and then carefully pack the product into 

glass jars (two per sample). 

A.1.2 Protein 

Objective: 

The purpose was to determine the amount of protein in the nonfat dry milk, which 

was used during the extrusion process. Correlations may be drawn later regarding the 

amount of protein in the initial materials and extrudates to the product responses, such 

as bulk density, expansion ratio, and color of the extrudates. 

Materials: 

 Nonfat dry milk 

 Extrudates 

 Spice grinder 

 Gelatin capsules 

 LECO equipment  

Note: Assume that the cornstarch has approximately 0% protein. 

Sample Preparation: 

To prepare the extrudates for analysis: 

 Grind extrudates with a spice grinder so as to produce a homogenous sample. 

Procedure: 

1. Turn on the gases 30 minutes prior to use. 

2. Perform the “system check” as well as the “whole O2” and “whole He” leak 

checks to ensure that the equipment is operating properly. 
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3. Purge the system with high purity glycine (~0.15 g) twice. 

4. Analyze blank capsules until readings stabilize and log in the stable readings to 

calibrate the equipment. 

5. Perform a drift correct with high purity glycine (~0.1 g) until readings stabilize. 

a. Log in the stable readings to properly set the standard curve. 

b. Use the appropriate method and enter the conversion factor of 6.38 for 

dairy proteins. 

6. Accurately weigh ~0.15 g of the initial mix or crushed extrudates into each gelatin 

capsule, analyzing each sample in triplicate. 

7. Load capsules into the equipment for measurement. 

8. Turn off gases once measurements are completed. 

A.1.3 Moisture 

Objective: 

The purpose was to determine the moisture content of the nonfat dry milk (NDM) 

and starch mixtures, NDM/starch extrudates, and pre-extruded and post-extruded 

lactose/glucose. 

Materials and Equipment: 

 Nonfat dry milk and starch mixtures: 45/55, 65/35 and 85/15 (NDM/starch 

combination), and lactose/glucose raw mixtures. 

 NDM/starch extrudates and lactose/glucose extrudates 

 Mortar and pestle 

 60-mesh sieve 

 Atmospheric oven (100 C) 

 Desiccators 

 Vacuum oven with drying columns 

 Weighing pans- metal, round, flat-bottomed, covered weighing pan, 5 cm in 

diameter 

Sample Preparation: 

To prepare the extrudates for analysis: 
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 Grind extrudates with a mortar and pestle and then pass through a 60-mesh 

sieve. 

Procedure: 

1. Preheat vacuum oven to 100 C. 

2. Label aluminum, fluted, 65 mm diameter weighing dishes with sample 

identifications and blanks. 

3. Dry aluminum weighing dishes in the oven/dryer at 100 C for one hour. 

4. Weigh 1-1.5 g of each prepared sample into the weighing pans, analyzing in 

duplicate.  

5. Place aluminum dishes in the 100 C vacuum oven.  

6. Dry to constant weight under 26 inches of Hg for 5 hours. 

7. Admit dried air into the oven during drying, about 2 bubbles per second (117 on 

gauge), dried by passing through H2SO4 or a solid desiccant of indicating calcium 

sulfate. 

8. Stop vacuum pump and carefully allow dried air into the oven. 

9. Remove the weighing pans from the oven and place in a desiccator. Cool to 

room temperature.  

10. Weigh the cooled, dried samples. 

11. Use the following equation to determine the percent moisture: 

% Moisture (w.b.) = initial weight of sample – weight of dried sample     x 100 
                                                      initial weight of sample 

A.1.4 Ash 

Objective: 

The purpose was to determine the ash content in nonfat dry milk and starch pre-

extruded mixtures using a dry ashing method.  

Materials and Equipment: 

 Muffle furnace (550 C) 

 Atmospheric oven (100 C) 

 Analytical balance 

 Crucibles: 50-mL 
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 Hydrochloric acid (HCl) 

 Nitric acid (HNO3) 

 Reverse osmosis (RO) water 

 Nonfat dry milk and starch mixtures: 45/55, 65/35 and 85/15 (NDM/starch 

combination) 

 Tray covered with aluminum foil 

 Desiccator  

 Bunsen burner 

 Tongs 

 Thermometer 

Preparation of Aqua Regia Solution: 

 Mix three parts of HCl with one part of HNO3 and dilute with RO water (Example: 

For making 1 liter of aqua regia solution, use 375 mL of HCl with 125 mL of 

HNO3 mixed with 500 mL of RO water). 

Preparation of Crucibles: 

1. Heat crucibles over low flame for a few minutes and apply marking ink while the 

crucible is still warm. Let it dry. 

2. Submerge the crucibles in aqua regia solution very carefully and soak it 

overnight.  

Eye protectors and proper gloves are required while handling the aqua 

regia solution. 

                     

3. Remove the crucibles from the aqua regia solution and place on a tray covered in 

aluminum foil. 

4. Rinse with RO water.  

5. Dry crucibles in an atmospheric oven at 100 C for approximately 1 hour. 

6. Place in a desiccator and cool to room temperature. 

Procedure: 

1. Record the weight of each crucible and add 2 g of NDM/starch mixture into each 

crucible. Analyze each sample in duplicate. 
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2.  Carefully carbonize the 2 g of NDM/starch in the crucible. Hold the crucible over 

a direct flame. 

3. Place the crucible and contents in a muffle furnace at 550°C for 1 hour, or until a 

light gray or white ash remains. Draw a picture of the orientation of the crucibles 

in the furnace in case the labels disappear. 

4. Turn off the furnace and allow the samples to cool. Do not open the furnace door; 

otherwise it may break the fire protection of the furnace.  

5. Check for a drop in temperature with a thermometer after approximately 8 hours.  

6. Remove the samples from the furnace when the temperature of the furnace is 

approximately 100 C. 

7. Transfer the crucible and contents with tongs to a desiccator in the order that 

they were in the furnace. 

8. Weigh the ash after it has cooled to room temperature in a desiccator. 

9. Use the following equation to determine the percent ash: 

% Ash (w.b.) = Weight of ash          x 100 
                          Weight of sample 

A.1.5 Fat 

Objective: 

The purpose was to determine the percentage of fat in the nonfat dry milk (NDM) 

and starch pre-extruded mixtures. 

Materials and Equipment: 

 Weighing dishes: 8.5-9.5 cm diameter and 4.5-5.5 cm tall 

 Vacuum oven: Vacuum oven must be capable of maintaining a temperature 

between 70-75 C at >20 in vacuum.  

 Desiccator 

 Mojonnier-type fat extraction flasks 

 Corks: High-quality natural cork stoppers, appropriate size to fit fat extraction 

flask. Soak corks in water over several hours to improve seal. 

 Reverse osmosis (RO) water (60 C) 

 NDM and starch mixtures: 45/55, 65/35 and 85/15 (NDM/starch combination) 

 Ammonium hydroxide, concentrated 

 Phenolphthalein indicator 
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 Ethyl alcohol, 95% 

 Diethyl ether, certified ACS, BHT stabilized 

 Petroleum ether 

 Fume hood 

Preparation of Weighing Dishes: 

1. Number clean weighing dishes. 

2. Pre-dry in a vacuum oven maintained at 25.5 inches Hg for 2 hours at 70-75 C. 

3. Remove from vacuum oven and put in a desiccator and cool to room 

temperature. 

Preparation of Test Portion: 

1. Weigh one gram of sample into the lower bulb of a Mojonnier flask. 

2. Add 9-mL of 60 C reverse osmosis water to each flask. Make sure that it is 

thoroughly mixed and that there are no dry spots in the bottom bulb. 

Blank Test: 

 Carry out two reagent blanks at the same time as running samples. Use the 9-mL 

60 C water and leave out the NDM/starch mixture.  

Procedure: 

1. Add 1.5-mL ammonium hydroxide to the test portion and mix thoroughly in the 

small bulb of the flask. 

2. Add 3 drops of phenolphthalein indicator to help see the interface between 

aqueous and ether layers. 

3. For the first extraction, add 10-mL ethyl alcohol, stopper with a water-soaked 

cork, and shake the flask for 15 seconds.  

4. Add 25-mL ethyl ether, replace cork, and shake flask very vigorously for 1 

minute, releasing built-up pressure by loosening the cork as necessary. 

5. Add 25-mL petroleum ether, replace cork, and repeat vigorous shaking for 1 

minute. 

6. Allow the stoppered flask to stand for at least 30 minutes until the ether layer is 

clear and distinctly separated from the aqueous layer.  
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7. Remove the cork and carefully decant the ether solution into the weighing dish. 

When the ether solution is decanted into the dish, be careful not to pour over any 

suspended solids or aqueous phase. Ether can be evaporated in the hood while 

the second evaporation is being conducted. 

8. Carry out a second extraction by repeating steps 3-7, except add 5-mL ethyl 

alcohol instead of 10-mL, and add 15-mL each of ethyl ether and petroleum ether 

instead of 25-mL portions. Rinse the inside of the neck of the extraction flask 

when adding the ethers. If the interface of the aqueous and ether layers is below 

the neck of the flask after resting, add water to bring the level approximately 

halfway up the neck to enable the final decantation of ether to be as complete as 

possible. Add the water slowly down the inside surface of the flask so that there 

is minimum disturbance of the separation. 

9. Carry out a third extraction without the addition of ethanol and by repeating steps 

4-7. Again only use 15-mL of ethyl ether and 15-mL of petroleum ether. Rinse the 

inside of the extraction flask when adding the ethers. If necessary, raise the 

interface by the addition of water. 

10. Completely evaporate solvents collected in the weighing dish in a fume hood. 

11. Dry weighing dishes with extracted fat to a constant weight in a vacuum oven at 

70-75 C at 25.5 inches of Hg for 2 hours. 

12. Remove weighing dishes from oven and place in a desiccator to cool to room 

temperature. 

13. Weigh dry, cooled dishes to the nearest 0.1 mg. 

14. Visually inspect each dish after the final weighing to determine if any extraneous 

nonfat material is present. If foreign material is observed, make note of it and 

repeat the test for the sample. 

Expression of Results: 

Calculate the fat content of the test material using the following equation: 

wf = _(m1 - m2) – b_ 
             m0 

where 

wf = the percentage of fat by mass of the test material 
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m0 = the numerical value of the mass, in grams, of the test portion 

m1 = the numerical value of the mass, in grams, of the weighing dish and the extracted 

matter determined in step 13  

m2 = the numerical value of the mass, in grams, of the empty sample weighing dish 

b = the average numerical value of the mass, in grams, of any dry residue in the blank 

determination, where the mass of dry residue is calculated by subtracting the weight of 

the empty blank weighing dish from the weight of the weighing dish and any extracted 

matter. If blanks are negative, use the negative number in the calculation. Cause of 

negative blanks and excessively high positive blanks should be identified and corrected. 

A.1.6 pH 

Objective: 

To purpose was to measure the pH of the nonfat dry milk (NDM)/starch 

extrudates to determine how formulation alterations affected changes in pH. 

Materials and Equipment: 

 Extrudates  

 Spice grinder 

 pH probe with calibration standards 4.0 and 7.0 

 Small plastic cups 

 Reverse osmosis (RO) water 

 Stir rods 

Sample Preparation: 

 Grind samples with a spice grinder until a fine powder is obtained.  

Procedure: 

1. Calibrate the pH meter with the calibration standards 4.0 and 7.0. 

2. Weigh 15 g of crushed sample into a small plastic cup, analyzing each sample in 

duplicate.  

3. Add 10-mL of RO water into the small plastic cup containing the sample. 



  109 
 

4. Stir the sample and water with a stir rod until well mixed. 

5. Determine the pH of the samples. 

A.1.7 Colorimetric Measurement of Color 

Objective: 

The purpose was to measure the color of the extrudates based on how the eyes 

perceive color, and to determine the L, a, and b values of the extrudates. The 

colorimeter results can be used to develop conclusions on how ingredient formulations 

affected the color of extrudates. 

Materials and Equipment: 

 Extrudates 

 Spice grinder 

 Glass Petri dish 

 HunterLab colorimeter 

o Epson personal computer 

o Sensor interface unit (SIU): set for 120 VAC and 60 Hz 

o D25A optical sensor: 45  illumination, 0  viewing, 2 inch (51 mm) 

diameter sample area 

 Black glass tile 

 Standard calibrated tiles (white, pink, green, yellow, blue) 

Sample Preparation: 

Prepare the NDM extrudates by methods 1-2, and the lactose/glucose extrudates 

by method 2: 

1. Fill the glass Petri dish with the uncrushed extrudates. 

2. Use a spice grinder to grind the extrudates to a fine powder and then fill the glass 

Petri dish with the ground extrudates, leveling off the powder on the top. 

Procedure: 

Initialization 
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1. Plug in the cord from the black SIU and also from the Epson system into an 

outlet. 

2. Allow the instrument to warm up for 30-120 minutes prior to proceeding to step 3. 

3. Place the OPERATE/STANDBY switch in the OPERATE position on the SIU. 

4. Turn the power switch on the right side of the Epson system to the ON position. 

5. Initialize the system by entering the DATE/TIME (MMDDYYhhmmss) as directed 

by the Epson unit. Press RETURN. 

6. Enter the day of the week as a number from 0 to 6, with 0 representing Sunday, 

as directed by the Epson unit. Press RETURN. 

7. Press RETURN when a message is displayed regarding the ram disk size. 

8. Press RETURN when a message is displayed regarding the userbios size. 

9. Press RETURN when a message is displayed with “C: D25DELTA BAS.” 

Standardization 

1. Place the black glass at the center of the specimen port and press READ as 

prompted by the Epson unit in order to zero the system. Ensure that this tile and 

all tiles used in the following steps are clean! If they are not, use hot water to 

clean the surface and wipe dry with a clean Kimwipe. Place all standards in the 

black standards box when not in use. 

2. Place the white standard at the specimen port and press READ as prompted by 

the Epson unit. Use the white calibrated tile in the standards box, not the 

uncalibrated white tile. The screen will now say SAMPLE and will display values 

(such as Lab or xyz values).  

3. Proceed with calibration. 

Calibration 

1. Read the XYZ values of all five colored standards (pink, green, yellow, blue and 

gray). 

a. Press SCALE to select the XYZ scale, if not already selected. Press <1>. 

b. Place the pink calibrated tile at the center of the specimen port. 

c. Press READ. 

d. Record the x, y and z values that are displayed. 

e. Compare the x, y and z values to the values read at the factory, as listed 

in the following table. 
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Color tile  

Values read at factory 

X Y Z 

White 83.0 85.0 100.6 

Pink 49.5 44.7 42.9 

Green 37.3 44.0 45.7 

Yellow 58.5 60.5 39.8 

Blue 37.9 41.4 65.6 

Gray 10.6 10.8 13.0 

 

f. Repeat steps b-e for the remaining four colored standards. 

g. Proceed with color measurements of the sample provided the Y values of 

the yellow and blue standards have not shifted in opposite directions by 

more than 0.3 units from the values read at the factory, and if there are 

not any other variations from the values read at the factory for any of the 

standards of more than 0.3 units. If both of these requirements are not 

met, refer to corrective actions. 

Corrective Actions 

1. Follow the procedure below to adjust the lamp if the Y value of the yellow and 

blue standards has shifted in opposite directions by more than a total of 0.3 units 

from the values read at the factory.  

a. Press <2> while in the diagnostics menu to initiate the routing to 

determine the instrument color balance. The computer will display a 

message that says “PLACE YELLOW STANDARD AT SENSOR PORT 

AND PRESS <READ>.” 

b. Place the yellow standard at the sample port. 

c. Press READ. The following prompt will be displayed: “PLACE BLUE 

STANDARD AT SENSOR PORT AND PRESS <READ>.” 

d. Place the blue standard at the sample port. 
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e. Press READ. The instrument will calculate the delta blue and yellow 

values, compare them, and determine if the lamp voltage is within the 0.3 

tolerance range. A message will be displayed in the following format if the 

lamp voltage is acceptable: 

LAMP ADJUST DIAGNOSTIC 

DYY=  DYB= 

LAMP VOLTAGE= 

LAMP VOLTAGE OK 

f. Press ESC to exit. 

g. Do the following if the voltage is too low or too high. 

1) Turn the adjusting trimpot clockwise on the SIU, labeled LAMP 

ADJUST to increase the voltage, or counterclockwise to 

decrease the voltage. 

2) Press ESC and <2> to repeat the test after changing the 

voltage. 

3) Proceed through the calibration as prompted by the operator, 

and read the yellow and blue standards to recalculate the color 

balance of the instrument. 

4) Press ESC to return to the diagnostic menu. 

5) Press ESC to return to the additional capabilities menu. 

6) Press ESC to exit to measurements. 

7) Check the lamp circuit or replace the lamp if the source voltage 

has to be changed by an amount greater than the adjustment 

range available. 

2. Do any, or all of the following if there are any other variations from the values 

read at the factory for the remaining colored standards of more than 0.3 units. 

a. Make sure that the standards are clean and undamaged (refer to the 

procedure listed above). 

b. Clean the optical beam components. 

1) Brush the lenses, heat filters, and mirrors free of dust and lint. 
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2) Wipe the surfaces with a lens tissue or lintless cloth saturated 

with anti-static lens cleaning solution if a hazy film is observed. 

3) Wipe dry the cleaned surfaces, but do not rub. Be particularly 

careful of the first surface mirrors when cleaning. 

c. Check the lamp voltage. 

1) Press <1> in the diagnostics menu in order to display the lamp 

voltage. 

2) Press ESC to return to the diagnostics menu. 

3) Press ESC to return to the additional capabilities menu. 

4) Press ESC to exit to measurements. 

d. Check and adjust the light beams. 

1) Remove the front cover of the optical sensor. 

2) Block off one incident beam with a piece of cardboard or dark 

paper. 

3) Adjust, using an allen wrench, the mirror angle by use of the 

mirror adjusting screws from the outside of the optical sensor if 

the beam is not centered in the sample port (should be 

surrounded by a uniform dark annulus about 1/8 inch wide). 

4) Repeat step 3 with the other light beam. 

e. Replace the standards or source lamp if calibration continues to fail after 

following the steps above. Refer to section 7.1.1 in the HunterLab 

instruction manual for the procedure on changing the source lamp. 

3. Restandardize the instrument if any adjustments are made, and before making 

measurements. 

a. Press STDZ. 

b. Press <1> to zero and standardize. 

c. Standardize with the black and white tiles as prompted. 

Color Measurements 

1. Press SCALE. 

2. Select the Lab color scale. 

3. Place the Petri dish containing the sample at the center of the port.  

4. Press READ. 

5. Repeat 4 more times, rotating the Petri dish 90  after each reading. 
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Shut-down 

1. Turn the Epson unit to the OFF position. 

2. Place the OPERATE/STANDBY switch in the STANDBY position on the SIU. 

3. Unplug the Epson and the SIU. 

4. Cover the specimen port when not in use. 

A.1.8 Spectrophotometric Measurement of Color 

Objective: 

The purpose was to measure the level of browning in extrudates 

spectroscopically, and use these results to determine the effect of ingredient 

formulations and processing conditions on the browning of extrudates. 

Materials: 

 Extrudates 

 Spice grinder 

 60 mesh sieve 

 Distilled deionized water 

 50 mL centrifuge tubes 

 Vortexer 

 Pancreatin (50 mg/mL) 

 45 C shaking water bath 

 3 x 3- 50 mL centrifuge rack 

 Ringed weights 

 2 mL centrifuge tubes 

 Trichloroacetic acid (50% w/v) 

 Microcentrifuge 

 Whatman no. 1 filter paper, cut into 3.5 cm diameter circles 

 Small funnels 

 Cuvettes 

 Beckman DU-650 spectrophotometer 

 



  115 
 

Sample Preparation: 

 Crush the extruded samples with a spice grinder and then put through the 60-

mesh sieve. 

Procedure: 

1. Dissolve 0.375 g sieved sample in 12.5 mL distilled deionized water in a 50 mL 

centrifuge tube. Vortex to mix thoroughly. Be sure to make a blank (same 

procedure, but omit powdered sample) during each analysis.  

2. Digest each sample with 0.5 mL pancreatin in a 45 C shaking water bath for 2 

hours. Put tubes in a 3 x 3- 50 mL centrifuge rack and use ringed weights to keep 

centrifuge tubes below the water. 

3. Vortex centrifuge tubes and then transfer 1 mL of sample into a 2 mL centrifuge 

tube. Repeat two more times for each sample to end up with a total of 3 small 

centrifuge tubes for each sample.  

4. Add 40 µL trichloroacetic acid to each tube and centrifuge at 15,850 x g for 5 

minutes. 

5. Filter centrifuged sample through Whatman no. 1 filter paper into a cuvette using 

small funnels.  

6. Measure the absorbance by using the scanning function from 200-800 nm on the 

spectrophotometer. Begin by reading the blank, and then proceed to reading the 

samples at 420 nm. 

7. Convert the results to absorbance/gram of solids. 

A.1.9 Puff Solubility—Water Solubility Index and Water Absorption Index 

Objective:  

The purpose of this method was to examine the effect of acid level in the injected 

fluid, water addition rate and NDM concentration on extrudate water solubility and water 

absorption of extruded puffs. 

Materials: 

 Extrudates  

 Spice grinder 
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 210 micron sieve 

 50-mL centrifuge tubes 

 Reverse osmosis (RO) water 

 Centrifuge 

 Small aluminum pans 

 Steam bath (large beakers filled with boiling water on hot plates) 

 Gravimetric oven (100 C) 

 Desiccator 

Sample Preparation: 

1. Grind extrudates with a spice grinder. 

2. Sift through a 210-micron sieve (mesh number 70). 

Procedure: 

1. Place 1.0100 g (±0.005 g) of each prepared sample into a 50-mL centrifuge tube. 

Analyze each sample in duplicate. 

2. Add 10-mL RO water to each tube. 

3. Let stand 15 minutes, shaking every 5 minutes. 

4. Centrifuge for 15 minutes at 1000 ∞ g (2090 rpm) and 25 C. 

5. Decant supernatant into a tared aluminum pan, and then determine the weight 

gain in the gel. 

a. Water absorption index is determined as the weight gain of the gel 

dry weight. 

6. Evaporate the liquid from the supernatant with a steam bath until most of the 

liquid is removed (can dry over boiling water). 

7. Dry the pan and supernatant for 3 hours in a 100 C gravimetric oven. 

8. Remove the samples from the gravimetric oven and place in a desiccator.  

9. When completely cooled (at least 30 minutes), weigh the aluminum pans. 

a. Water solubility index is determined as the weight of the dried 

supernatant/ weight of the dried sample x 100 

A.1.10 Degree of Cook with Rapid Visco Analyzer 

Objective: 
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The purpose was to assess the degree of cook in extrudates composed of 

different nonfat dry milk and starch combinations, and manufactured under different 

processing conditions. The final viscosity will indicate the degree of cook, with a higher 

value indicating a lower degree of cook, or less starch gelatinization has occurred during 

extrusion.  

Materials and Equipment: 

 Extrudates 

 Spice grinder 

 Moisture analyzer 

 Reverse osmosis (RO) water 

 RVA metal canisters 

 RVA plastic stirrers 

 RVA equipment 

RVA Profile: 

Run samples under the following operating conditions: 

Time Type Value 

00:00:00 Temperature 25°C 

00:00:00 Speed 960 rpm 

00:00:10 Speed 160 rpm 

00:02:00 Temperature 25°C 

00:07:00 Temperature 95°C 

00:10:00 Temperature 95°C 

00:15:00 Temperature 25°C 

Idle Temp: 25 ± 1°C 

End of Test: 20 min. 

Time Between Readings: 4 sec. 
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Sample Preparation: 

To prepare the extrudates for analysis: 

1. Grind the extrudates with a spice grinder until a fine powder is obtained. 

2. Determine the moisture content of the extrudates to determine the weight of 

sample and the amount of water required in the analysis based on 14.0 g sample 

at 14% moisture. 

14.0 g at 14% moisture 

Sample 
moisture 
content 

Weight of 
sample (g) 

mL 
water 

8.0 13.7 25.9 

8.2 13.71 25.8 

8.4 13.72 25.8 

8.6 13.73 25.8 

8.8 13.74 25.8 

9.0 13.75 25.7 

9.2 13.76 25.7 

9.4 13.77 25.7 

9.6 13.78 25.6 

9.8 13.79 25.6 

10.0 13.8 25.6 

10.2 13.81 25.6 

10.4 13.82 25.5 

10.6 13.83 25.5 

10.8 13.84 25.5 

11.0 13.85 25.4 

11.2 13.86 25.4 

11.4 13.87 25.4 

11.6 13.88 25.3 

11.8 13.89 25.3 

12.0 13.9 25.3 

12.2 13.91 25.3 

12.4 13.92 25.2 

12.6 13.93 25.2 

12.8 13.94 25.2 

13.0 13.95 25.1 

13.2 13.96 25.1 

13.4 13.97 25.1 

13.6 13.98 25.1 

13.8 13.99 25 

14.0 14 25 

14.2 14.01 25 

14.4 14.02 24.9 
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14.6 14.03 24.9 

14.8 14.04 24.9 

15.0 14.05 24.9 

15.2 14.06 24.8 

15.4 14.07 24.8 

15.6 14.08 24.8 

15.8 14.09 24.7 

16.0 14.1 24.7 

16.2 14.11 24.7 

 

Procedure: 

1. Add the appropriate amount of sample and RO water to a RVA metal canister to 

achieve a moisture content of 14%. 

2. Place a RVA plastic stirrer in the RVA canister and turn by hand to mix. 

3. Analyze the sample using the RVA. 

A.1.11 Breaking Strength Index 

Objective: 

The purpose is to determine how different ingredient formulations and processing 

conditions can affect the breaking strength index (BSI) of extrudates. The BSI is a 

measure of the hardness of samples relative to the sample diameter. 

Materials and Equipment: 

 Razor blade 

 Digital caliper 

 Ruler 

 Small black allen wrench 

 TA-XT Plus texture analyzer 

 Base stand with two black headed screws 

 Three-point bend fixture (cutting blade, three-point bend plate)  
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 Extrudates 

Fixture Set-up: 

1. Screw the cutting blade into the arm of the TAXT apparatus. Once screwed in, 

you can adjust the angle of the blade by holding the round part above the blade 

and turning just the blade. 

2. Find the base stand and place the three-point bend plate on the top level of the 

base stand.  

3. Adjust the width of the support span to 44 mm using the small black allen wrench 

to do so, ensuring that the blade will come down in the middle of the two 

supports. 

4. Place the base stand and three-point bend plate on the base of the TAXT 

instrument. Adjust the placement of the stand such that the blade will come down 

in the middle of the two supports. 

5. Use the two black headed screws to fix the base stand in place. Make sure the 

blade still comes down in the middle of the two supports. If it does not, unscrew 

the black headed screws, adjust, and re-screw.  

TA Settings: 

 Mode: compression 

 Test speed: 1.00 mm/s 

 Target mode: distance 

 Distance: 20.000 mm 

 Advanced options: off 
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Sample Preparation: 

 Randomly select 10 extrudates that are at least 55 mm in length. If the 

extrudates exceed 55 mm, use a razor blade to cut the extrudates to exactly 55 

mm. 

Procedure: 

1. Calibrate the instrument. 

a. Calibrate the force: From the menu bar select T.A., calibrate, and 

calibrate the force. Do this by gently setting a 2 kg weight on the top of 

the instrument as commanded by the program. 

b. Calibrate the probe height (the distance that the blades should start from 

for each test): From the menu bar select T.A., calibrate, and calibrate the 

height. Select a return distance of 38 mm. Before pressing ok, lower the 

blade using the down arrows on the texture analyzer so that it is close to 

the bottom of the platform. Then press ok. 

2. Determine extrudate hardness (maximum force). 

a. Use a digital caliper to determine the diameter in mm of one extrudate to 

be tested. 

b. Set the extrudate on the two supports, so that it is resting perpendicular to 

the supports and has the same amount of overhang on each side. 

c. Run a test, recording the maximum force (N) observed during the test. 

This is the extrudate hardness. 

d. Repeat a-c until 10 values have been collected for each sample, making 

sure to clean the blade in between each run with a Kimwipe. 

3. Determine the average BSI for each sample. 

a. For each replicate of a sample, divide the hardness (N) by the diameter 

(mm). This is the BSI. 

b. Average all 10 replicates for each sample to obtain the average BSI. 

A.2 Extended Methods for Extruded Lactose 

A.2.1 Extrusion of Lactose 

Objective: 
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Oligosaccharides are typically produced by enzymatic and chemical methods, 

which prove to be both timely and costly. Research has shown that sugars can be 

polymerized in the presence of heat and acid. Korean researchers have extruded both 

glucose and lactose with a citric acid catalyst and have produced oligosaccharides. The 

purpose of this experiment was to extrude lactose and vary the concentration of the citric 

acid catalyst, and to also observe the effect of different concentrations of glucose in the 

formulations on polymerization. Ultimately, the moisture, sugar profile, total soluble 

dietary fiber, lactose, and color will be determined for each extrudates. 

Experimental Design: 

The experiment will encompass two citric acid concentrations (1 and 2% w/w of 

the total formulation) and three glucose concentrations (0, 10 and 20% w/w of the total 

formulation), with the remainder of the formula consisting of lactose. The order in which 

treatments will be extruded will be randomized. Product will be extruded in duplicate, 

over a two-day period. The experimental design is illustrated below. 

 Glucose concentration (% total formula) 

 0 10 20 

1% citric acid    
2% citric acid    

 

Materials and Equipment: 

 Lactose, fine grade powder 

 Glucose, powder 

 Citric acid, powder 

 Scale 

 Ribbon blender 

 Large plastic bags for collection of prepared mixes 

 Large buckets (2) 

 Spatula 

 Buhler 44mm extruder 

 Gloves 

 Stainless steel bins or trays 

 Storage containers, glass jars and PP containers  
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Procedure 

Prepare mixes 

1. Weigh ingredients required for a 30 lb batch into a large bucket and then pour 

into the ribbon blender. The batch formulas are shown below. Make sure that 

the trap door is closed at the bottom of the ribbon blender. 

Extrusion Day 1: Batch Formulas 

Formula Sample ID Ingredient amount (lbs)/30 lb batch 

Lactose  Glucose Citric acid 

1 20G-1CA 23.7 6 0.3 
2 10G-2CA 26.4 3 0.6 
3 10G-1CA 26.7 3 0.3 
4 0G-2CA 29.4 0 0.6 
5 20G-2CA 23.4 6 0.6 
6 0G-1CA 29.7 0 0.3 

 

Extrusion Day 2: Batch Formulas 

Formula Sample ID Ingredient amount (lbs)/ 30 lb batch 

Lactose  Glucose Citric acid 

1 0G-2CA 29.4 0 0.6 
2 0G-1CA 29.7 0 0.3 
3 20G-1CA 23.7 6 0.3 
4 10G-2CA 26.4 3 0.6 
5 10G-1CA 26.7 3 0.3 
6 20G-2CA 23.4 6 0.6 

 

2. Close both the grated cover and the top cover of the ribbon blender when all 

ingredients are in the ribbon blender. 

3. Mix for 2 minutes in both forward and reverse directions. Press stop and let the 

blades come to a complete stop before changing directions. 

4. Collect some of the dry mix and store in a PP container. 

5. Open the top cover of the ribbon blender and continue mixing in either forward or 

reverse direction (essential for the mixing to occur in order to get the mix out of 

the ribbon blender). 

6. Open a bag and set inside a large bucket—do not fold the top part of the bag 

down.  
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7. Slowly open the trap door at the bottom of the ribbon blender and pour the mix 

into the bag that is sitting in the bucket. To direct mix into the bag, take the top of 

the bag and wrap it around the exit of the ribbon blender. Make sure to carefully 

control the flow through the trap door. 

8. Switch to a new bag once the first bag is full. 

9. With the ribbon blender off, use a spatula to scrape the remaining mix into the 

bag. 

10. Repeat steps 1-9 for the next formula. 

Extrusion 

1. Allow the extrusion staff to start up the extruder—this will include pouring the 

feed into the K-Tron extruder feeder (the order in which treatments will be run 

must be randomized), warming up the barrels, rotating the screws, and slowly 

increasing the dry feed rate. The dry feed rate is allowed to increase to the set 

feed rate as the barrels warm up and the product begins to melt (the % torque 

will need to be closely monitored). 

2. Once the product has fully melted and the extruder has reached steady state with 

regards to the die temperature, die pressure, and motor torque, begin to collect 

the samples.  

3. Record the extrusion operation data on the operation data sheet at the beginning 

and towards the end of every sample collection. 

Sample collection and sample storage 

1. Use the stainless steel bins or trays to collect product, using one bin/tray for each 

treatment. Make sure to wear gloves and be careful because the product is 

molten hot! 

2. Allow the product to cool in the stainless steel bins/trays (this will take a while) 

and then break up the product to facilitate packing into storage containers. 

A.2.2 Degree of Polymerization 

Objective:  

The purpose was to determine if polymerization occurred during extrusion 

processing, and if glucose and citric acid concentration had an effect on the 



  125 
 

polymerization. The results will be used for qualitative purposes, not quantitative 

purposes.  

Materials and Equipment: 

 Extruded lactose samples 

 Mortar and pestle 

 Spice grinder 

 Double distilled water  

 Methanol 

 Strata-X SPE cartridges, 500 mg 

 Vacuum manifold with water aspirator  

 HPLC equipped with an ELSD 

 Rezex RSO-Oligosaccharide Ag+ 4% column (Phenomenex) (200 x 10 mm ID) 

Preparation of Test Portion: 

1. Crush the extrudates with a mortar and pestle until coarse particles are obtained. 

2. Use a spice grinder to convert the test portion from coarse to fine particles. 

3. Dissolve 15 mg of the test portion in 5 mL double distilled water. 

4. Refrigerate until use. 

Procedure: 

SPE (for conditioning, sample loading and washing, use a flow rate of 1 mL/min) 

1. Condition Strata-X SPE cartridges: 

a. Apply 10 mL of methanol to each cartridge. 

b. Apply 10 mL of double distilled water to each cartridge. 

2. Load sample: Load 5 mL of each sample into each cartridge (contains 15 mg 

(0.015 g) of the test portion). 

3. Wash: Wash with 10 mL double distilled water (should result in a solution with a 

concentration of approximately 1000 ppm). 

High Performance Hydrophilic Interaction Chromatography (HILIC) 

Use the following run conditions with a Rezex RSO-Oligosaccharide Ag+ 4% column: 
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 Elution type: Isocratic 

 Eluent A: Double distilled water 

 Flow rate: 0.3 mL/min 

 Column temperature: 80 C 

 Run time: 60 minutes 

 Data collection: 55 minutes 

 Sample injection volume: 10 µL; standard injection volume: 5 µL 

 Detection: ELSD  

o Set at 40 C 

o Gain: 8 for extruded samples and gain: 6 for standards 

 

1. Allow time for equilibration prior to running samples (approximately an hour): run 

mobile phase through column. 

2. Run ladder after every 2-3 samples to determine if the retention times are 

consistent.  

A.2.3 Lactose 

Objective: 

The purpose was to determine the lactose content both prior to and after 

extrusion to determine the percentage of lactose remaining after treatment with heat and 

acid. 

Reagents and Materials: 

 Bottle 1 (Megazyme kit): Sodium acetate buffer (2.5 mL, 2M, pH 5.0). Stable for > 

2 years at 4 C. 

 Bottle 2 (Megazyme kit): Tris/HCl buffer (25 mL, 2 M, pH 8.6) plus EDTA (40 

mM) and sodium azide (0.02% w/v) as a preservative. Stable for > 2 years at 

4 C. 

 Bottle 3 (Megazyme kit): NAD+ (96 mg). Stable for > 5 years at -20 C. 

 Bottle 4 (Megazyme kit): -galactosidase suspension (1.2 mL, 4000 U/mL). 

Stable for > 4 years at 4 C. 
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 Bottle 5 (Megazyme kit): -galactose dehydrogenase (200 U/mL) plus galactose 

mutarotase (4.1 mg/mL) suspension, 2.4 mL. Stable for > 2 years at 4 C. 

 Bottle 6 (Megazyme kit): D-galactose standard solution (5 mL, 0.4 mg/mL in 

0.02% w/v sodium azide). 

 Polypropylene tubes (10 mL centrifuge tubes) 

 Pre-extruded and extruded lactose/glucose samples 

 Mortar and pestle 

 Spice grinder 

 Pipettors 

 Cuvettes 

 Water bath (25 C) 

 Distilled water 

 Parafilm 

 Beckman DU-650 spectrophotometer set at 340 nm 

 Vortex mixer 

 Timer 

Reagent Preparation: 

1. Dilute the contents of bottle 1 to 24 mL with distilled water. Use this solution to 

dilute the entire contents of bottle 4. Use immediately. 

2. Use the contents of bottle 2 as supplied. Stable for > 2 years at 4 C. 

3. Dissolve the contents of bottle 3 in 12 mL of distilled water. Divide into 

appropriately sized aliquots and store in polypropylene tubes at -20 C. 

4. Transfer the contents of bottle 4 (1.2 mL) to the 24 mL of diluted buffer in bottle 1 

(~0.2 M sodium acetate buffer, pH 5.0). This is now solution 4. Divide into 

appropriately sized aliquots and store in polypropylene containers at -20 C 

between use and cool during use if possible. Stable for > 2 years at -20 C. 

5. Use the contents of bottle 5 as supplied. Before opening for the first time, shake 

the bottle to remove any protein that may have settled on the rubber stopper. 

Subsequently, store the bottle in an upright position. Swirl the bottle to mix 

contents before use. Stable for > 2 years at 4 C. 

6. Use the contents of bottle 6 as supplied. Stable for >2 years at 4 C. 



  128 
 

Sample Preparation: 

1. Crush the extruded material with a mortar and pestle until coarse particles are 

obtained. 

2. Use a spice grinder to convert the test portion from coarse to fine particles. 

3. Prepare a sample solution with a lactose concentration between approximately 

0.04 and 0.8 g/L (8 and 160 g). The amount of galactose should be between 4 

and 80 g—if the value of AD-galactose or Alactose + D-galactose  is <0.100, weigh out 

more sample. 

Procedure: 

1. Pipette the sample solution and solution 4 into cuvettes.  

Pipette into cuvettes Lactose D-galactose 

Blank Sample Blank Sample 

Sample solution - 0.20 mL - 0.20 mL 

Solution 4 ( -
galactosidase) 

0.20 mL 0.20 mL - - 

 

2. Ensure that all of the solutions are delivered to the bottom of the cuvette. Mix the 

contents by gentle swirling, cap the cuvettes and incubate them for 10 minutes at 

~25 C. 

3. Add the following solutions: 

Pipette into cuvettes Lactose D-galactose 

Blank Sample Blank Sample 

Distilled water 2.20 mL 2.00 mL 2.40 mL 2.20 mL 

Solution 2 (Tris/EDTA 
buffer) 

0.20 mL 0.20 mL 0.20 mL 0.20 mL 

Solution 3 (NAD
+
) 0.10 mL 0.10 mL 0.10 mL 0.10 mL 

 

4. Mix by gentle inversion after closing the cuvette with Parafilm. 

5. Read the absorbances of the solutions (A1) after approximately 3 minutes and 

start the reactions by the addition of suspension 5. 

Pipette into cuvettes Lactose D-galactose 

Blank Sample Blank Sample 

Suspension 5 ( -
GalDH/GalM) 

0.02 mL 0.02 mL 0.02 mL 0.02 mL 

 

6. Mix by gentle inversion after closing the cuvette with Parafilm. 
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7. Read the absorbance of the solutions (A2) at the end of the reaction (<5 

minutes). If the reaction has not stopped, after 6 minutes, continue to read the 

absorbances at 1 minute intervals until the absorbances remain the same over 1 

minute. 

8. Calculations 

a. Determine the absorbance differences (A2-A1) for blanks and samples. 

Subtract the absorbance difference of the blank from the absorbance 

difference of the corresponding sample, thereby obtaining the change in 

absorbance ( A) resulting from the sample, as follows: 

Determination of D-galactose: 

AD-galactose= (A2-A1)galactose sample – (A2-A1)galactose blank 

Determination of lactose + D-galactose: 

Alactose + D-galactose= (A2-A1)lactose sample – (A2-A1)lactose blank 

Determination of lactose: 

Alactose= Alactose + D-galactose - AD-galactose 

The values of AD-galactose and Alactose + D-galactose should be at least 0.100 

absorbance units to achieve sufficiently accurate results. 

b. The concentration of D-galactose and lactose are determined as follows: 

D-galactose: 

cD-galactose= 0.3889 x AD-galactose 

 

Lactose: 

clactose= 0.7389 x Alactose  

 

c. The content of D-galactose and lactose are calculated from the amount 

weighed as follows: 

ContentD-galactose= cD-galactose [g/L sample solution]___  x 100 [g/100g] 
                            weightsample [g/L sample solution] 
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Contentlactose= clactose [g/L sample solution]_____ ___   x 100 [g/100g] 
                            weightsample [g/L sample solution] 

A.2.4 Soluble Dietary Fiber 

Objective: 

The purpose was to measure the quantity of soluble dietary fiber, both high 

molecular weight soluble dietary fiber (HMWSDF) and low molecular weight soluble 

dietary fiber (LMWSDF), from each extruded lactose treatment, to determine if citric acid 

concentration or glucose concentration affected the production of soluble dietary fiber. 

Material and Equipment: 

 Megazyme integrated total dietary kit (Megazyme, K-INTDF) containing the 

following: 

o Concentrated pancreatic -amylase (E-PANAA): 2 g, 150,000 Ceralpha 

Units/g (stable for > 5 years stored dry at -20 C) 

o Amyloglucosidase, AMG (E-AMGIF): 6 mL, 3300 Units/mL (stable for > 3 

years at 4 C 

o Purified protease (E-BSPRT): 10 mL, 350 tyrosine units/mL (stable for > 3 

years at -20 C 

 Deionized water 

 pH meter with pH standards 4.0 and 7.0  

 Mortar and pestle 

 Spice grinder 

 600 mL tall beakers 

 Wide-mouth glass jars for enzyme incubation 

 500 mL Pyrex jars with caps 

 Ethanol, 95% v/v 

 Stir plate and stir bars 

 D-glucose, anhydrous granular 

 Sodium hydroxide, 6N 

 Maleic acid (Sigma M0375) 

 Calcium chloride (CaCl2  2H2O) 



  131 
 

 Sodium azide (Sigma S8032) 

 Trizma base (Sigma T1503) 

 D-ribose (Sigma R7500) 

 Column performance check standard oligosaccharide (Phenomonex ALO-3038) 

 Shaking water bath (20-24 L), for 37 C and 60 C incubations 

 Large water bath, set at 60 C to pre-heat ethanol and water 

 Non-shaking water bath (95-100 C) 

 Water bath ring weights 

 Wash bottles 

 Thermometer 

 Positive displacement dispenser 

 Glacial acetic acid 

 Gooch, fritted disk, Pyrex 50 mL, pore size, coarse, ASTM 40-60 µm, Corning 

No. 32940-50C, or equivalent. Prepare as follows: 

o Ash overnight at 525 C in muffle furnace. Cool furnace to 130 C before 

removing crucibles to minimize breakage. 

o Remove any Celite and ash material by using a vacuum. 

o Soak in 2% cleaning solution at room temperature for 1 hour. 

o Rinse crucibles with water and deionized water. 

o For final rinse, use 15 mL acetone and air dry. 

o Add approximately 1.0 g Celite to dried crucibles and dry at 130 C to 

constant weight. 

o Cool crucible in desiccator for approximately 1 hour and then record the 

weight of the crucible containing Celite. 

 Aqua Regia (Prepare 1 L: 375 mL HCl, 125 mL HNO3, 500 mL RO water) 

 Celite (Megazyme, G-CEL500) 

 Muffle furnace 

 Conventional oven 

 Water aspirator capable of regulating a vacuum 

 Filter flasks, heavy-walled, 1-L Büchner flask 

 Rubber ring adaptors for use to join crucibles with filtering flasks 

 Desiccator, airtight with silica gel or equivalent desiccant (desiccant dried 

biweekly overnight in 130 C oven) 
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 Kjeldahl protein unit 

 DL22 food and beverage analyzer titrator (Mettler Toledo) 

 95.0-98.0% sulfuric acid (Sigma-Aldrich) 

 Kjeldahl tablets (Merck KGaA) 

 4% prepared boric acid solution (Mallinckrodt) 

 Methyl red 

 0.1 N hydrochloric acid (Alfa Aesar) 

 Filters for water- Millipore, 0.45 µm Durapore membrane filters type HVLP, 47 

mm  

 0.20 µm filters 

 Centrifuge tubes to store deionized sample 

 Pipettes 

 Weigh paper 

 Weigh boats 

 500 mL graduated cylinder 

 Rotary evaporator 

 100 mL beakers 

 250 mL round bottom rotary evaporator flask 

 5 mL disposable syringes 

 Bio-Rad, Econo-Pac disposable chromatography columns with an Alltech one-

way stopcock 

 Amberlite FPA53 (OH-) resin (Megazyme G-AMBOH) 

 Ambersep 200 (H+) resin (Megazyme G-AMBH) 

 Transgenomics CHO-411 column 

 0.5 u porosity x 3.0 mm in-line filter (Phenomonex AFO-0377) 

Preparation of Test Portion: 

1. Crush the extruded material with a mortar and pestle until coarse particles are 

obtained. 

2. Use a spice grinder to convert the test portion from coarse to fine particles. 
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Preparation of Reagents 

1. Sodium maleate buffer (50 mM, pH 6.0 plus 2 mM CaCl2 and 0.02% sodium 

azide) 

a. Dissolve 11.6 g maleic acid in 1600 mL of RO water. 

b. Adjust the pH to 6.0 with 4 M (160 g/L) NaOH. 

c. Add 0.6 g of calcium chloride (CaCl2  2H2O). 

d. Add 0.4 g of sodium azide and adjust the volume to 2 L (solution is stable 

for > 1 year at 4 C). 

2. -amylase/AMG 

a. Immediately before use, in a 500 mL beaker, dissolve 0.10 g of purified 

porcine pancreatic -amylase in 290 mL of sodium maleate buffer 

b. Stir for 5 minutes on a stir plate 

c. Add 0.3 mL of AMG and continue stirring for 1 minute (solution is now 

stable for > 2 years at -20 C). Store on ice if solution is not used 

immediately. 

3. Trizma base, 0.75 M 

a. Add 90.8 g of Trizma base to approximately 800 mL of RO water and 

dissolve. 

b. Adjust the volume to 1 L (stable for > 1 year at room temperature). 

4. Acetic acid solution, 2 M 

a. Add 115 mL of glacial acetic acid to a 1-L volumetric flask. 

b. Dilute to 1-L with RO water (stable for > 1 year at room temperature). 

5. Sodium azide solution, 0.02% w/v 

a. Add 0.1 g of sodium azide to 500 mL of RO water and dissolve by stirring 

(stable at room temperature for > 2 years). Note: Do not add sodium 

azide to solutions of low pH. Acidification of sodium azide releases a 

poisonous gas. 

6. D-ribose standard (10 mg/mL containing sodium azide (0.02% w/v), internal 

standard)—use 100 mg/mL standard in future runs! 

a. Weigh 1 g of analytical grade (> 99%) D-ribose into a 100 mL volumetric 

flask. 

b. Dissolve in 60 mL of 0.02% (w/v) sodium azide solution, and mix well 

(stable for > 1 year at room temperature). Adjust to volume with 0.02% 
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sodium azide solution. Note: Use appropriate personal protective gear 

and laboratory gear and laboratory hood. 

7. Ethanol, 78% v/v 

a. Place 180 mL RO water into a 1-L volumetric flask. 

b. Dilute to volume with 95% v/v ethanol. 

c. Mix. 

8. D-glucose LC standards (1000, 2000, 3000 ppm) 

a. Accurately weigh 0.1, 0.2, and 0.3 g portions of D-glucose and transfer to 

3 separate 100 mL volumetric flasks. 

b. Pipette 10 mL of internal standard to each flask. 

c. Add 0.02% sodium azide solution to volume (stable at room temperature 

for 1 year). 

Procedure for HMWSDF determination (and collection of filtrate containing 

LMWSDF): 

Blanks 

 Run two blanks along with the samples to account for any contribution from 

reagents to residue. 

Samples 

1. Weigh duplicate 1.000  0.005 g of each sample accurately into each wide 

mouth glass jar. 

2. Addition of enzymes 

a. Wet the sample with 1.0 mL of 95% ethanol. 

b. Add 40 mL of pancreatic -amylase/AMG mixture to each wide mouth 

glass jar. 

c. Cap the jars and transfer the bottles to a shaking incubation bath, and 

secure the bottles in place. 

3. Incubation with pancreatic -amylase/AMG 

a. Incubate the reaction solutions at 37 C at a motor setting of 4 in a 

shaking water bath for exactly 16 hours. 

4. Adjustment of pH to approximately 8.2 (pH 7.9-8.4) and inactivation of -

amylase and AMG 
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a. Remove all sample bottles from the shaking water bath after 16 hours 

and immediately add 3.0 mL of 0.75 M Trizma base solution to terminate 

the reaction (at the same time, increase the temperature of the shaking 

incubation bath to 60 C to prepare for the protease incubation step). 

b. Slightly loosen the caps of the sample bottles and immediately place the 

bottles in a water bath (non-shaking) at 95-100 C, and incubate for 20 

minutes, shaking every 5 minutes. 

c. Ensure that the final temperature of the bottle contents is > 90 C 

(checking one bottle is adequate). 

5. Cool: Remove all sample bottles from the hot water bath and cool to 

approximately 60 C. 

6. Protease treatment 

a. Add 0.1 mL of protease solution with a positive displacement dispenser 

(solution is viscous). 

b. Incubate at 60 C in a shaking water bath for 30 minutes. If the water bath 

is not up to temperature, pour some of the 95-100 C water into the 

shaking water bath. 

7. pH adjustment: Add 4.0 mL of 2 M acetic acid to each bottle and mix (this gives 

a final pH of approximately 4.3). 

8. Internal standard: Add 1.0 mL of D-ribose internal standard solution to each 

bottle and mix well. 

9. Filtration setup 

a. Tare crucible containing Celite to the nearest 0.1 mg. 

b. Wet and redistribute the bed of Celite in the crucible using 15 mL of 78% 

(v/v) ethanol from wash bottle into the waste. 

c. Apply suction to crucible to draw Celite onto fritted glass as an even mat. 

10. Filtration 

a. Filter the enzyme digest through the crucible by applying vacuum into the 

sample filtration flasks. Be cautious with how much vacuum is applied—it 

tends to flow into the tubing if the vacuum is too strong! 

b. Rinse the incubation bottle with a minimum volume of water (less than 

10 mL) with a wash bottle containing 60 C deionized water, using a 

spatula to dislodge all particles from the walls of the container. 
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c. Transfer this suspension to the crucible. 

d. Wash the bottle with a further 10 mL of water at 60 C and again transfer 

to the crucible. 

e. Transfer the combined filtrate and washings to a 100 mL graduated 

cylinder. 

f. Rinse filtration flask with a minimum amount of deionized water and 

transfer to the graduated cylinder. Adjust the volume to 70 mL. 

g. Transfer to 600 mL tall beakers. 

11. Precipitation of HMWSDF 

a. Pre-heat the filtrate of each sample (approximately 70 mL) to 60 C in 600 

mL tall beakers. Use the shaking water bath (without shaking) and use 

ring weights to hold the beakers down. 

b. Add 280 mL (measured at room temperature) of 95% (v/v) ethanol 

preheated to 60 C and mix thoroughly. The ethanol can be pre-measured 

out the day before and placed in 500 mL Pyrex jars with caps. Use the 

large, non-shaking water bath to heat ethanol. 

c. Allow the precipitate to form at room temperature for 60 minutes. 

12. Filtration 

a. Filter the precipitated enzyme digest through crucible, using a vacuum. 

b. Use a wash bottle filled with 78% (v/v) ethanol to quantitatively transfer all 

remaining particles to crucible. 

c. Retain filtrate and washings for the determination of LMWSDF. 

13. Wash residue sequentially using a vacuum with two 15 mL portions of the 

following: 78% (v/v) ethanol, 95% (v/v) ethanol, and acetone. This is waste. 

14. Dry crucibles containing residue overnight in 105 C oven.  

15. Cool crucibles 

a. Cool crucible in a desiccator for approximately 1 hour. 

b. Weigh crucible containing dietary fiber residue and Celite to nearest 0.1 

mg. To obtain residue mass, subtract tare weight (weight of dried crucible 

and Celite) 

16. Protein and ash determination 

a. Protein analysis: the residue from one crucible is analyzed for protein 

i. Transfer the residue as quantitatively as possible with a metal 

spatula to digestion tubes. If the residue will not be analyzed 
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immediately, it can be transferred to weigh paper and twisted shut. 

The weigh paper and sample can then be put into labeled weigh 

boats. 

ii. Perform protein analysis on residue using the Kjeldahl method. 

Use 10 mL 95.0-98.0% sulfuric acid and one Kjeldahl tablet for 

each digestion. Digest at 420 C for 90 minutes. Cool overnight. 

Add 50 mL of RO water and auto-titrate to pH 5.2 with 0.1 N 

hydrochloric acid. Use 6.25 factor to calculate mg of protein. 

b. Ash analysis: the residue from one crucible is analyzed for ash  

i. Incinerate one residue for 5 hours at 525 C. 

ii. Cool in a desiccator and weigh to nearest 0.1 mg. 

iii. Subtract crucible and Celite weight to determine ash. 

17. Determination of HMWSDF: Subtract ash and protein from average residue 

weight. 

18. Calculate HMWSDF 

Blank (B) determination (mg)= BR1 + BR2 – PB – PA 

                                                        2 
 
where: 

BR1 and BR2 = residue mass (mg) for duplicate blank determination respectively 

PB and PA = mass (mg) of protein and ash respectively, determined on first and 

second blank residues 

HMWSDF (mg/100 g) = R1 + R2 – PB – PA – B 
                                     ___2________________ X 100   
                                               M1 + M2 
                                                    2 

where: 

R1= residue mass 1 from M1 in mg 

R2= residue mass 2 from M2 in mg 

M1= test portion mass 1 in g; M2= test portion mass 2 in g 

PA= ash mass from R1 in mg; PB= protein mass from R2 in mg 
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HMWSDF (%)= HMWSDF (mg/100 g)/1000 

Procedure for LMWSDF determination:  

1. Filtrate recovery, deionization, and LC analysis 

a. Analyze sample duplicates for LMWSDF analysis (using filtrate from each 

crucible). 

b. Pour out the filtrate from each crucible into a 500 mL graduated cylinder. 

c. Transfer half of the filtrate of each sample duplicate into each of 250 mL 

evaporator flasks and evaporate to dryness under vacuum at 60 C. All of 

the filtrate may not fit in the 250 mL flask, so add more once some liquid 

has evaporated. Analysis of the blanks is not required. 

2. Deionization of sample 

a. Add 5 mL of deionized water to the evaporator flask and swirl the flask for 

approximately 2 minutes to dissolve the sample. 

b. Transfer the solution to a centrifuge tube (PP) for storage. 

c. Prepare Bio-Rad disposable column containing 4 g each of freshly 

prepared and thoroughly mixed, Amberlite and Ambersep. 

i. Suspend mixed resin in water and mix with a spatula in a 100 mL 

beaker. 

ii. Mix by swirling and pour into column that is set up to a solid phase 

extraction unit, attached to a water aspirator (no vacuum is 

required at this step). Use a wash bottle to wash the remaining 

resin out of the mixing vessel, and pour into column. 

iii. Insert round, white plug into column when there is still a small 

amount of water above the resin. 

iv. Wash with 20 mL of deionized water (still no vacuum required) 

into a waste container. 

d. Transfer 2 mL of this solution to the top of the Bio-Rad disposable column 

(elute the column at a rate of 1.0 mL/min into glass test tubes). 

e. Add 2 mL of distilled water to the resin and allow this to percolate in when 

the sample has entered the resin. 

f. Add approximately 20 mL of deionized water to the top of the column and 

continue to elute at a rate of 1.0 mL/min. 
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g. Transfer the eluate to a 250 mL round bottom rotary evaporator flask and 

evaporate to dryness under vacuum at 60 C. 

h. Add 2.5 mL of deionized water to the flask and re-dissolve the sugars by 

swirling the flask for approximately 2 minutes. 

i. Transfer the solution to a centrifuge tube using a pipette. 

3. Preparation of samples for LC analysis 

a. Transfer the solution to a 5 mL disposable syringe, and filter through a 

0.45 µm filter. 

b. Analyze by HPLC using an ELSD detector, Transgenomics CHO-411 

column and a full 100 µL sample injection loop. Use a 0.5 u porosity x 3.0 

mm in-line filter (Phenomonex AFO-0377). For the mobile phase, use 

distilled water. Flow rate: 0.3 mL/min. Column temperature: 80 C. Run 

time: 60 minutes. Collection time: 55 minutes. ELSD temperature: 40 C. 

Gain: 5. Pressure: 250 kPa. 

4. Determine the response factor for D-glucose by calibrating with D-    

glucose/D-ribose 

a. Dilute each D-glucose/D-ribose standard by 10 times to prepare for HPLC 

injection. 

b. Inject 100 µL of each standard D-ribose/D-glucose solution. Inject each 

standard in duplicate. 

c. Obtain the values for the peak areas of D-glucose and D-ribose (internal 

standard) from the 3 chromatographs.  

d. Determine the average response factor: the reciprocal of the slope 

obtained by comparing the ratio of peak area of D-glucose/peak area if D-

ribose (y-axis) to the ratio of the mass of D-glucose/mass of D-ribose (x-

axis). The equation is shown below. 

Response factor = (PA-IS)/(PA-Glu) x (Wt-Glu/Wt-IS) 

where: 

PA-IS = peak area internal standard (D-ribose) 

PA-Glu = peak area D-glucose 

Wt-Glu = mass of D-glucose in standard 
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Wt-IS = mass of D-ribose in standard 

5. Calibrate the area of chromatogram to be measured for LMWSDF 

a. Prepare a ladder standard with D-ribose added: Add 750 L of DD water 

and 750 µL oligosaccharide standard to a small beaker. Add 0.0015 g D-

ribose, and filter through a 0.2 µm filter into a HPLC vial. 

b. Inject 100 µL of standard using the run conditions as specified previously. 

c. Determine demarcation point between DP 2 and DP 3 oligosaccharides, 

and determine where D-ribose elutes. 

6. Determine peak area of LMWSDF (PA-LWMSDF) and internal standard (PA-

IS) in chromatograms of sample extracts 

a. Inject sample extracts on LC. 

b. Record area of all peaks of DP greater than the DP2/DP3 demarcation 

point as PA-LMWSDF. 

c. Record the peak area of internal standard as PA-IS.  

7. Calculations for LMWSDF 

LMWSDF (mg/100 g) = Rf x (Wt-IS, mg) x (PA-LMWSDF)/(PA-IS) x 100/M 

Where: 

Rf = response factor (as determined in step 4 for LMWSDF determination) 

Wt-IS = weight in mg of internal standard contained in 1 mL of internal standard 

solution pipetted into sample mixture 

PA-LMWSDF = peak area of the LMWSDF 

PA-IS = peak area of the internal standard (D-ribose) 

M = test portion mass (M1 and M2) in grams of the sample whose filtrate was 

concentrated and analyzed by LC 
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A.3 Additional Figures 

A.3.1 Motor Torque 

 
Figure A.3.1 The effect of nonfat dry milk concentration (%) and acid level (% of the 
added fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 
kg/h) on motor torque (Nm) during product extrusion on a Buhler 44mm co-rotating twin-
screw extruder. 

A.3.2 Expansion Ratio 

 
Figure A.3.2 The effect of nonfat dry milk concentration (%) and acid level (% of the 
added fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 
kg/h) on expansion ratio (diameter of extrudate/diameter of die orifice) during product 
extrusion on a Buhler 44mm co-rotating twin-screw extruder. 
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A.3.3 Breaking Strength Index 

 
Figure A.3.3 The effect of nonfat dry milk concentration (%) and acid level (% of the 
added fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 
kg/h) on breaking strength index (N/diameter in mm) during product extrusion on a 
Buhler 44mm co-rotating twin-screw extruder. 

A.3.4 L Value 

 

Figure A.3.4 The effect of nonfat dry milk concentration (%) and acid level (% of the 
added fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 
kg/h) on L value during product extrusion on a Buhler 44mm co-rotating twin-screw 
extruder. 
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A.3.5 a Value 

 

 
Figure A.3.5 The effect of nonfat dry milk concentration (%) and acid level (% of the 
added fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 
kg/h) on a value during product extrusion on a Buhler 44mm co-rotating twin-screw 
extruder. 

A.3.6 b Value 

 
Figure A.3.6 The effect of nonfat dry milk concentration (%) and acid level (% of the 
added fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 
kg/h) on b value during product extrusion on a Buhler 44mm co-rotating twin-screw 
extruder. 
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A.3.7 Peak Viscosity 

 
Figure A.3.7 The effect of nonfat dry milk concentration (%) and acid level (% of the 
added fluid) at (a) low fluid addition rate (6.5 kg/h) and (b) high fluid addition rate (7.3 
kg/h) on the peak viscosity during product extrusion on a Buhler 44mm co-rotating twin-
screw extruder. 

 

(a) (b) 


