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ABSTRACT 

 

 The worldwide Greek yogurt market is a growing multi-billion dollar industry in need of 

a solution for its environmentally problematic acid whey (GAW) byproduct. Utilization of 

supercritical fluid extrusion (SCFX) technology presents the opportunity to convert GAW into 

value-added and high-protein sweet and savory snack foods that will resonate with today’s 

market. Additionally, hydrolysis of the lactose in GAW prior to extrusion has the potential to 

polymerize into galactooligosaccharides (GOS) under the high temperature, pressure, and shear 

conditions, transforming lactose into a source of dietary fiber. This study evaluated the effects of 

concentrated 12% solids Greek acid whey substituted in lieu of water during the extrusion of 

milk protein concentrate-based snacks. Water, unhydrolyzed GAW, and hydrolyzed GAW were 

used as the three liquid sources during extrusion and physicochemical, textural, and sensory 

properties of the extrudates were evaluated. Addition of GAW significantly (P < 0.05) increased 

extrudate radial expansion ratio and porosity and decreased piece density. GAW generally 

improved textural characteristics of hardness, crispness, and crunchiness or produced extrudates 

comparable to commercial products. A consumer sensory acceptance test showed that GAW 

significantly improved hedonic and JAR scores in all four attribute categories. GOS content was 

analyzed and found to be 2.5% tetrasaccharides and 0.9% trisaccharides in the sweet formulation 

with hydrolyzed GAW. The results indicate GAW’s potential to replace water during extrusion, 

simultaneously utilizing an environmentally undesirable byproduct while improving extruded 

snack foods. 
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CHAPTER I 

INTRODUCTION 

The global Greek yogurt market was valued at US$ 7.4 Billion in 2018 and is expected to 

reach US$ 12.3 Billion by 2024 (IMARC, 2019). This is poised to become a global problem due 

to the byproduct produced during Greek yogurt manufacturing called Greek acid whey (GAW). 

GAW’s high biological oxygen demand (38,000-46,000 ppm) is indicative of its potential to 

consume dissolved oxygen in waterways and outcompete aquatic wildlife (Wix and Woodbine, 

1958). Recent research has therefore focused on identifying responsible methods of repurposing 

GAW, one of which is food product development. However, there are several challenges in 

utilizing GAW in food products for human consumption. In comparison to traditional wheys 

from cheese and traditional stirred or set-style yogurt production, GAW is more acidic (pH < 

5.0) (Jelen, 2011), which imparts a sour aroma and flavor that are unfavorable in dairy products. 

Additionally, the primary component in GAW after water is lactose, which makes it 

unconsumable in its native state for the 75% of the world’s adult population that is lactose 

intolerant (Hertzler, Huynh and Savaiano, 1996).  

This project examines the efficacy of utilizing GAW as the plasticizer in lieu of water 

during the extrusion of sweet and savory snack foods. Although GAW is considered a low value 
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byproduct, it contains valuable micronutrients such as as Na+, Cl-, and Mg2+ and small amounts 

of free amino acids (Menchik et al., 2019) that have been shown to enhance flavor 

(Schlichtherle-Cerny and Grosch, 1998; Batenburg and van der Velden, 2011; Chi et al., 2012). 

Additionally, research has shown the extruder’s potential as a bioreactor to polymerize 

oligosaccharides (Hwang, J., Kim, C., Kim, 1997, 1998; Tremaine et al., 2014). By hydrolyzing 

the lactose in GAW prior to extrusion, the combination of heat, shear, and acid may induce the 

polymerization of galactooligosaccharides (GOS).  

Enhancing extrudates with dietary fiber is an attractive value proposition. Extruded food 

has been identified as one of the food processes that produces ultra-processed food, which is 

relatively devoid of fiber, protein, and vitamins (Rauber et al., 2014). Furthermore, we utilized 

supercritical fluid extrusion (SCFX) that uses supercritical CO2 as the blowing agent instead of 

steam, thus allowing for the circulation of coolant and reduction of process temperatures. This 

enabled us to utilize milk protein concentrate (MPC) and various fruit and vegetable powders 

that would otherwise experience extensive browning and nutrient degradation during conventinal 

extrusion. 

The following chapters explain the results of our experiments utilizing GAW in lieu of 

water during SCFX. Chapter II covers the effect of GAW on the physico-chemical, textural, and 

sensory properties of two different MPC-based formulations. Chapter III deals with the 

optimization of lactose hydrolysis in GAW and analysis of GOS content in the same formulations. 

The feasibility of GAW utilization to create extruded snack foods of high nutrient density will be 

determined and discussed. 
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CHAPTER II 

 

Functional and sensory properties of milk protein concentrate-based supercritical fluid extrudates 
made with acid whey 

 

 

INTRODUCTION 

Greek yogurt has increased in popularity in recent years, mainly due to its perception as a 

higher protein and more filling snack in comparison to traditional yogurt. The higher protein 

content is achieved due to the straining step in Greek yogurt production, in which the whey is 

removed either by draining, centrifugation, or membrane filtration (Kilara & Chandan, 2013) to 

produce a thicker, creamier, and more nutritionally-dense yogurt. However, the whey that is 

removed from Greek yogurt, also called Greek acid whey (GAW), is produced in a ratio of 

approximately 2-3 kilograms of acid whey for each kilogram of yogurt (Erickson, 2017). Acid 

whey has a high biochemical oxygen demand of 48,500-50,500 mg/L (Menchik, Zuber, Zuber, & 

Moraru, 2019). This is an indicator that the amount of oxygen required by microorganisms to 

break down the lactose in acid whey is very high. GAW therefore cannot be disposed of into our 

waterways. The microorganisms needed to break down the GAW would outcompete the native 

aquatic wildlife for oxygen, causing death and disruption of natural ecosystems. With the global 

Greek yogurt market valued at US$ 7.4 Billion in 2018 and expected to reach US$ 12.3 Billion 

by 2024 (IMARC, 2019), the problem of GAW’s disposal is ever increasing. 
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 In recent years, many research efforts have been directed towards the utilization of GAW, 

primarily in biofuel production and food product development. However, there are several 

difficulties in utilizing GAW in food products for human consumption. First, GAW is a low-

value byproduct, meaning it contains little in terms of nutritional value. GAW contains the water 

and water-soluble components from starter culture-treated milk, with most of the valuable 

components retained in the yogurt (Kyle & Amamcharla, 2016). Second, the acidity and 

astringency of GAW makes it challenging to use in product development for human 

consumption. Third, the high amount of lactose in GAW limits its consumption to adults who 

possess the lactase enzyme, which is problematic since 75% of the world adult population is 

lactose intolerant (Hertzler et al., 1996). 

 Extrusion processing has long been used in the production of many commercial products 

including pasta, cereal, and ready-to-eat products. Production of snacks via extrusion is an 

attractive process as it is a continuous high temperature short time process that produces low 

moisture shelf-stable foods. Starch is typically used in extruded formulations to create puffed 

snacks and cereals due to its advantageous expansion and structure-forming properties (Huang & 

Rooney, 2001). Due to shifting consumer demands, extrusion research has focused on the 

production of snack products with a higher nutritional value through the addition of ingredients 

with higher protein and/or essential nutrients (Onwulata et al., 2001; Allen et al., 2007; Amaya-

Llano et al., 2007; Altan et al., 2008; Chaiyakul et al., 2009; Limón-Valenzuela et al., 2010; 

Tremaine & Schoenfuss, 2014; Kaisangsri et al., 2016). However, conventional steam-based 

cooking extrusion is not attractive for processing protein and heat-sensitive bioactives such as 

vitamins and phytochemicals (C. Onwulata & Heymann, 1994) due the high temperature 

(>1300C) and high shear (>150 rpm) conditions (Wang, Ganjyal, Jones, Weller, & Hanna, 2005). 
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The wide range of crosslinking available for proteins (hydrophobic, electrostatic, covalent) in 

comparison to starch render expansion difficult (Arêas, 1992) and high temperatures promote 

Maillard browning and nutrient degradation. 

 Supercritical fluid extrusion (SCFX) is a hybrid processing operation that combines 

extrusion with supercritical fluids to overcome the limitations of convention steam-based 

cooking extrusion (Rizvi & Mulvaney, 1992). In this process, supercritical CO2 is used as the 

blowing agent in lieu of steam due to its relatively mild supercritical conditions (Tc = 31˚C, 

P=7.38 MPa) (Rizvi & Mulvaney, 1994). The supercritical CO2 decouples the original role of 

water, which is to act as both the plasticizer and blowing agent. This allows the processing of 

heat-sensitive ingredients at milder temperature and shear conditions. SCFX has also been shown 

to produce extrudates with a superior texture by controlling product expansion, resulting in 

products with high degree of external smoothness and uniform interior cell structure (Alavi, 

Gogoi, Khan, Bowman, & Rizvi, 1999).  

 Previously, Sun et al. (2015) showed that addition of concentrated cheese whey into 

whey protein crisps did not significantly affect extrudate quality characteristics such as piece 

density, expansion ratio, and hardness. Tremaine and Schoenfuss (2014) also explored the effect 

of acid addition on extrudates and found that high acid fluid addition rates prevent browning in 

nonfat dry milk and cornstarch-based extruded formulations. However, the effect of GAW on 

extruded products has yet to be explored. 

This study aimed to determine the effect of addition of acid whey in lieu of water during 

extrusion of protein-based extrudates. The objectives of this study were (1) to quantify the 

physical, chemical, and organoleptic properties of high protein extruded snacks produced with 

water, unhydrolyzed GAW, and hydrolyzed GAW and (2) to determine the feasibility of the 
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incorporation of hydrolyzed GAW in the production of high protein snack products suitable for 

people who are lactose intolerant. 

MATERIALS AND METHODS 

2.1. Raw materials 

Acid whey from 0% fat Greek yogurt (GAW) was obtained from Byrne Dairy (Cortland, 

NY, USA) and refrigerated at 5˚C.  It was then concentrated to 12% solids via reverse osmosis 

on a pilot plant rig (Osmonics, WI, USA) equipped with a Filmtec spiral-wound composite 

membrane (model XLE2540, The Dow Chemical Company, Webster, NY, USA). The 

concentrated GAW for this experiment was supplied by the Moraru Lab at Cornell University 

(Ithaca, NY, USA) following the procedure described by Menchik and Moraru (2019).  The 

GAW composition before and after concentration can be found in Table 1. After concentration, 

lactose content in GAW was measured via nuclear magnetic resonance (model AV500, Bruker, 

MA, USA). The lactose in GAW was hydrolyzed with β-galactosidase isolated from Aspergillus 

oryzae (Biocatalysts Ltd., Wales, UK) in 4 kg batches with an enzyme concentration of 600 

Units/μmole of lactose with constant agitation for 12 h.  

Table 1. GAW composition (6% solids measured according to the method by Menchik and 
Moraru (2019), 12% solids calculated according to concentration factor). 

Component 6% solids 12% solids 
Total solids (% w/w) 6.00 ± 0.22 12.00 
Total sugars (% w/w) 3.84 ± 0.33 7.68 
   Lactose 3.29 ± 0.21 6.58 
Crude protein (% 
w/w) 

0.30 ± 0.12 0.60 

Ash (mg/g) 0.67 ± 0.03 1.34 
   K  1.61 ± 0.03 3.22 
   Ca  1.23 ± 0.04 2.46 
   P  0.68 ± 0.01 1.36 
   Na 0.39 ± 0.02 0.78 
   Mg  0.10 ± 0.01 0.20 
   Cl 0.86 ± 0.09 1.72 

 



9 
 

For the dry feed formulations for extrusion, milk protein concentrate (MPC, 81.5% 

protein, 7.5% ash, 4.5% carbohydrate, 1.5% fat, 5% moisture) was obtained from Ingredia 

(Wapakoneta, OH, USA). All fruit and vegetable powders were purchased from Van Drunen 

Farms (Momence, IL, USA). All other ingredients were commercially obtained. 

2.2. Extrusion formulations 

  Pre-trial extrusion runs were conducted in order to optimize the flavor and processing 

conditions of the formulations. The final formulations for sweet (F1) and savory (F2) products 

are given in Table 2. These are comprised of 60% MPC as protein and the main structure-

forming ingredient, 4.5-5 % buttermilk powder and 1% distilled monoglyceride for 

emulsification, 15.5-27.9% fruit and vegetable powders for flavor and micronutrients, and 7.5-

18.5 % seasonings for flavor enhancement. All formulations were mixed in a ribbon blender 

(Littleford Day Inc., Florence, KY, USA) for 10 minutes in both the forward and reverse 

directions prior to extrusion. The calculated proximate nutritional compositions of the feed 

formulations prior to extrusion are given in Table 3. 

Table 2. Dry feed formulations of sweet (F1) and savory (F2) extrudates. 

 Feed formulations (% wet basis) 
 F1 (sweet) F2 (savory) 
MPC (81.5% protein, wet basis) 60.0 60.0 
Buttermilk powder 4.5 5.0 
Distilled monoglyceride 0.0 1.0 
Fruit and vegetable powders Raspberry: 11.7; Apple: 6.8; 

Banana: 5.6; Beet: 2.0; Carrot: 
1.9 

Tomato: 7.5; Chickpea: 4.5; 
Carrot: 3.5 

Seasoning powders Citric acid: 2.0; Sugar: 5.0; Salt: 
0.5 

Jalapeno: 7.0; Salt: 3.0; Sugar: 2.5; 
Citric acid: 3.0; Nutritional yeast: 

1.5; Garlic powder: 1.5 
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Table 3. Proximate nutritional composition of F1 and F2 formulations prior to extrusion. 

Composition per 100 g Feed formulations  
 F1 (sweet) F2 (savory) 
Calories 355.41 322.67 
Moisture (g) 3.62 3.28 
Protein (g) 54.99 56.36 
Carbohydrates (g) 30.34 17.56 
Dietary fiber (g) 6.73 2.35 
Total sugars (g) 16.87 9.65 
Added sugars (g) 4.99 2.50 
Total fat (g) 3.16 4.09 
Saturated fat (g) 0.87 1.82 
Monounsaturated fat (g) 0.16 0.16 
Polyunsaturated fat (g) 0.37 0.18 
Trans fat (g) 0 0 
Cholesterol (mg) 3.11 3.45 
Calcium (mg) 1656.45 1661.29 
Iron (mg) 0.85 0.85 
Phosphorous (mg) 85.47 75.45 
Potassium (mg) 372.97 513.45 
Sodium (mg) 304.16 1546.60 
Vitamin D (mcg) 0.02 0.03 
Vitamin A (IU) 2207.64 5605.20 
Vitamin C (mg) 60.59 56.00 

 

2.3. Extrusion 

 Extrusion runs were performed utilizing a pilot-scale Wenger-57 Magnum co-rotating 

twin-screw extruder with a barrel diameter of 52 mm and a length/diameter (L/D) ratio of 28.5 

(Wenger Manufacturing, Sabetha, KS, USA). The following lists the processing parameters and 

conditions for F1 and F2, respectively: feed rate of 40 and 35 kg/h, screw speed of 120 and 100 

rpm, SC-CO2 injection pressure of 17.2 MPa (both formulations), SC-CO2 injection rate of 0.45 

and 0.47 kg/h, die pressure of 7.6 and 10.5 MPa, and product temperature of 93 and 89˚C. Three 

liquid feeds (water, unhydrolyzed GAW, hydrolyzed GAW) were used for each formulation: 

water as the control and unhydrolyzed GAW and hydrolyzed GAW as the treatments. For F1 and 

F2, the liquid injection rate held at 10.5 and 10.0 kg/h for samples produced with water. Liquid 

injection rate was accordingly increased for samples produced with GAW to maintain a constant 

moisture to solids ratio that deviated no more than 7% at any point in time for all three liquid 
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sources.  Fig. 1 contains a diagram of the extrusion process and the configuration of the screws is 

indicated. Extrusion runs were performed in duplicate and samples were collected for all three 

liquid sources within each formulation. 

 

Fig. 1. Diagram of SCFX process. 

 Different dies were used for the sweet and savory formulations, due to differences in 

intended product application. A circular tube die (5.95 mm outer diameter, 3.00 mm inner 

diameter) was used for F1 and a slit die (15 x 2 mm) was used for F2. The extruded product melt 

was cut by a 2-bladed knife rotating at 700 and 300 rpm for F1 and F2, respectively, and 

collected on trays and dried in a forced-air oven (LR-27, ST333, LR Technologies, Los Angeles, 

CA, USA) at 80˚C, then stored in sealed polyethylene bags for analysis. The photographs of the 

feeds, dies utilized, and shapes of samples produced via SCFX for both F1 and F2 are shown in 
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Fig. 2. Additionally, this figure also illustrates the color retention of the extrudates, one of the 

advantages conferred by SCFX over conventional extrusion. 

 

Fig. 2. Photographs of formulations F1 and F2, produced with (A) water; (B) unhydrolyzed 
12% solids GAW; (C) hydrolyzed 12% solids GAW. 

 

2.4. Analysis of extrudates 

The radial expansion ratio (RER) was determined by measuring the diameter of the 

extrudates (N=15) with a Vernier caliper. RER was calculated according to equation 1, where Ae 

is the cross-sectional area of the extrudate and Ad is the cross-sectional area of the die (Alavi et al., 

1999).  

𝑅𝑅𝑅𝑅𝑅𝑅 =  𝐴𝐴𝑒𝑒
2

𝐴𝐴𝑑𝑑2
      (1) 

Piece density (g/cm3) was measured (N=3) by using the Rapeseed Displacement method 

(AACC International, 2001). Solid density (N=3) was measured by grinding samples and sieving 

through a 60-mesh sieve (250 μm) and measuring the mass of 5 mL volume of the ground extrudate 
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in a graduated cylinder. Porosity was accordingly calculated by equation 2 according to the method 

by Dogan and Kokini (2007): 

              𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡 =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑆𝑆𝐷𝐷𝐷𝐷−𝑃𝑃𝑆𝑆𝐷𝐷𝑃𝑃𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑆𝑆𝐷𝐷𝐷𝐷
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑆𝑆𝐷𝐷𝐷𝐷

     (2) 

All extrudates were imaged by scanning electron microscopy (SEM) on a Jeol Neoscope 

Benchtop SEM (Model JCM-6000, Peabody, MA, USA) under high vacuum at 20 and 22x 

magnification (for F1 and F2, respectively) and 15 kV. Samples were prepared by cutting along 

the longitudinal axis and mounting on aluminum stubs with dual-sided carbon conductive adhesive 

tape. All samples were sputter coated with gold palladium prior to imaging. Average cross-

sectional area of cells (N=3) was measured using ImageJ (Version 1.x, National Institutes of 

Health, Bethesda, MD, USA). Color analysis was performed using a Konica Minolta Chroma 

Meter (Model CR-400, Minolta Co. Ltd., Osaka, Japan). Readings for each sample were conducted 

in triplicate and values of L*, a*, b*, denoting lightness-darkness, red-green, and yellow-blue color 

opposition, respectively, were recorded. Whiteness Index (WI) was calculated according by 

equation 3 according to method by Wongsa et al. (2016). 

𝑊𝑊ℎ𝑃𝑃𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑃𝑃𝑃𝑃 𝐼𝐼𝑖𝑖𝐼𝐼𝑖𝑖𝐼𝐼 (𝑊𝑊𝐼𝐼) = (100 − 𝐿𝐿∗)
1
2 +  𝑎𝑎∗2 + 𝑏𝑏∗2)

1
2   (3) 

Rehydration capacity was measured by placing 20 g of each sample (N=3) into a plastic 

perforated cup and immersing into a water bath at 21°C. The cups were removed and weighed 

every minute for 20 minutes total. The rehydration rate was calculated by equation 4, where X0 is 

the initial sample weight, and Xw is the sample weight at a specific point in time. 

 

𝑅𝑅𝑖𝑖ℎ𝑡𝑡𝐼𝐼𝑃𝑃𝑎𝑎𝑡𝑡𝑃𝑃𝑃𝑃𝑖𝑖 𝑅𝑅𝑎𝑎𝑡𝑡𝑖𝑖 (𝑅𝑅𝑅𝑅) =  𝑋𝑋𝑤𝑤− 𝑋𝑋0
𝑋𝑋0

     (4) 
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Using the data from the rehydration rate, the diffusion coefficient was calculated with the 

Fick’s Law equation given below in equation 5. 

𝑋𝑋𝑤𝑤 =  𝑋𝑋𝐷𝐷 + (𝑋𝑋𝑆𝑆 −  𝑋𝑋𝐷𝐷 ) 8
𝜋𝜋2
𝑖𝑖(−𝐷𝐷𝑒𝑒𝐷𝐷𝐷𝐷𝜋𝜋

2𝑡𝑡
4𝐿𝐿2

)    (5) 

 

Where: 

Xw = Moisture content of the sample at time t  

Xe = Moisture content at the equilibrium  

X0 = Initial Moisture content 

t = Rehydration time 

L= Half thickness of the sample 

Deff = Effective moisture diffusivity/ effective diffusion coefficient (m2/s)  

Deff was calculated by plotting ln (𝑋𝑋𝑤𝑤 −𝑋𝑋𝑒𝑒
𝑋𝑋0−𝑋𝑋𝑒𝑒

) against time (t) and setting the slope equal to –𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝜋𝜋2

4𝐿𝐿2
. 

Texture analysis was performed on a TA-XT2 texture analyzer operating Texture Exponent 

32 software (both from Stable Micro Systems Ltd., Godalming, Surrey, UK). Prior to texture 

analysis, samples from each treatment were equilibrated in a desiccator with a saturated potassium 

acetate solution (aw = 0.231) until reaching constant mass. Tests were performed (N=10) with a 25 

mm LAP Perspex compression probe with a pre and post-test speed of 1 mm/s and a test speed of 

0.5 mm/s, to 50% strain, perpendicular to the direction of extrusion. Peak force (N), number of 

peaks, and average drop-off (N) were calculated and used to respectively determine the hardness, 

crispness, and crunchiness of all treatments (Bashir et al., 2017; Dogan & Kokini, 2007). 

Commercial multigrain cheerios (MGC) and pita chips (PC) were used as commercial 

comparisons for F1 and F2, respectively. 



15 
 

2.5 Sensory analysis 

 To evaluate consumer acceptability, a preliminary investigation was undertaken at the 

Cornell Sensory Evaluation Center at Cornell University (Ithaca, NY, USA, IRB Exempt). 

Panelists were recruited at random (N=100) and demographic data (age, gender, ethnicity) was 

collected. The sensory test was an acceptance test with four major categories: (1) overall 

opinion; (2) flavor; (3) texture; (4) appearance. Questions were asked on both 9-point hedonic (1 

= dislike extremely, 5 = neither like nor dislike, and 9 = like extremely) and Just About Right 

(JAR) scales (1= Much Too Little, 3 = Just About Right, 5 = Much Too Much). Samples were 

labeled with randomly generated three-digit numbers that corresponded to the three liquid 

sources (water, unhydrolyzed GAW, and hydrolyzed GAW) and evaluation was conducted in 

individual booths. Data was collected using RedJade Sensory Software (Curion Insights, IL, 

USA).  

2.6 Statistical analysis 

ANOVA was used to analyze data (GraphPad Prism 8.0 statistical software, CA, USA). 

Least significant differences (LSD) were determined using the Tukey-Kramer HSD test at the 

5% significance level. Graphs were generated with JMP Pro 14 software from SAS (SAS 

Institute, NC, USA). 

 

RESULTS AND DISCUSSION 

3.1 Expansion characteristics 

The addition of unhydrolyzed and hydrolyzed GAW led to a significant increase in RER, 

piece density, and porosity across all formulations (Fig. 3). This is corroborated by the increase 

in cell size in the images obtained by SEM (Fig. 4). Calculation of average cross-sectional area 

of cells revealed an increase in average cell size in both formulations (Table 4). The cell size of 
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F1 significantly increased from 299.20 µm in samples produced with water to 479.20-533.03 µm 

in GAW samples. F2 experienced an overall increase in cell size, from 450.20 µm in water 

samples to 577.50 and 637.47 µm in unhydrolyzed and hydrolyzed GAW samples, respectively. 

RER is a known indicator of extrudate quality (Onwulata et al., 2001) and refers to the 

amount the extrudate has expanded in reference to the die. The mean values for RER in F1 were 

2.92±0.20, 3.88±0.25, 3.82±0.36 for water, unhydrolyzed GAW, and hydrolyzed GAW, 

respectively, and 5.64±0.93, 7.42±1.04, 7.56±0.75 in F2. This corresponds to a significant 

increase (P<0.05) in RER with GAW addition, up to a 33% and 34% increase in F1 and F2 

samples in comparison to water. Accordingly, the piece density significantly decreased (P<0.05) 

with GAW addition, from 0.31±0.02, 0.26±0.02, to 0.25±0.01 in F1 and 0.26±0.04, 0.21±0.02, to 

0.21±0.01 in F2. According to Sun et al. (2015), extrudates with piece densities up to 0.7 g/cm3 

can be classified as low-density products. All extrudates produced in this study possessed 

densities well under this value (0.21-0.31 g/cm3). The porosity of extrudates refers to the amount 

of the extrudate that is occupied by air, which is another good indicator of expansion and 

extrudate quality. F1 and F2 experienced a significant increase (P<0.05) in porosity with GAW 

addition, from 0.53±0.03, 0.61±0.02, to 0.61±0.01 in F1 and 0.60±0.04, 0.67±0.02, to 0.69±0.03 

in F2. This indicates that the amount of air increased from 53 to 61% in F1 and 60 to 67-69% in 

F2 with GAW addition. The porosities of comparable commercial products were also measured. 

With intent to use as a cereal or cereal ingredient, F1 was compared to MGC, which had a 

comparable porosity of 61%. Intended as a savory chip product, F2 was compared to PC, which 

were found to have virtually no porosity. 
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Fig. 3. Expansion characteristics in formulations F1 and F2: A) Radial expansion ratio; (B) 
piece density; and (C) porosity (± 1 SD) produced with water, unhydrolyzed GAW, and 
hydrolyzed GAW. Means with different superscripts are significantly different (P < 0.05). 
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Fig. 4. SEM photos of cross-sectioned extrudates produced with (A) water; (B) 
unhydrolyzed 12% solids GAW; (C) hydrolyzed 12% solids GAW. 

 

The observed trends in expansion increase with GAW addition are contrary to what was 

expected based on current research. Lactose, a disaccharide, is the main component of GAW after 

water (Menchik et al., 2019). When hydrolyzed, lactose is cleaved into the monosaccharides 

galactose and glucose. Addition of sugars into extrusion formulations have thoroughly investigated 

and shown to reduce extrudate expansion (Moore et al., 1990; Barrett et al., 1995; Jin et al., 1995; 

Pitts et al., 2016).  Fan et al. (1996) studied the effects of both mono- and disaccharides (including 

lactose and glucose) on the expansion and shrinkage on maize grit extrudates. They found that 
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sugars decreased the glass transition temperature (Tg) of the melt. Stopping at about Tg + 30˚C,  

shrinkage occurs over a wider temperature range with sugar addition. Carvalho and Mitchell 

(2001) also attributed shrinkage to a reduction of bubble wall strength. This was observed in the 

extrudates produced with GAW with their visible exterior porous structure, or surface porosity 

(Fig. 4), indicating the escape of gas. Increased sugar content from GAW addition decreased the 

bubble wall strength, thus limiting its ability to hold CO2 upon nucleation during pressure drop at 

the die.   

Table 4. Physical characteristics of formulations F1 and F2, produced with (A) water; (B) 
unhydrolyzed 12% solids GAW; (C) hydrolyzed 12% solids GAW. F1 is compared with 
multigrain cheerios (MGC) and F2 is compared with pita chips (PC) as commercial 
samples. 

 

*Means in the same group and row with different superscripts are significantly different (P < 0.05). All 
values are shown ±1 standard deviation. NA = Not Applicable. 

 

Despite the reduction in wall strength caused by GAW addition, the negative impact on 

extrudate expansion by the addition of sugars was counteracted by the acidity contributed by 

 

 F1A F1B F1C MGC F2A F2B F2C PC 
Cell size 

(μm) 
299.20±158.

90a 
533.03±264.

41b 
479.20±249.

37b 
NA 450.20±206.

43 a 
577.50±322.

28ab 
637.47±276.

86b 
NA 

Color    
L* value 52.83±2.43a 57.91±3.25a 58.26±3.54a NA 70.27±0.41a 68.69±2.91a 68.45±0.64a NA 

Whiteness     
Index 

49.39±1.55a 48.26±2.52a 46.55±3.61a NA 52.13±1.31a 55.82±3.26b 56.39±0.84b NA 

Texture         
Hardness (N) 270.69±56.9

9a 
138.07±21.2

1b 
184.22±19.5

0c 
105.9±16.5 b 115.07±34.8

6a 
97.59±24.20a 92.47±26.17a 118.63±101.

05a 
Crispness 

(no. of 
peaks) 

15.15±4.66ab 17.80±6.65b 23.10±8.19c 10.60±3.75a 25.16±9.53a 21.35±12.90a 21.25±11.35a

b 
10.40±3.75b 

Crunchiness 
(N) 

15.44±3.96a 11.86±3.01b 13.56±3.05ab 6.30±2.68c 10.21±2.05a 10.69±3.04a 9.55±2.74a 7.83±5.93a 

Diffusion 
coefficient 
(Deff, m2/s) 

9.17E-09 
 

1.30E-08 
 

1.70E-08 
 

NA 1.43E-08 
 

2.46E-08 
 

2.63E-08 
 

NA 
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GAW. We hypothesize that the reduction of pH of the dough within the extruder barrel caused by 

replacement of water (pH ~ 7) with concentrated GAW (pH ~ 4.2) assisted in establishing a 

stronger network within the melt that allowed for a greater degree of expansion. Heat, shear, and 

acid has been shown to induce the denaturation of proteins (Lucey et al., 1999; Spiegel & Huss, 

2002), which were provided through the extrusion process and a reduction in pH by the addition 

of GAW. Milk proteins are easily denatured under these conditions, as both casein and whey 

protein denature as high as pH 4.6 (Anema & Li, 2003). This denaturation causes disruption of the 

secondary and tertiary structure of proteins (Lee, Shimanouchi, Umakoshi, & Kuboi, 2006) and 

subsequent exposure of key functional groups that lie within the hydrophobic interior of proteins 

such as primary amines, carboxyls, sulfhydryls, and carbonyls. These exposed functional groups 

may reassociate and form a strong protein network that allows the viscoelastic melt to withstand 

the forces in effect upon exiting the extruder die, thus facilitating increased expansion. Given that 

almost 50% of the dry feed used during extrusion was protein (contributed mainly by MPC), the 

effect of this interaction may have been significant. Additionally, the addition of minor ingredients 

such as minerals have been found to enhance extrudate expansion (Martínez-Bustos, 1998; 

Zazueta-Morales, Martínez-Bustos, Jacobo-Valenzuela, Ordorica-Falomir, & Paredes-López, 

2001). It is also possible that the addition of small quantities of minerals in GAW aided in the 

expansion-promoting effect. 

3.2 Color  

Color analysis of the extrudates varied based on both formulation and acid whey addition, 

results shown in Table 4. The L* value, which represents lightness/darkness on a scale from 0 

(black) to 100 (white), experienced an increase in F1 with GAW addition (52.83 in water samples 

and 57.91-58.26 in GAW samples), though this increase was insignificant. Lightness 
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nonsignificantly decreased in F2 (P > 0.05). Whiteness index (WI) represents the overall whiteness 

of the sample, utilizing each color parameter in the Hunter L*a*b* color system. F1 decreased in 

whiteness with GAW addition (49.39 in water samples and 46.55-48.26 in GAW samples), 

although this was nonsignificant (P > 0.05). F2 experienced a significant increase in whiteness 

with GAW addition (P< 0.05), from 52.13 in water samples to 55.82-56.39 in GAW samples. The 

difference between these results can be attributed to the composition of the feed formulations. F1 

contains a high percentage of fruit powders, which provide reducing sugars in the form of fructose 

and glucose (Fontes, da Silva, Rabelo, & Rodrigues, 2015). This served to increase the amount of 

Maillard reaction products (MRPs) that form from the interactions between the carbonyl 

components of the reducing sugar from the fruit powders and amino acids from the protein fraction 

of MPC (Liu, Li, Kong, Li, & Xia, 2014). Since many MRPs possess brown pigments, this 

accounts for the decrease in WI in F1. The flavoring components of F2 (tomato power and jalapeño 

seasoning) do not contain as many reducing sugars, thus the reduction in pH due to the acidic 

nature of GAW prevented the Maillard reaction.  

3.3 Rehydration characteristics 

 

Fig. 5. Rehydration ratios over time of formulations F1 and F2, produced with (A) water; 
(B) unhydrolyzed 12% solids GAW; (C) hydrolyzed 12% solids GAW compared with 
Multigrain Cheerios (MGC). 
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The rehydration characteristics of both formulations compared to MGC is presented in Fig.  

5. The rehydration ratio (RR) of all extrudates from F1 and F2 was lower than that of MGC due 

to the smoother surfaces in expanded products produced by SCFX versus convention steam-based 

cooking extrusion. Steam expanded extrudates are characterized by a high degree of surface 

porosity due to explosive puffing caused by the conversion of water into steam (Bashir et al., 

2017). Accordingly, the high surface porosity of MGC (generated due to escaping steam during 

extrusion cooking used in their production) allowed water to penetrate faster, accounting for 

MGC’s higher RR. Within the SCFX extrudates, samples produced with GAW hydrated faster 

than those with water. This supports the observation that GAW samples had more surface porosity 

than the control due to the reduction in bubble wall strength caused by the addition of sugars. RR 

has also been shown to increase with increasing RER and porosity due to the increase of void space 

that allows for the rapid diffusion of liquid into the matrix (Yu et al., 2012). Despite this increase 

in RR from GAW addition, the SCFX extrudates with the lowest and highest RR reached the same 

RR at 20 minutes as MGC at approximately 3.5 and 8.5 minutes, respectively. This is an indicator 

of a longer bowl life, meaning that all SCFX extrudates maintained their textural properties 2.4-

5.7 times as long as MGC. Table 4 contains the values for the diffusion coefficient (Deff) obtained 

from the graphs produced by plotting ln (𝑋𝑋𝑤𝑤 −𝑋𝑋𝑒𝑒
𝑋𝑋0−𝑋𝑋𝑒𝑒

) against time, with the slope equal to –𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝜋𝜋2

4𝐿𝐿2
. Deff 

increases with GAW concentration, further supporting the conclusion that increased internal 

porosity coupled with reduction in bubble wall strength and increase in surface porosity imparted 

by GAW serve to increase RR. 

3.4 Textural characteristics 

Overall, GAW addition improved the textural properties of the extrudates in comparison 

to the control and were generally equal or superior to commercial products in the three measured 
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textural categories of hardness, crispness, and crunchiness (Table 4). F1 was compared to the 

commercial sample MGC. For F1 samples, GAW addition caused significant reduction (P<0.05) 

in hardness in comparison to the control and reduced hardness values closer to commercial 

sample MGC, with unhydrolyzed GAW not significantly different (P>0.05) from MGC. 

Crispness increased with GAW addition and was significantly higher (P<0.05) than MGC. GAW 

extrudate crunchiness decreased in comparison to the control but remained significantly higher 

(P<0.05) than MGC. F2 was compared to the commercial sample PC. The hardness of all F2 

extrudates and PC were not significantly different (P>0.05), however, hardness decreased in 

GAW extrudates. All F2 extrudates were significantly crisper (P<0.05) than PC and there was no 

significant difference (P>0.05) in crunchiness.  

The texture of extruded products is highly dependent on the degree of expansion and the 

corresponding reduction in density. Korkerd et al. (2016) identified a correlation between 

increased expansion, lowered density, and increased crispness. Barrett and Peleg (1992) showed 

that decreased expansion and increased piece density was associated with an increase in the force 

required to break extrudates in corn-based formulations. Chang and El-Dash (2003) found that 

addition of sulphuric acid caused increased expansion, which in turn decreased hardness. The 

increased expansion caused by GAW addition likely contributed to the observed improvements 

in texture. These textural changes are advantageous, as lower hardness and higher crispness have 

been shown to be indicators of higher extrudate quality (Ding et al., 2005; Chassagne-Berces et 

al., 2011). 

3.5 Sensory analysis 

Sensory analysis was conducted on F1 extrudates only, with the goal of showing the 

differences between consumer perception of extrudates produced within the same formulation, 
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varying only the liquid source. Table 5 contains the mean sensory scores for F1 extrudates, rated 

on a 9-point hedonic scale. All sensory attributes showed a significant increase (P<0.05) in mean 

score with GAW addition (P < 0.05). The difference in mean scores for flavor were likely due to 

the minerals in the GAW that served to enhance flavor. GAW contains minerals such as Na+, Cl-, 

and Mg2+ and small amounts of free amino acids (Menchik et al., 2019). Na+ and Cl- have been 

shown to increase umami taste when combined with amino acids (Chi et al., 2012). Mg2+ has 

been connected to increasing perception of saltiness and Cl- to increase sweetness and decrease 

sourness (Schlichtherle-Cerny & Grosch, 1998) as well as enhance saltiness (Batenburg & van 

der Velden, 2011). The increase in expansion in GAW extrudates likely contributed to the 

improvement in appearance and textural scores. Open answer questions revealed that consumers 

were not able to distinguish between different mechanical textural parameters (hardness, 

crispness, and crunchiness). However, the mean texture sensory scores reveal that consumers can 

perceive the overall textural differences between samples, thus showing a correlation between 

mechanical measurements to sensory results. 

Table 5. Sensory evaluation results of formulation F1 with three liquid sources, rated on a 
9-point hedonic scale.  

Sensory attributes Liquid source 
A (Water) B (Unhydrolyzed GAW) C (Hydrolyzed GAW) 

Appearance 5.43a 6.11b 5.92b 
    Color 5.94a 6.07a 6.17a 
    Shape 5.27a 6.16b 5.99b 

Flavor 4.43a 4.77ab 5.14b 

Texture 4.66a 5.28b 5.36b 

Overall 4.19a 4.97b 5.02b 

*Means in the same row with different letters are significantly different (P < 0.05).  

 

 Fig. 6 contains the JAR results measured for the following product attributes: berry 

flavor, crispness, crunchiness, hardness, sweetness, and tartness. JAR scale values of 1-2 were 

categorized as “Too Little,” 3 as “Just About Right,” and 4-5 as “Too Much.” The percentage of 
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consumers that rated the attributes as just about right increased in all categories with GAW 

addition. The flavor attributes of berry flavor, sweetness, and tartness increased 8, 4, and 5%, 

respectively, in unhydrolyzed GAW, and increased 17, 15, and 10%, respectively, in hydrolyzed 

GAW. Although both treatments of GAW improved these flavor attributes, hydrolyzed GAW 

samples saw a larger sensory improvement. This is likely due to different sugar compositions in 

unhydrolyzed and hydrolyzed GAW. Although unhydrolyzed GAW contains small amounts of 

galactose and glucose, most of the sugar is lactose. When hydrolyzed, the lactose is cleaved into 

the monomeric subunits of glucose and galactose. Glucose and galactose possess relative 

sweetness values of 0.19 and 0.18, respectively, while lactose has a relative sweetness value of 

0.22 (Moskowitz, 1970). Therefore, even though the same chemical components are present in 

GAW before and after hydrolysis, the production of two monosaccharides from a single 

disaccharide serves to increase the overall perceived sweetness. Because sweetness has been 

shown to improve consumer perception of flavor (Calviño, 1986), hydrolyzed GAW showed a 

slightly higher impact on positively shifting sensory flavor perception in our study. A large 

improvement was seen in textural JAR results which improved 18-23% for crispness, 25-26% for 

crunchiness, and 28-40% for hardness, illustrating the beneficial impact increased expansion had 

on consumer textural perception. 
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Fig. 6. JAR results from consumer acceptance test for F1 extrudates produced with (A) 
water; (B) unhydrolyzed GAW; (C) hydrolyzed GAW. 

 

 

CONCLUSION 

The incorporation of GAW improved MPC-based extruded snack products, evident in 

measured results of the functional and sensory properties of extrudates. Addition of GAW 

increased the overall expansion of extrudates, as indicated in an increased RER and porosity, 

which correspondingly led to a decrease in piece density. These are all known indicators of 

improved extrudate quality. The increased expansion is likely due to the reduction in pH of the 

melt with GAW addition, causing an increase in crosslinking between polypeptide chains from 

the denaturation of protein in the presence of heat, shear, and acid. The introduction of additional 

sugars from GAW decreased extrudate bubble wall strength, as displayed in SEM photos that 

reveal the surface porosity of extrudates produced with GAW. Extrudate texture was generally 

improved with GAW addition and were equal to or better than commercial samples. The 

improvement of functional properties by GAW were corroborated by acceptance sensory test 
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results. Significant improvements (P<0.05) were seen in hedonic scores across all categories of 

analysis. GAW addition also improved JAR scale ratings. Concentrated GAW used as the 

plasticizer during extrusion has the potential to produce value-added extruded snack foods while 

simultaneously incorporating an environmentally unfriendly food industry byproduct. 

Additionally, the successful production of value-added extrudate with lactose hydrolyzed GAW 

presents the opportunity for further application in the manufacture of lactose-free snack foods. 
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CHAPTER III 

Polymerization of lactose hydrolyzed acid whey into galactooligosaccharides by twin-screw 
supercritical fluid extrusion 

 

INTRODUCTION 

The percent of energy intake that comes from ultra-processed food is steadily increasing, 

constituting an estimated 40-75% of the total energy intake in developed countries (Monteiro, 

2009; Slimani et al., 2009). Ultra-processed foods (UPF) are defined by the NOVA food 

classification system as ready-to-eat industrial formulations that primarily contain substances 

derived or synthesized from foods, with little to no foods in their intact form. These foods have 

popularized due to their convenience, microbiological safety, and palatability (Monteiro et al., 

2017). However, increased UPF consumption has led to increased dietary content of 

carbohydrates, added sugar, total fat, saturated fat, sodium, and caloric density, coupled with 

lower fiber, protein, and vitamins (Rauber et al., 2014) due to the low nutrient density of the 

ingredients and the heavy thermal processing required to produce them. UPF have also been 

linked to health issues including obesity, hypertension, dyslipidaemia, cancer, and functional 

gastrointestinal disorders (Fiolet et al., 2018; Rauber et al., 2015; Mendonça et al., 2016, 2017; 

Schnabel, et al., 2018).  However, the shelf stability and lower price associated with UPF make 

them more accessible, particularly for people with of low socio-economic status (Steenhuis, 
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Waterlander & de Mul, 2011). Consequently, the need to develop ultra-processed foods with 

higher nutritional value is critical in today’s food industry. 

Extruded food has been identified as one of the food processes that produces UPF such as 

pasta, cereal, and reconstituted meat products. It is a high temperature short time process that 

fully transforms foods in a short period of time, producing low moisture foods with enhanced 

shelf stability (Guy, 2001). Starch is typically used in extruded formulations to create puffed 

snacks and cereals due to its advantageous expansion and structure-forming properties (Huang 

and Rooney, 2001). It is difficult to incorporate components with higher nutritive value such as 

protein, vitamin, and phytochemical-containing ingredients (Onwulata and Heymann, 1994).  

due to the high temperature  (>1300C) and high shear (>150 rpm) conditions occurring in 

conventional cooking extrusion (Wang et al., 2005), which are heat-sensitive and experience 

extensive cross-linking, browning, and degradation. Extrusion is a continuous and commercially 

practiced technology that must be improved upon to make its products more attractive to 

evolving consumer demands. 

Alternatively, supercritical fluid extrusion (SCFX) is a hybrid processing operation that 

combines extrusion with supercritical fluids (Rizvi and Mulvaney, 1992). In this process, 

supercritical CO2 is used as the blowing agent in lieu of steam due to its relatively mild 

supercritical conditions (Tc = 31˚C, P=7.38 MPa) (Rizvi and Mulvaney, 1994). The supercritical 

CO2 decouples the original role of water, which is to act as both the plasticizer and blowing 

agent. This allows for the utilization of milder processing conditions and a corresponding 

reduction in temperature and shear that allows for the processing of heat-sensitive ingredients. In 

comparison to conventional extrusion, SCFX presents ample opportunity to create UPF products 
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that confer all the associated benefits (convenience, safety, and palatability) while incorporating 

ingredients of higher nutrient density. 

An ingredient that has popularized in recent years for inclusion in UPF are 

galactooligosaccharides (GOS), a type of prebiotic dietary fiber derived from milk sugar. 

Composed of 2-9 monomeric subunits, GOS is formed primarily through enzymatic conversion 

utilizing β-galactosidases to cleave the (β)1-4 linkage of lactose followed by subsequent 

transgalactosylation in which sugar molecules are the acceptor for galactose instead of water 

(Pázmándi et al., 2018). GOS has found wide use in infant formula due to its structural similarity 

to the oligosaccharides naturally found in human milk (Fischer and Kleinschmidt, 2018) that aids 

in selectively stimulating the proliferation of Bifidobacteria and Lactobacilli in the gut (Vera and 

Illanes, 2016). Incorporation of GOS into foods began in Japan in 1990 (Taniguchi, 2005) and 

since then has spread to Europe, New Zealand, Australia, and the United States (Torres et al., 

2010; Nguyen and Haltrich, 2013; Austin et al., 2014). This popularity is mainly due to the 

known and published clinical health benefits of GOS in adult humans, serving as prebiotic 

ingredients that selectively feed beneficial microbiota and improve gastrointestinal functions by 

promoting short chain fatty acid production, colonocyte energy transduction, growth of colonic 

epithelial cells, lipid and carbohydrate metabolism, repair intestinal barrier functions and inhibit 

pathogenic bacterial growth (all of which provide protection from infections) in addition to 

enhancing mineral absorption and decreasing blood lipid content (Van Den Broek et al., 2008; 

Figueroa-gonz et al., 2011). Additionally, GOS have high thermal and pH stability (Sangwan et 

al., 2014) which make them ideal for incorporation into UPF. GOS-containing products are an 

actively growing market. With the increasing rise in global demand for functional foods, the 

GOS market is expected to reach US$ 1010 million by 2020, or 17.5% of the global prebiotic 
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market (Grand View Research, 2015). Furthermore, it is estimated that conversion of lactose to 

GOS can increase the unit price per kilo from 0.7 USD/kg to 5.8 USD/kg (Byfield, et al., 2010; 

CLAL S.r.l., 2019). Due to its high shear, temperature, and pressure, researchers have recognized 

the potential for the extruder to serve as a reactor in the production of oligosaccharides (Hwang, 

J., Kim, C., Kim, 1997, 1998; Tremaine et al., 2014). However, these studies implemented the 

use of conventional cooking extrusion which limit the composition of the feed material that can 

be used. 

Valorization of wastes from lactose-containing ingredients (crystalline lactose, whey and 

milk permeate) into GOS has shown success in recent research (Jovanovic-Malinovska et al., 

2012; Pázmándi et al., 2018; Raza, Iqbal and Imran, 2018).  However, conversion of the lactose 

in the byproduct stream from Greek yogurt production called Greek acid whey (GAW), is 

unstudied. GAW is a byproduct of Greek yogurt production that is produced in a ratio of 

approximately 2-3 kilograms of acid whey for each kilogram of yogurt (Erickson, 2017). GAW’s 

high biochemical oxygen demand (38,000-46,000 ppm) poses an environmental threat and 

indicates that cannot be disposed of into waterways (Wix and Woodbine, 1958). Given the global 

Greek yogurt market was valued at US$ 7.4 Billion in 2018 and is expected to reach US$ 12.3 

Billion by 2024 (IMARC, 2019), GAW disposal is becoming an increasing problem worldwide. 

Recent research efforts in the utilization of GAW have focused on biofuel production and food 

product development. GAW’s status as a low value byproduct and its astringency and poor 

flavor acceptance by consumers make it difficult to use in food product development. 

Additionally, its high lactose content renders it unusable by consumers who are lactose 

intolerant. Lactose, a key nutrient in mammal’s milk, is considered the energy-supplying 

component in milk. However, intestinal β-galactosidase is necessary for it to be metabolized 
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(Vera and Illanes, 2016). Presence of intestinal β-galactosidase varies by ethnicity, with lactose 

intolerance (hypolactoasia) occurring in above 50% in South America, Africa, and Asia. 

Additionally, it has been shown that hypolactasia may appear in various stages of life, from early 

childhood through adulthood (Vesa et al., 2000). For these reasons, the conversion of lactose into 

GOS has the potential to produce a prebiotic product while simultaneously making products 

lactose-free and consumable for more of the world’s population. In an acid medium such as 

GAW, β-galactosidase isolated from the fungus Aspergillus oryzae (A. oryzae) is needed due to 

its pH stability at the low pH of GAW. A. oryzae has the added benefits of high specific activity 

and thermal stability as well as a lower cost than other commercially available β-galactosidases 

(Vera et al., 2012).  

 SCFX combined with GAW presents a unique opportunity to both repurpose an 

environmentally harmful byproduct stream as well as utilize the extruder as a continuous 

bioreactor to form GOS, producing UPF with higher nutritional value. The research in this study 

aimed to investigate the potential for SCFX in the continuous production of high-protein RTE 

sweet and savory snack foods, utilizing GAW as the plasticizer instead of water. It was 

hypothesized that the relatively high heat, shear, and acidic conditions would lead to the 

biotransformation of the components in GAW, effectively converting whey components into 

prebiotic oligosaccharides, or GOS. The objectives of this study were (1) optimize lactose 

hydrolysis in varying concentrations of GAW and identify the most appropriate GAW 

concentration and enzymatic treatment for extrusion; (2) quantify GOS production in sweet and 

savory extrudates produced with unhydrolyzed and hydrolyzed GAW; (3) determine the 

applicability of SCFX for continuous production of value-added RTE snacks with prebiotic 

potential. 
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MATERIALS & METHODS 

2.1. Raw materials 

The concentrated GAW for this experiment was produced from 0% fat Greek yogurt 

according to the procedure reported in our previous publication (Yoon and Rizvi, 2019). After 

concentration via reverse osmosis, a portion of the 18% solids GAW was diluted to 12% solids. 

GAW composition is shown in Table 6. The β-galactosidase used for hydrolysis was isolated 

from Aspergillus oryzae (A. oryzae) and obtained from Biocatalysts Ltd. (Wales, UK). 

Table 6. GAW composition (6% solids measured according to the method by Menchik and 
Moraru (2019), 12% solids and 18% solids calculated according to concentration factor) 

Component 6% solids 12% solids 18% solids 
Total solids (% w/w) 6.00 ± 0.22 12.00 18.00 
Total sugars (% w/w) 3.84 ± 0.33 7.68 11.52 
   Lactose 3.29 ± 0.21 6.58 9.87 
Crude protein (% 
w/w) 

0.30 ± 0.12 0.60 0.90 

Ash (mg/g) 0.67 ± 0.03 1.34 2.01 
   K  1.61 ± 0.03 3.22 4.83 
   Ca  1.23 ± 0.04 2.46 3.69 
   P  0.68 ± 0.01 1.36 2.04 
   Na 0.39 ± 0.02 0.78 1.17 
   Mg  0.10 ± 0.01 0.20 0.30 
   Cl 0.86 ± 0.09 1.72 2.58 

 

For the dry feed formulations for extrusion, milk protein concentrate (MPC, 81.5% 

protein, 7.5% ash, 4.5% carbohydrate, 1.5% fat, 5% moisture) was obtained from Ingredia 

(Wapakoneta, OH, USA). All fruit and vegetable powders were purchased from Van Drunen 

Farms (Momence, IL, USA). All other ingredients were commercially obtained. 
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2.2 NMR quantification 

 Composition of GAW was measured via nuclear magnetic resonance (NMR) on a Bruker 

Avance AV500 spectrometer (Bruker, MA, USA) using a 1H quantitation method with 32 scans, 

a 30 s relaxation delay, and 90-degree excitation pulse. Samples were dissolved in a minimum of 

700 μL of deuterium oxide (D, 99.9%, Cambridge Isotope Laboratories, MA, USA). 

Trimethylsilylpropanoic acid (TMSP) was used as an internal standard at 0.02 wt% TMSP in 

deuterium oxide. Lactose, galactose, and glucose were used as standards for determining their 

chemical shift. Fig. 7. Contains a typical NMR spectrum used in this experiment. 

 

Fig. 7. NMR spectrum used for saccharide quantification.  

2.3. Lactose hydrolysis 

Lactose hydrolysis was performed in 6, 12, and 18% solids GAW. Pre-trial hydrolysis 

runs were conducted to optimize lactose hydrolysis conditions. Samples were hydrolyzed in 25 

mL volumes using a temperature-controlled magnetic stir plate operating at 55˚C and 150 rpm. 

Enzyme concentrations of 400, 500, and 600 U/μmol of lactose were used for the A. oryzae β-

galactosidase. 1 mL samples were removed at 0, 2, 8, and 12 h and submerged in a 95˚C water 
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bath for 10 minutes to denature the enzyme and cease the reaction. Sample composition at each 

time point was analyzed via NMR in triplicate. The hydrolysis experiments (3 GAW 

concentrations with 3 enzyme concentrations) were conducted in duplicate. GAW for extrusion 

was subsequently prepared in 4 kg batches with constant agitation for 12 h at 55˚C. 

2.4. GAW lactose hydrolysis optimization 

The optimal GAW concentration, β-galactosidase concentration, and time of treatment 

were determined by kinetic modeling using the Michaelis-Menten model without inhibition. The 

the associated rate equation in equation 1. 

𝑣𝑣(𝜌𝜌) = 𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝜌𝜌
𝐾𝐾𝑀𝑀+𝜌𝜌

     (1) 

𝑊𝑊ℎ𝑖𝑖𝑃𝑃𝑖𝑖: 

𝑣𝑣 = 𝑃𝑃𝑖𝑖𝑎𝑎𝑟𝑟𝑡𝑡𝑃𝑃𝑃𝑃𝑖𝑖 𝑃𝑃𝑎𝑎𝑡𝑡𝑖𝑖 

𝜌𝜌 = 𝑃𝑃𝑠𝑠𝑏𝑏𝑃𝑃𝑡𝑡𝑃𝑃𝑎𝑎𝑡𝑡𝑖𝑖 (𝑙𝑙𝑎𝑎𝑟𝑟𝑡𝑡𝑃𝑃𝑃𝑃𝑖𝑖) 𝑟𝑟𝑃𝑃𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖𝑡𝑡𝑃𝑃𝑎𝑎𝑡𝑡𝑃𝑃𝑃𝑃𝑖𝑖 = [𝑆𝑆] 

𝐾𝐾𝑀𝑀 = 𝑀𝑀𝑃𝑃𝑟𝑟ℎ𝑎𝑎𝑖𝑖𝑙𝑙𝑃𝑃𝑃𝑃 − 𝑀𝑀𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖𝑖𝑖 𝑟𝑟𝑃𝑃𝑖𝑖𝑃𝑃𝑡𝑡𝑎𝑎𝑖𝑖𝑡𝑡 

𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑚𝑚𝑎𝑎𝐼𝐼𝑃𝑃𝑚𝑚𝑠𝑠𝑚𝑚 𝑃𝑃𝑎𝑎𝑡𝑡𝑖𝑖 𝑃𝑃𝑜𝑜 𝑃𝑃𝑖𝑖𝑎𝑎𝑟𝑟𝑡𝑡𝑃𝑃𝑃𝑃𝑖𝑖 

 

Lactose hydrolysis efficiency (Eh) was calculated according to equation 2, where Cglu is glucose 

concentration, MMlac is the molar mass of lactose, Cilac is initial lactose concentration, and 

MMglu is the molar mass of glucose (Dutra Rosolen et al., 2015).  

𝑅𝑅ℎ (%) =  𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔 𝑚𝑚 𝑀𝑀𝑀𝑀𝑔𝑔𝑚𝑚𝑙𝑙

𝐶𝐶𝑆𝑆𝑔𝑔𝑚𝑚𝑙𝑙 𝑚𝑚 𝑀𝑀𝑀𝑀𝑔𝑔𝑔𝑔𝑔𝑔 
 𝐼𝐼 100   (2) 
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2.5. Extrusion  

 Extrusion formulations and the processing parameters used for extrusion were conducted 

according to the method described by Yoon and Rizvi (2019). Sweet and savory versions 

comprised of 60% MPC were used for analysis.  

2.6. GOS extraction and quantification 

 To extract sugars from the extrudates, samples were pulverized and sieved through a 60-

mesh sieve (250 μm). Sugars were extracted from the ground extrudate by the method described 

by AOAC (2001). 40 mL of 80˚C phosphate buffer (0.2 M, pH 6.0) was added to 2.5 g of the 

ground extrudate in a 50 mL centrifuge tube and mixed. The mixture was placed in an 80˚C 

water bath for 30 minutes and cooled to room temperature in an ice bath. The pH was adjusted to 

5.7 with 1M NaOH and the mixture was subsequently diluted to 50 mL with the phosphate 

buffer. Samples were centrifuged at 5000 rpm for 15 minutes and the supernatant containing the 

extracted sugars was decanted into separate tubes.  

 The sugar composition of each sample was analyzed by high performance liquid 

chromatography (HPLC). The analysis was conducted on an Agilent 1200 HPLC system 

equipped with a manual injector and refractive index detector. equipped with a Bio-Rad Aminex 

HPX-87P (300 mm x 7.8 mm) with a MicroGuard Carbo-C guard cartridge. The column 

temperature was maintained at 75˚C and the detector at 35˚C. The mobile phase was acetonitrile 

(75% v/v) and DI water (25% v/v). The flow rate was kept at 0.5 mL/min with an injection 

volume of 25 μL. All samples were filtered through a CELLTREAT PES 0.22 μm filter prior to 

analysis and analyzed in triplicate (Sangwan et al., 2014; Eskandarloo and Abbaspourrad, 2018). 

Fig. 8. Contains a typical HPLC chromatogram used in this experiment. A flow chart depicting 
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the overall unit operations from GAW concentration to extrusion and analysis is depicted in Fig. 

9. 

 

Fig. 8. HPLC chromatogram used for GOS quantification.  

 

Fig. 9. Flow diagram for the hydrolysis process of lactose in GAW with subsequent 
extrusion and GOS quantification. 
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2.7. Statistical analysis 

ANOVA was used to analyze data (JMP Pro 14 software from SAS, SAS Institute, NC, 

USA). Least significant differences (LSD) were determined using the Tukey-Kramer HSD test at 

the 5% significance level.  

 

RESULTS & DISCUSSION 

3.1. Hydrolysis optimization 

Table 7. Calculated lactose hydrolysis kinetic data for 6, 12, and 18% solids samples at 400, 
500, and 600 U/μmol. 

 6% solids 12% solids 18% solids 
Enzyme 
concentration 
(Units/μmol 
lactose) 

400 500 600 400 500 600 400 500 600 

Rate constant 
(h-1) 

0.254 0.266 0.448 0.199 0.224 0.272 0.198 0.190 0.219 

Vmax 
(mol/kg·h) 

9.436 9.863 15.805 7.488 8.352 10.020 318.916 305.880 382.188 

Km (mol) 37.088 37.024 35.264 37.497 37.165 36.782 1611.033 1614.003 1598.000 
Hydrolysis 
efficiency 
(%) 

95.213 95.891 99.474 90.841 93.088 96.123 
 

90.490 89.678 92.569 

 

The results from the lactose hydrolysis optimization experiments are depicted in Table 7. 

Using the Michaelis-Menten model, values for KM and Vmax were determined using Excel 

Solver. The lactose concentration (mol/kg) over the 12-hour reaction period for all tested GAW 

and enzyme concentrations is depicted in Fig. 10. All reactions were determined to be first order, 

which is consistent with previous literature (Schilke et al., 2010). The rate constants were 

determined by the value of k of the fitted exponential trendlines in the form 𝜌𝜌 = 𝜌𝜌0𝑖𝑖−𝑘𝑘𝐷𝐷 and 

ranged from 0.254-0.448, 0.199-0.272, and 0.190-0.219 h-1 for 6, 12, and 18% solids GAW, 
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respectively. This is consistent with the findings of Axelsson and Zacchi (1990) who calculated a 

rate constant of 0.1824 for β-galactosidase from A. oryzae (albeit immobilized). The modeled 

reaction rates for each GAW and enzyme concentration are shown in Fig. 11. According to the 

rate law for a first order reaction, R = k[L], reaction rate and rate constant are directly correlated. 

Therefore, as the rate constant increased, the reaction rate increased as well. The slope of each 

curve in Fig. 10, which is directly correlated to the value of the rate constant, generally showed 

an increase as enzyme concentration increased within each GAW concentration. This was 

expected since increasing the amount of enzyme present increases the total number of active sites 

available to perform hydrolysis and the probability of lactose encountering the active site in the 

GAW matrix. 

 

(A)                

 

 

 



48 
 

(B) 

 

(C) 

 

Fig. 10. Hydrolysis curves showing modeled lactose concentration (mol/kg) over time in (A) 
6% solids (B) 12% solids and (C) 18% solids GAW samples (⸺⸺ 400 Units/μmol; ⸺ ⸺ 
500 Units/μmol; - - - - 600 Units/μmol; ▲ observed concentrations). 
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The values of KM for 6 and 12% solids were similar, ranging from 35.26-37.09 and 

36.78-37.50 mol, respectively, which is indicative that both concentrations of GAW have the 

same substrate affinity (Freitas et al., 2011). Vmax increased as the enzyme concentration, 

meaning the reaction rate increased with increased enzyme. The same trend was seen for the 

hydrolysis efficiency, with increasing enzyme concentration leading to between 2.9-5.3% 

increase in efficiency when enzyme concentration was increased from 400 to 600 U/μmol. The 

correlation between increased enzyme concentration and increased hydrolysis has been proven 

for many types of enzymes and is well established (Northrop, 1920; Sattler, Esterbauer and 

Steiner, 1989; Dutra Rosolen et al., 2015; Permanasari et al., 2018).  

 

(A) 
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(B) 

 

(C) 

 

Fig. 11. Michaelis-Menten modeled reaction rates in (A) 6% solids (B) 12% solids and (C) 
18% solids GAW samples. ( ⸺⸺ 400 Units/μmol; ⸺ ⸺ 500 Units/μmol; - - - - 600 
Units/μmol). 
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It can be noted that while the 6 and 12% solids sets followed the expected trends, with 

rate constant and reaction rate increasing as enzyme concentration increased, 18% solids GAW 

experienced some inconsistencies. As expected, an enzyme concentration of 600 U/μmol 

achieved the highest rate constant within the 18% solids set, with a value of 0.216 h-1. However, 

18% solids GAW samples with an enzyme treatment of 400 U/μmol achieved a higher rate 

constant, reaction rate, Vmax, and hydrolysis efficiency than 500 U/μmol, which is contrary to the 

established fact that higher enzyme concentrations yield higher hydrolysis and proceed at a faster 

rate. The values for KM for 18% solids GAW were also much higher than 6 or 12% solids GAW, 

ranging from 1598.00-1614.00 M. It is likely that these inconsistencies were due to the lactose 

crystallization and precipitation that were observed at 18% solids. Lactose crystals are formed 

through nucleation, growth, and/or aggregation of lactose molecules and its solubility is highly 

dependent on its isomeric form, α or β-lactose (Wong and Hartel, 2014). Since β-lactose 

crystallizes above 93.5˚C, and the GAW for these experiments was produced via nonthermal 

processing with subsequent refrigeration, it is most likely that the crystals observed were α-

lactose which have low solubility, particularly at low temperatures (Fox, 1997). This 

crystallization and precipitation of lactose from solution was likely the cause of the discrepancies 

observed in 18% solids GAW, limiting the availability of the enzyme to interact with the large 

lactose crystals and the lactose units within each crystal. High KM values are also indicative of 

lower substrate affinity (Berg, Tymoczko and Stryer, 2002), which may also have also been 

caused by the observed lactose precipitation. 

Another interesting observation is that increasing GAW concentration led to an overall 

decrease in hydrolysis efficiency. This is contrary to what is expected, since the enzyme dosage 

was calculated according to initial lactose concentration, which should yield a similar percent of 
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hydrolysis. There are several reasons for this observation. First, increasing the concentration of 

GAW also leads to an increase in the amount of lactic acid present in each sample, causing a 

reduction in pH. Lower pH has been shown to have a pronounced effect on reaction rate 

(Albayrak and Yang, 2002), which was observed in the slopes of the reaction rate graphs in Fig. 

11, ranging from 0.2538-0.4472 in 6% solids GAW, 0.1988-0.2712 in 12% solids GAW, and 

0.1893-0.2185 in 18% solids GAW. Second, this reduction in reaction rate can also be attributed 

to Kramers’ theory. According to this theory, viscosity and the rate of reaction are inversely 

proportional due to an increase in friction of solids in solution and a decrease in motion (Uribe 

and Sampedro, 2003). The increase in solids content and increase in viscosity that occurs with 

concentrating GAW promoted additional friction and limited the capability of the free enzyme 

and substrate to interact in solution. The mass transfer limitation by the larger lactose crystals in 

18% solids GAW may have also enhanced this friction effect. Third, GOS produced through 

transgalactosylation during enzymatic hydrolysis may serve as a substrate molecule for β-

galactosidase and be re-hydrolyzed into its subcomponents, including lactose. GOS formation is 

catalyzed by β-galactosidase and is formed when lactose acts as the acceptor for galactose 

(instead of water, which would lead to hydrolysis of the galactosyl-enzyme complex and release 

of free galactose) (Sako, Matsumoto and Tanaka, 1999). GOS is composed of galactose and 

typically terminate with a glucose residues, all connected by (β)1-4 and (β)1-6 bonds (Tzortzis 

and Vulevic, 2009). The newly formed GOS can then act as a substrate molecule and be 

hydrolyzed by β-galactosidase, reforming lactose and galactose (Otieno, 2010; Lamsal, 2012). 

This effect can be heightened at higher GOS concentrations which increase the probability of 

GOS encountering β-galactosidase. The hydrolysis of GOS into galactose and lactose was 
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another likely factor that contributed to the decreasing hydrolysis efficiency observed with 

increasing GAW concentration. 

According to the results of these hydrolysis optimization experiments, 12% solids GAW 

with an enzyme concentration of 600 U/μmol was selected for extrusion. This combination 

served to maximize the amount of whey solids incorporated into the extruded melt while also 

maximizing hydrolysis efficiency.  

3.2. GOS formation 

 Preliminary HPLC analysis of F1 extrudate with hydrolyzed GAW showed the presence 

of 0.9% and 2.5% w/w of tri- and tetrasaccharides, respectively. We are in the process of 

obtaining complete data sets for GOS content in F1 and F2 extrudates with all three liquid 

sources (water, unhydrolyzed GAW, hydrolyzed GAW), therefore this data is subject to 

confirmation. 

It is well documented that oligosaccharides can be produced under the combined effects 

of heat and acid (Baker, 1993; Manley-Harris and Richards, 1993; Collins and Ferrier, 1995). 

Hydrolyzing the lactose in GAW to its constituent monosaccharides combined with the heat, acid 

(contributed by citric acid in the formulation, lactic acid in GAW, and carbonic acid from 

supercritical CO2), and the extensive shearing and mixing within the extruder barrel provided the 

driving force for polymerization. Fig. 12. depicts the process of lactose hydrolysis with 

subsequent polymerization in the extruder. 
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Fig. 12. Mechanics of lactose hydrolysis and GOS polymerization. 

 

Other studies have explored the utilization of the extruder as a bioreactor to produce 

oligosaccharides. Hwang, J., Kim, C., Kim (1997) extruded glucose syrup and powdered lactose 

with citric acid in a co-rotating twin-screw extruder at 160, 180, and 200˚C, hypothesizing that 

the presence of heat and acid would induce the polymerization of sugars. They found that 

increasing heat led to increasing polymerization yields, ranging from 36.90-77.10% for glucose 

and 26.45-45.86% for lactose. Additionally, they showed that not only did molecular weight 

fractions increase with increasing temperature, but also treatment with α-amylase and 

amyloglucosidase had no effect on the viscosity of glucose extrudates, indicating random 

linkages and potential of these oligosaccharides as dietary fiber (Hwang, J., Kim, C., Kim, 1998). 

More recently, Tremaine et al. (2014) explored the effects of varying concentrations of citric 

acid and glucose on yields of indigestible oligosaccharides during the twin-screw extrusion of 

lactose. They found that 2% citric acid yielded higher polymerization than 1%, 52.3-59.8% w/w 

and 37.1-49.9%, respectively, with glucose having no effect on polymerization yield. 

It is important to note that some of the observed GOS formation may have been due to 

the transgalactosylation effect during GAW hydrolysis. However, this effect was likely minimal. 
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GOS polymerization is a kinetically controlled reaction that competes with hydrolysis, which is a 

thermodynamically controlled reaction (Tzortzis and Vulevic, 2009). Low lactose concentrations 

favor hydrolysis to D-galactose and D-glucose, while high concentrations promote enhanced 

transgalactosylation (Pazmandi et al., 2017). In order to favor synthesis, higher than 30% (w/v) 

of lactose is required to increase the chances of lactose being used as the nucleophilic acceptor 

instead of water and depress the hydrolytic potential of the enzyme (Plou, Segura and 

Ballesteros, 2007; Torres et al., 2010). Intuitively, a low water activity has also been cited as 

favoring GOS formation (Gaur et al., 2006; Vera et al., 2012). Given that the GAW used in these 

experiments contained between 3.84-11.52% lactose and the water activity remained high at 0.98 

(Menchik and Moraru, 2019) even in 18% solids GAW, these conditions were not favorable for 

transgalactosylation and the amount of GOS formed was likely low. 

 

CONCLUSION 

 The lactose in GAW was successfully hydrolyzed with an efficiency up to 99.47%. It was 

shown that hydrolysis efficiency and reaction rate generally increased with increasing enzyme 

concentration, as expected. However, 18% solids GAW experienced inconsistencies, evident in 

varying results for rate constant, reaction rates, Vmax, and hydrolysis efficiency. This was 

attributed to the lactose crystallization observed at this concentration. Overall decreases in 

hydrolysis efficiency with increasing GAW concentration were likely due to reduced pH, 

increased viscosity, and reverse reactions utilizing GOS as a substrate. Prelimiary analysis 

showed formation of GOS tri- and tertrasaccharides at 0.9 and 2.5% w/w in the final extrudate. 

Upon completion of the analysis, further conclusions may be made regarding the amount of 
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polymerization observed in F1 vs. F2 formulations and between samples produced with 

unhydrolyzed and hydrolyzed GAW. 

 The results of this study are promising and show GAW’s potential as a precursor 

ingredient to form GOS, utilizing the extruder as a bioreactor. Further work may focus on 

adjusting the time of enzyme treatment to identify the optimum point at which to cease the 

reaction and prevent reconversion of product to substrate. Additionally, the threshold of enzyme 

effectiveness was not reached even at the highest enzyme concentration of 600 U/μmol of 

lactose. Increasing the enzyme concentration may be unnecessary for lower GOW 

concentrations, but will be required to produce a higher hydrolysis efficiency in elevated GAW 

concentrations. Lastly, the ability of GOS to serve as a prebioitic is highly structurally dependent 

(i.e. number of monomers, their linkages and position of branching, as well as isomers). 

Identification of the bonds in the formed GOS and characterization of the types of structures 

forming is necessary to determine the prebiotic capability. 
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