
ABSTRACT 

QIU, YUTING. Investigation of Novel Methods for Removal of Norbixin from Liquid Whey 

and Effects on Flavor and Functionality of 80% of Whey Protein Concentrate. (Under the 

direction of Dr. MaryAnne Drake). 

 

           The residual annatto colorant (norbixin) in liquid whey should be removed to provide 

a desired neutral color in dry whey ingredients. Currently, hydrogen peroxide (HP) and 

benzoyl peroxide (BP) are utilized for bleaching liquid whey. However, chemical bleaching 

causes off-flavor formation mainly due to lipid oxidation and protein degradation. Previous 

studies have suggested a binding or interaction between norbixin and milk fat globule 

membrane (MFGM) or that norbixin exists as a micelle.  As such, removal of milk fat 

globule membrane by microfiltration or precipitation of MFGM from liquid whey with 

hydrochloric acid at the isoelectric point might reduce residual annatto in liquid whey. The 

objective of first study was to determine the effect of pH induced MFGM precipitation (pH 

4.2, 5.2) or microfiltration on norbixin levels in liquid Cheddar whey. Cheddar cheese whey 

was manufactured from colored, pasteurized milk.  The fluid whey was pasteurized and fat 

separated. Liquid whey was subjected to 4 different treatments: Control (no treatment), pH 

4.2 (acidification to 4.2 with hydrochloric acid, and centrifugation to remove precipitate), pH 

5.2 (acidification to 5.2 with hydrochloric acid, and centrifugation to remove precipitate), or 

MF (microfiltration).  The experiment was replicated 3 times. Proximate analysis of whey 

was conducted using standard methods.  Norbixin content was determined by HPLC. The 

protein composition of liquid wheys was evaluated by polyacrylamide gel electrophoresis 

(SDS-PAGE). Norbixin was decreased by 49.3%, 40.0%, and 45.5% for pH 4.2 whey, pH 

5.2 whey, and microfiltration treatments respectively. No differences were detected in solids 

and mineral content among liquid wheys (P>0.05). Fat and protein content for MF whey 



were lower than other liquid wheys (P<0.05). SDS-PAGE gels showed no visible differences 

in main whey protein (alpha-lactalbumin and beta-lactoglobulin) bands between control 

whey and pH 4.2 and 5.2 and MF whey, but bovine serum albumin (67KDa) and 

immunoglobulin heavy chain (50-70KDa) bands were thinner in pH 4.2 and 5.2 wheys, 

suggesting that these proteins were removed by decreased pH. Based on color reduction and 

SDS-PAGE results, pH adjustment and/or MF could be used as novel methods to remove 

norbixin from Cheddar whey. 

       The objective of second study was to compare MF norbixin removal to chemical or 

enzymatic bleaching, hydrogen peroxide (HP) or lactoperoxidase (LP), and their effects on 

the flavor and functionality of 80% whey protein concentrate (WPC80). Cheddar cheese 

whey was manufactured from colored, pasteurized milk.  The fluid whey was pasteurized and 

fat separated. Liquid whey was subjected to 4 different treatments: Control (no bleaching; 

50°C, 1h), HP (250 mg hydrogen peroxide/kg; 50°C, 1h), LP (20 mg hydrogen peroxide/kg; 

50°C, 1h), or MF (microfiltration; 50°C, 1h). The treated whey was then ultrafiltered, 

diafiltered, and spray-dried to 80% whey protein concentrate (WPC80). The entire 

experiment was replicated 3 times. Proximate analyses, color, functionality, descriptive 

sensory and instrumental volatile analysis were conducted on WPC80. MF, HP, and LP 

bleached WPC80 displayed a 39.5%, 40.9% and 92.8% norbixin decrease, respectively 

(P<0.05). The HP and LP WPC80 had higher cardboard flavors and distinct cabbage flavor 

compared with the unbleached and MF WPC80. Volatile compound results were consistent 

with sensory results. The HP and LP WPC80 were higher in lipid oxidation compounds 

(especially heptanal, hexanal, pentanal, 1-hexen-3-one, 2-pentylfuran, octanal) compared to 

unbleached and MF WPC80. All WPC80 had >85% solubility across the pH range of 3 to 7. 



The microstructure of MF gels determined by confocal laser scanning showed an increased 

protein particle size in the gel network. MF WPC80 also had larger G’ values indicating 

higher gel firmness. Based on bleaching efficacy, flavor and functionality results, MF may be 

a viable alternative to chemical or enzymatic bleaching of fluid whey. 
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INTRODUCTION 

         Food intake plays an important role in the life of humans, and it may be regarded as 

fuel for all the metabolic processes or the sources of nutrients to make life. Normally in most 

adults, body weight is constant despite big changes in daily food intake and energy 

expenditure. This balance of food intake and energy expenditure is controlled by a complex 

neural system. This neural system reflects the fundamental biological importance of adequate 

nutrient supply and energy balance. This system consists of many pathways which cooperate 

with each other in order to maintain the drive to eat or feel physically satisfied after eating. 

Thus, in the circulation, there are both hormones which act to initiate or terminate a meal and 

hormones which reflect energy balance. These signals are integrated by peripheral nerves and 

brain centers, such as the hypothalamus and brain stem. The integrated signals regulate 

central neuropeptides, which modulate hunger/eating and energy expenditure.   

          Much progress has been made in identifying these complex hormonal and neural 

mechanisms. The brain informs itself about the availability of ingested and stored nutrients, 

and in turn, generates behaviors like hormonal output in response to these signals. The 

hypothalamus and brainstem play important roles in this homeostatic function. Energy 

homeostasis, which ensures that the composition and properties of the human body’s internal 

environment remain constant, in most cases, regulates body weight tightly and human beings 

can store a considerable amount of energy as fat for later use. However, this ability has been 

argued for becoming one of the major health risks for over-eating and the subsequent 

increasing prevalence of obesity. Numerous studies on smell and taste hedonics have 

revealed palatability (Sclafani et al., 1976) and variety (Rolls et al., 1981) as being two 
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important factors which increase food intake in both animals (Rolls et al., 1983) and humans 

(Louis-Sylvestre et al., 1981). On the other hand, neural and hormonal factors, as well as 

metabolic feedback-mechanisms, may be involved in mediating specific appetites (Tempel et 

al., 1993; York 1995) and specific satieties (de Graaf et al., 2004; Kamphuis et al., 2001).  

SATIETY AND SENSORY-SPECIFIC SATIETY 

        Normally, hunger and satiety are the basic feelings which regulate food intake. They 

compensate each other and consequently, control eating. The feeling of hunger characterizes 

the mental state, which motivates food intake, whereas the feeling of satiety terminates intake 

of a meal. Satiation and satiety are part of the body’s appetite control system and are 

involved in limiting energy intake. Definitions of satiation and satiety are shown in Figure 1 

(Benelam, 2009). This satiating state may limit how much food and drink is consumed on 

one occasion and delays the next desired food consumption. The term satiety characterizes 

the period between two meals of about 4 h, where the feeling of satiety gradually is turned 

into the feeling of hunger (Blundell et al., 1991; Wardle 1987; Bellisle et al., 2012). Satiety is 

a central concept in the understanding of appetite control and has to do with inhibition of 

eating. Because of the rising prevalence of obesity, it is important to consider the impact of 

satiation and satiety on energy balance, and whether they can be enhanced in order to 

facilitate the reduction of energy intake, aiding weight control. Satiety represents the effect of 

inhibitory signals produced by the ingestion of food as the meal progresses. Such signals 

have many origins: sensory, cognitive, digestive, and hormonal. With the influence of these 

satiety signals, eating behavior ultimately comes to an end. The factors affecting satiation 
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and satiety from the start of eating to late satiety have been described by Blundell et al. 

(1987) in the satiety cascade shown in Figure 1. 

 

 

 

 

 

 

 

 

 

Figure 1. Definition of satiation and satiety and the satiety cascade showing the influences on 

satiation and satiety over time (Benelam, 2009; Blundell et al., 1987) 
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             As this figure demonstrates, satiation and satiety are initially affected by sensory and 

cognitive factors including expectations about what is to be consumed, the taste, texture and 

smell of the food or drink and any associations with previous experience. Once the food or 

drink reaches the stomach, post-ingestive factors start to take effect. Initially, the distension 

of the stomach sends signals to the brain, initiating satiation. As digestion continues in the 

intestines, hormones that promote satiation and satiety are released from the gut. During 

satiety, sensory and cognitive processes interact with postingestive and postabsorptive 

peripheral and central mechanisms to inhibit further eating. Because satiety has to do with 

the inhibition of eating, process that control satiety can potentially affect total intake and 

facilitate body weight control. Scientific analysis of satiety requires identification of the 

influences from eating that reduce appetite. Satiety is not a response but the operation of a 

type of mechanism.  

        Satiety is essentially sensory: it is a tendency to reject foods or to accept them in limited 

amounts. It is conceivable that the strength of inhibition may vary with the sensory identity 

of the food. Such satiety with a degree of specificity to a food is called sensory-specific 

satiety (SSS) (Rolls et al., 1981). The term sensory-specific satiety was initiated by Le 

Magnen in 1956 in rats and confirmed by Rolls et al. in 1981 in people. It is defined as the 

decrease in pleasure aroused by a specific food which has just been eaten in contrast to other 

non-consumed foods (Rolls et al., 1981). Its specificity is related to the specific sensory 

properties of an ingested food and its pattern of stimulation on the “peripheral analyzer” 

(Rolls et al., 1986). Sensory-specific satiety occurs when foods that have been eaten decrease 

more in liking than foods that have not been eaten and leads to the termination of eating a 
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particular food (Rolls et al., 1981). For example, after eating sausages, the liking of the 

sausages strongly declined at the same time that liking of other savory products declined less 

and liking of sweet foods such as cookies increased (Rolls et al., 1981). Sensory-specific 

satiety occurs within 2 min after consumption, when there has been little opportunity for 

digestion and absorption, and it is specific for the sensory aspects of products (Rolls et al., 

1986). Examples of sensory properties that can contribute to SSS are taste, smell, texture, 

color, size, and shape (Rolls et al., 1982). Thus, SSS is a sensory-based phenomenon, i.e. 

foods high in protein, sweet carbohydrates and fatty acids have been suggested to have 

relatively great sensory-specific satiety (Johnson et al., 1992; de Graaf et al., 1993; 

Kamphuis et al., 2001; Vandewater et al., 1996). Sensory factors such as similarity of color, 

shape, flavor, and texture are usually more important than metabolic equivalence in terms of 

protein, carbohydrate, and fat content in influencing how foods interact in this type of satiety 

(Rolls et al., 1982). For example, an important distinction regarding taste can be made 

between sweet and savory, which includes almost 90% of the food we eat (Mattes, 1985). 

Spiegel (2000) demonstrated that large foods were consumed with larger bites than small 

foods, and that large bites were chewed less than small bites, which reduced oral sensory 

stimulation. Sensory-specific satiety does not require food to enter the gastrointestinal tract, 

and is independent of the ingestion of calories. This is a mechanism which is strongest during 

the 2 h following consumption, and can affect liking ratings for over 24 h (Weenen et al., 

2005).  The amount of food consumed may have an important impact on SSS, whereas the 

roles of energy and macronutrient content remain controversial (Sorensen et al., 2003). 

http://www.sciencedirect.com/science/article/pii/S0195666310005167#bib0135
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         It has been suggested that SSS plays an important role in the termination of intake. This 

theory is supported by electrophysiological and functional imaging studies with humans 

(O'Doherty et al., 2000). In the previous study, SSS was observed for foods in their natural 

form. This original observation could explain how food variety can lead to over-consumption 

and in turn over-weight. SSS combined with other consumption strategies such as limiting 

variety, exercising portion control, and overall awareness of environmental eating cues, may 

be the recipe to counteract overeating (Wansink et al., 2007). Summarizing, SSS for a 

particular food during eating is supported by an increase in satiety, a decrease in hunger, a 

decrease in desire to eat, and expressed as a decrease in pleasantness of taste compared to 

uneaten foods. SSS during mere exposure without eating is supported by just a decrease in 

desire to eat and expressed as a decrease in pleasantness of taste compared to foods that a 

subject is not exposed to.  

HORMONES IMPACT SATIETY 

        The past 20 years have seen significant advances in our understanding of the 

mechanisms of control of appetite and energy intake. The regulation of eating is complex. In 

particular, there is a growing awareness that hormonal signals released from the 

gastrointestinal (GI) tract interact with the central nervous system (CNS) to modulate 

appetite regulation. Digestion and nutrient absorption take place in the gastrointestinal (GI) 

tract, whereas sensations of hunger or satiety originate in the central nervous system (CNS).  

         Long-term and short-term hormonal signals from the periphery act on the central 

nervous system to influence eating behavior. The main regions involved are the 

hypothalamus, in particular the arcuate nucleus, and the dorsal vagal complex in the brain 
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stem (Kalra et al., 1999, Schwartz et al., 2000). The hypothalamus is located at the base of 

the brain, and is in evolutionary terms, one of the most ancient structures in the CNS. The 

hypothalamus plays a significant role in the regulation of a number of fundamental biological 

processes, including feeding. Ingested food evokes satiety in the GI tract primarily by two 

distinct ways: one by mechanical stimulation of the nerve endings, the other by humoral 

stimulation. When a hormone is released in response to a change in the blood or other body 

fluids, such as a change in the level of a mineral or a change in temperature, this is called 

a humoral stimulus (Karhunen et al., 2008). The latter factors seem to play a key role in 

satiety through secretion of various gut hormones by the wall of the small and large intestine 

in response to ingested food since gut hormones have long been known to optimize the 

processes of digestion and nutrient absorption through direct effects on the GI tract. Changes 

in the release of these gut hormones affect feeding behavior and energy expenditure, 

resulting in the maintenance of energy homeostasis.  

         The GI tract is the largest endocrine organ in the body. There are many receptors 

throughout the entire GI track for these GI hormones. However, the distribution of the 

receptors throughout the GI tract is not consistent. Some receptors are only located in the 

small intestine, whereas other receptors can be found throughout the entire GI tract (Lewin, 

1992). We also have to take into consideration that the expression levels of the receptors may 

not directly reflect hormone secretion. It could be that some receptors are not highly 

expressed, but affect the release of satiety hormones stronger, compared with receptors that 

are more commonly found within the GI tract. The secretion of many GI hormones is 

influenced by gut contents, and so gut peptides act as signals to the CNS of current nutrient 

https://www.boundless.com/definition/hormone/
https://www.boundless.com/definition/humoral/
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status. Cholecystokinin (CCK) was the first hormone to be related in the short-term control 

of food intake (Gibbs et al., 1973), and other appetite-regulating hormones have subsequently 

been characterized. Of these, ghrelin is the only known orexigenic gut hormone (an orexigeni 

is a drug, hormone, or compound that increases appetite. ), whereas a number of satiety 

factors exist, including glucagon-like peptide-1 (GLP-1), oxyntomodulin (OXM), peptide 

YY (PYY) and pancreatic polypeptide (PP). Regional differences exist in the release of gut 

peptides and the site of action of gut peptides (Figures 2 and 3). In the duodenum and 

jejunum, exposure of the gut wall to fat and protein results in the release of CCK, whereas in 

the distal small intestine, the presence of nutrients induces the release of GLP-1, 

oxyntomodulin and PYY (Cummings, 2007). Many of these gut peptides delay gastric 

emptying, contributing the stomach satiety and subsequently to meal termination (Table 1):  

 

 

Figure 2. Principal site of secretion of gut peptides involved in regulation of eating behavior 

(Cummings, 2007).  

http://en.wikipedia.org/wiki/Drug
http://en.wikipedia.org/wiki/Hormone
http://en.wikipedia.org/wiki/Chemical_compound
http://en.wikipedia.org/wiki/Appetite


 

10 

 

Figure 3. The site of production and principle site of action of the major anorexigenic 

(appetite-depressing) gut peptides (Cummings, 2007) 
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Table 1. Gut hormones and their actions (Benelam, 2009) 

 

 

GLP-1 

         Glucagon-like peptide-1 is a product of proglucagon cleavage and is released from 

enteroendocrine L-cells in the distal small intestine, in response to exposure of the gut wall to 

fat and carbohydrates (Schirra et al., 2005). Secretion occurs not only when nutrients are 

present in the lumen of the distal small intestine, but also from the duodenum by an indirect 

neurohumoral pathway involving the autonomous nervous system (Brubaker et al., 2003). 

GLP-1 acts through specific GLP-1 receptors that are expressed in the stomach, peripheral 

nerves, and specific regions in the brain such as the hypothalamus, hindbrain, and amygdala. 

GLP-1 and longer-acting GLP-1 receptor agonists, such as exendin-4, reduce food intake in 

rodents when injected into the CNS (Turton et al., 1996) or peripherally (Baggio et al., 2004). 

Infusion of GLP-1 results in a reduction in food intake and elicits satiety in normal weight, 

obese and diabetic humans. Apart from the effects on food intake, GLP-1 plays an important 

role in glucose metabolism, stimulating insulin secretion and controlling other processes that 
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limit hyperglycemia. GLP-1 increases glucose-dependent insulin secretion, reduces 

glucagon-secretion and increases pancreatic b-cell growth. GLP-1 is therefore being 

developed for the treatment of diabetes. Degen et al. (2006) demonstrated that the anorexic 

effect of GLP-1 could be increased by a 400 mL (225 kcal) protein drink, but not by 400 mL 

water administered 20 min prior to a test meal. This study clearly demonstrated that GLP-1 

interacts with gastric or duodenal satiety signals to increase satiety and reduce food intake. 

Central administration of GLP-1 causes anorexia, an effect mediated by GLP-1 action in the 

hypothalamus and hindbrain (Kinzig et al., 2002). Anorexia is an eating 

disorder characterized by immoderate food restriction, inappropriate eating habits or rituals, 

obsession with having a thin figure, and an irrational fear of weight gain, as well as a 

distorted body self-perception (Hockenbury, 2008). The mechanisms resulting in the 

anorexic effect of GLP-1 are not fully understood. A reduced secretion of GLP-1 could 

therefore contribute to the pathogenesis of obesity, and agonists (An agonist is a chemical 

that binds to a receptor and activates the receptor to produce a biological response) of the 

GLP-1 receptor are potential targets for treatment. The therapeutic potential of GLP-1 is 

limited by its rapid breakdown. Increasing endogenous GLP-1-release by specific food 

products is therefore an interesting target. Further understanding of the satiety effects of 

GLP-1 are of immediate clinical relevance. 

OXM 

        OXM is co-secreted with GLP-1 into the circulation by intestinal L-cells following 

nutrient ingestion. OXM is a satiety signal and reduces energy intake in both rodents and 

humans (Dakin et al., 2004). This effect is inhibited by exendin 9−39 (the GLP-1 receptor 

http://en.wikipedia.org/wiki/Eating_disorder
http://en.wikipedia.org/wiki/Eating_disorder
http://en.wikipedia.org/wiki/Calorie_restriction
http://en.wikipedia.org/wiki/Weight_gain
http://en.wikipedia.org/wiki/Receptor_(biochemistry)
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antagonist) and is lost in GLP-1R null mice, suggesting that OXM is regulated by the GLP-1 

receptors (GLP-1R) (Dakin et al., 2001). OXM inhibits food intake in the rat with greater 

potency than GLP-1. OXM has a very different neuronal activation from that of GLP-1. 

OXM appears to act via a GLP-1-like receptor in oxynic glands which are responsible for 

forming or secreting acid, as the parietal cells of gastric glands. In humans, OXM reduced 

food intake at a free-choice buffet meal by 19.3%, with the total calorie intake remaining 

lower at 12 h after infusion compared to a control group (Cohen et al., 2003). OXM may play 

a role in the physiological regulation of appetite. Further evidence suggests that its role in the 

control of energy homeostasis also includes effects on energy expenditure (Wynne et al., 

2007). Longer-term trials are now required to determine whether this unique dual effect will 

make it a useful treatment for obesity. 

PYY  

       PYY is a peptide belonging to the neuropeptide Y (NPY) family, the major circulating 

form of PYY--PYY3-36, and is co-secreted with GLP-1 by enteroendocrine L-cells in the 

distal small intestine (Adrian et al., 1985). Direct exposure of the distal small intestine to 

nutrients will release PYY, but an indirect neurohumoral pathway from the proximal small 

intestine to the distal small intestine also exists. After a meal, PYY is released shortly after 

food intake; this is likely to be under neural control because it occurs before ingested 

nutrients reach the distal small intestine and colon, where the greatest concentrations of PYY 

3-36 are found. It is further released in proportion to the amount of ingested calories, with fat 

being the most potent macronutrient, followed by carbohydrates, followed by proteins 

(Onaga et al., 2002). Peripheral administration of PYY was first reported in 1993 to decrease 
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appetite (Cummings et al., 2007). In addition, when PYY 3-36 was administered to a mouse, 

rat, or human, a marked inhibition of food intake was observed (Batterham et al., 2003). A 

number of research groups have demonstrated that peripheral PYY 3-36 inhibits food intake 

and reduces body weight gain in several species. In the first study of the effects of PYY 3-36 

on food intake in humans, spontaneous food intake was reduced by 30% at plasma levels 

similar to those seen physiologically. A further recent study observed a dose-dependent 

reduction in appetite and food intake in response to intravenous PYY 3-36 administration in 

normal weight volunteers, although nausea occurred at higher doses (Degen et al., 2005). 

PYY 3-36 is likely to affect appetite via a direct central effect and also via its effects on gut 

motility; it acts as an “ileal brake” and so leads to a sensation of fullness and satiety 

(Batterham et al., 2003). However, the therapeutic potential of PYY 3-36 as an anti-obesity 

treatment is currently unknown, as there are limited data regarding the effect of repeated 

doses of PYY 3-36 on body weight in humans.  

PP 

        PP is a 36-amino acid peptide from the NPY family. Sharing some common structural 

features with PYY 3-36, PP is secreted by a population of cells located at the periphery of the 

pancreatic islets. It is released into the circulation in response to nutrient ingestion and is 

controlled by the vagus nerve and a number of other factors. The amount of PP release is 

dependent on the digestive state: release is low when fasted and increased throughout all 

phases of digestion (Katsuura et al., 2002; Batterham et al., 2003). The role of PP in the 

regulation of energy balance is less controversial. In common with other appetite-regulating 

gut peptides, PP is released into the circulation in proportion to the calories ingested, and 
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levels remain elevated for up to 6 h after feeding (Adrian et al., 1976). As in mice, the 

anorexia effects of PP in humans persisted for 24 h after infusion (Batterham et al., 2003). It 

remains to be studied whether this effect is observed in obese humans. The long last of this 

effect suggests that PP may have a longer-term role in the regulation of appetite than simple 

meal-by-meal regulation of food intake and makes PP a potentially attractive target for 

weight therapy. 

CCK 

        Cholecystokinin (CCK) is the prototypic GI satiety signal, an effect first described by 

Smith and Gibbs more than 30 years ago (Liddle et al., 1994). Finding CCK was an 

important step in our understanding of endocrine control of satiety. Research with GLP-1 and 

PYY today suggests that it plays an important role of gastric and intestinal signals to the 

brain in the regulation of hunger, satiety and eating behavior. CCK is widely distributed 

throughout the GI tract, but is most concentrated in the duodenum and the jejunum. CCK is 

released from intestinal I-cells in the duodenal and jejunal mucosa in response to the 

digestion products of fat and protein in the small intestine. Various biological forms of CCK 

exist, classified according to the number of amino acids they contain. Two receptors for CCK 

(the CCK-1 and CCK-2 receptors) have been identified. Although CCK can be measured in 

the circulating plasma, the mechanism by which it helps control food intake is dependent on 

signaling by the vagus nerve (Reidelberger et al., 2004). Gibbs et al. (1973) demonstrated in 

rats that administration of CCK-8 induced a dose-dependent reduction in both the size and 

duration of a meal. In humans, Kissileff et al. (1981) were the first to demonstrate that CCK-

8 reduced food intake and hunger in humans. CCK plays a number of physiologic GI 
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functions, including the stimulation of pancreatic secretion, gallbladder contraction, intestinal 

motility, and the inhibition of gastric emptying, explaining the effect that CCK has on 

suppression of feeding (Hayes et al., 2004).  The exploitation of the effects of CCK on 

appetite for therapeutic purposes has been explored. However, the effect of CCK-infusion on 

food intake is short-lasting: when the interval between the infusion and the start of the test 

meal is over 30 min, no anorexic effect will be observed (Cummings et al., 2007). As such, 

CCK may not be a promising therapeutic strategy. 

        The GI tract is the host to many signals that affect satiety and food intake. The role of 

gut hormones in the regulation of appetite involves both neurology and GI physiology. The 

characterization of the complex neuroendocrine interactions that regulate appetite has 

advanced significantly in the past two decades. These gut hormones act as meal motivators 

and terminators. Alterations in levels of gut hormones following bariatric surgery may 

contribute to the appetite suppression and sustained weight loss seen in patients undergoing 

this procedure and supports the development of these hormones as therapeutic targets 

(Korner et al., 2005; Le Roux et al., 2006). Delivery of exogenous peptide to animal models 

and human volunteers and measurement of their effect on food intake also displays the 

actions of these hormones on appetite. Although much of the physiology of appetite 

regulation remains unclear, gut hormones undoubtedly play a key role in the regulation of 

energy homeostasis. With increasing recognition of obesity as a significant public health and 

socioeconomic problem, the application of GI signals of satiety may yet prove to be an 

effective therapeutic strategy. 
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FOODS AND SATIETY 

        The macronutrient composition of the diet can influence hunger, satiety, food intake, 

and body weight and body composition. Carbohydrate, fat and protein are the macronutrients 

associated with overeating and obesity. With the current debate with nutrition and body 

weight, a critical question is whether changes in diet composition influence hunger, satiety, 

the amount of energy or macronutrients consumed, and body weight. Because food scientists 

can change the nutrient composition of foods while keeping palatability; there will be 

continuing growth in the variety of products in which sugar and fat substitutes are used to 

produce low energy food. Can such foods and other such changes in food composition be 

used to control satiety and to aid weight loss? Many such factors have been examined in both 

human and animal experiments to identify their potential impact on satiety. These factors are 

not totally independent of one another. Theoretically, all of them could be used, and some 

have indeed been used, to enhance satiety after a meal of fixed energy content is ingested. 

Carbohydrates and Satiety 

         Evidence of satiety can come from the extent to which ingesting carbohydrate alters 

subsequent food intake, as well as from ratings or reports of hunger, fullness or appetite 

(Reid et al., 1997). Understanding the impact and the mechanisms that carbohydrates have on 

food intake is one of the major methods to the control of body weight, and the treatment of 

both malnutrition and diabetes. Potential mechanisms mediating the induction of satiety by 

carbohydrates include changes in the blood glucose concentration, hormones (including 

insulin, glucagon-like peptide-1, PYY, etc.), metabolic processes in the liver, and the 

resulting products of carbohydrate metabolism. Moreover, these various factors may exert 
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their effect at different times following meal ingestion. It has been suggested that certain 

monosaccharides, such as glucose, fructose, and malabsorbed sugars, may vary in their 

effects on food intake. The interaction of a nutrient with receptors in the gastrointestinal tract 

plays a major role in the induction of satiety by carbohydrates. Oral ingestion of 

carbohydrate decreases both the perception of appetite and intake at a subsequent meal 

(Blundell et al., 1994). For example, the addition of maltodextrin (a polysaccharide 

composed purely of glucose) into tomato soup was associated with a reduction in food intake 

at lunch 1 hour later when compared with the soup without adding maltodextrin by an 

amount that approximated the energy provided by the carbohydrate in the soup (Blundell et 

al., 1994). In addition, regional differences appear to exist in the effects of carbohydrate; for 

example, the effect of maltose in the distal small intestine or colon may be greater than in the 

proximal small intestine (Meyer et al., 1998).  

        Sweet taste detection via T1R2 +T1R3 (different taste receptors) is suggested to be one 

potential mechanism by which glucose is sensed in gut enteroendocrine cells to trigger 

peptide secretion (Jang et al., 2007). There is increasing interest in the potential impact of 

different carbohydrates on food intake, particularly sugars that are poorly absorbed and have 

the potential to substitute for glucose or other carbohydrates in the diet. There have been a 

number of studies lasting more than 24 hours focused on the effect of refined carbohydrates 

in the diet of obese or overweight people. A study (Robert et al., 2011) demonstrated that 

equisweet solutions of glucose, fructose or aspartame had different effects on gut peptide 

secretion: only glucose stimulated the secretion of GLP-1 and PYY and decreased ghrelin; in 

contrast, fructose was much less effective and aspartame had no effect (Born et al., 1994). 
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Glucose and fructose also differed in their mechanisms of absorption: glucose is absorbed via 

the sodium-dependent glucose transporter-1 (SGLT-1) and glucose transporter-2 (GLUT-2), 

whereas absorption of fructose occurs via a sodium-independent transporter and is relatively 

slow and limited in approximately 60% of adults. Other sugars and sugar alcohols, such as 

D-tagatose and xylitol, are present in the small intestinal lumen for a longer period of time 

owing to malabsorption, transported over a greater length of intestine (Meyer et al., 1998), 

and are therefore likely to interact with a greater number of intestinal receptors, thereby 

increasing feedback from the small intestine to reduce food intake. It is also possible that 

these sugars exert their effect through the release of gastrointestinal hormones. For example, 

D-tagatose increased plasma GLP-1 and CCK (Buemann et al., 2000). In addition, intake of 

liquid carbohydrates, particularly sugar-sweetened beverages, produced less satiety compared 

with solid carbohydrates (Pan, 2011). 

        Foods rich in dietary fiber tend to have a high volume and a low energy density, and 

should promote satiety, and play an important role in the control of energy balance. Short-

term studies in which fiber was fed to subjects and food and energy intakes assessed at 

subsequent meals suggested that large amounts of short-chain fructooligosaccharides were 

most successful at reducing subsequent energy intake (Hess et al., 2011). Longer-term 

studies of fiber intake which examine the effects of both intrinsic and functional fibers on 

satiety are required. Additionally, more viscous fibers appeared most successful in promoting 

satiety, while soluble fibers, such as inulin, that are less viscous had minimal effects on 

satiety, even if consumed in very large doses (Archer et al., 2004).  
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          Viscous polysaccharides, including food gums, slow down gastric emptying owing to 

their increased viscosity, and in turn lead to slower glucose absorption and increased small 

intestinal feedback (Bordoloi et al., 2012). Gums are all soluble dietary fibers that play an 

important part in developing foods with high satiating capacity. The effect of the food matrix 

and the rheology and composition of each gum on the physiological effect is complex. 

Furthermore, there are a group of non-viscous functional fibers including oligosaccharides, 

polydextrose, resistant starch, etc. Some recent studies have been published on the effects of 

these functional fibers and satiety (Slavin et al., 2007). In general, these fibers can be added 

to foods and drinks in fairly large amounts, more than 10 g/serving, with little effect on the 

food properties or consumer acceptability of the product. Overall, these new fibers have 

shown little effect on satiety (de Roos et al., 1995; Buckley et al., 2006). 

Protein and Satiety 

         The World Health Organization (WHO) recommends that dietary protein should 

account for 10–15% of energy intake to keep energy balance and weight stable. Average 

daily protein intakes for various countries indicate that these recommendations reflect how 

proteins are consumed worldwide. Given the range of the normal protein intake, meals with 

on average 20% to 30% of energy from protein are representative for high protein diets. 

When subjects are not in energy balance, the relative percentages of protein intake may 

change, and also absolute amounts of protein intake should be considered. Eisenstein and 

Roberts (2002) published an extensive review on the efficacy and safety of high protein diets. 

Recent findings suggest that a relatively high protein intake seems to play a role during 

weight loss as well as during weight maintenance (Clifton et al., 2008; Lejeune et al., 2005). 
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Mechanisms that may contribute to protein-induced satiety are increases in concentrations of 

‘satiety’ hormones, in energy expenditure, in concentrations of metabolites, i.e. amino acids, 

and the process of gluconeogenesis. It has been hypothesized that protein-induced satiety is 

somehow related to a relatively high increase in concentrations of anorexigenic hormones 

(Glucagon-like peptide-1, Cholecystokinine, PYY) or a larger decrease in ‘orexigenic’ 

(ghrelin) hormones (Smeets et al., 2008; Lejeune et al., 2006). In Smeets’s study (Smeets et 

al., 2008), heathy volunteers with a body mass index (BMI) of 23.8±2.8kg/m
2 

and a 

percentage body fat of 26±8.9 had no differences in ghrelin, GLP-1 or PYY responses after a 

high protein or protein condition lunch. The GLP-1 response was smaller following the high 

protein as compared to the adequate protein lunch. It was suggested that a high protein diet in 

the presence of carbohydrate stimulates GLP-1 release, since carbohydrate stimulates protein 

metabolism (van Loon et al., 2007). With respect to PYY responses, Karra et al. (2009) 

observed significantly higher plasma PYY responses to a high protein meal in both lean and 

obese subjects. Taken together, there is some evidence that a high protein meal in 

combination with carbohydrate stimulated GLP-1 release, yet this was dependent on the 

carbohydrate content. Little information is available on CCK, so a clear conclusion on its 

contribution to protein-induced satiety is not known. 

         Another the mechanism that has been suggested to explain protein-induced satiety is 

energy expenditure. The theoretical basis of this relationship may be that increased energy 

expenditure improved increased oxygen consumption and an increase in body temperature 

may lead to feeling deprived of oxygen and thus promote satiety (Westerterp-Plantenga et al., 

2009). Energy expenditure is different due to different protein sources. The metabolisable 
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energy of protein, as defined is 17kJ/g. Amino acid oxidation may play a major role. Amino 

acid composition of the protein is a determinant of the metabolic efficacy of protein 

oxidation. Because large differences exist in the efficacy with which amino acids are 

oxidized. Protein metabolism and energy expenditure are dependent on the protein source. 

Different proteins may affect satiety differently (Veldhorst et al., 2007). Hall et al. (2003) 

reported a lower energy intake from consumption of whey protein compared to casein 

consumption and Anderson et al. (2004) reported subjects who consumed whey protein had 

enhanced satiety relative to other proteins (egg-albumin and soy protein) and carbohydrates.  

        Gluconeogenesis (GNG) is a metabolic pathway that results in the generation 

of glucose from non-carbohydrate carbon substrates such as pyruvate, lactate, glycerol, 

glucogenic amino acids, and fatty acids (Glew,2010). The mechanism of GNG has been 

mentioned to contribute to satiety, or better food intake regulation, yet until now this only has 

been shown in the animal model. The satiating effect of high protein diets could be related to 

the improvement of glucose homeostasis through the modulation of hepatic gluconeogenesis 

and subsequent glucose metabolism (Westerterp-Plantenga et al., 2006).  

Fat and Satiety 

        Proteins are more satiating than carbohydrates, which in turn are more satiating than fat 

(Skidmore, 2007). While lipids are commonly associated with poor satiety and weight gain, 

there is some evidence showing different points. Physicochemical properties such as fatty 

acid saturation, chain length, and lipid emulsification may all contribute to the relative role 

that fats may play in controlling food intake (Maljaars et al., 2009).  

http://en.wikipedia.org/wiki/Metabolic_pathway
http://en.wikipedia.org/wiki/Glucose
http://en.wikipedia.org/wiki/Carbohydrate
http://en.wikipedia.org/wiki/Pyruvic_acid
http://en.wikipedia.org/wiki/Lactic_acid
http://en.wikipedia.org/wiki/Glycerol
http://en.wikipedia.org/wiki/Glucogenic_amino_acid
http://en.wikipedia.org/wiki/Fatty_acids


 

23 

         Fat in the gastrointestinal tract reduces hunger and impairs food intake by eliciting 

satiety signals (Maljaars et al., 2007). These signals are evoked by entry of triacylglycerols 

(after hydrolyzation to fatty acids) or fatty acids into the small intestine. Entry of fat into the 

small intestine induces the release of gut peptides [CCK and peptide YY (PYY)], and 

secretion of these peptides is partly responsible for the effects of fat on satiety and food 

intake. Duodenal fat induces the release of cholecystokinin (CCK) and other gastrointestinal 

peptides involved in the regulation of satiety and food intake (Maljaars et al., 2007). When 

infused into the ileum, fat also increases satiety and reduces food intake. Infusion of fat into 

the ileum activates the ileal brake mechanism, an inhibitory feedback mechanism that 

regulates the control of a meal through the digestive tract to optimize nutrient digestion and 

absorption (Van Citters et al., 2006). The satiating effect of fat is dependent on its 

physicochemical properties (Feltrin et al., 2004). For instance, reduction of hunger and food 

intake increases with increasing fatty acid chain length. Feltrin et al. (2004) showed that a 

reduction in energy intake and in hunger was stronger after isocaloric infusion of lauric acid 

(12:0) than of decanoic acid (10:0).  

         Another factor that can influence satiety is fat substitutes. Because high-fat diets are 

associated with obesity, in many situations, we may choose nonabsorbable fat substitutes in 

diets such as olestra. Olestra, which is formed from the reaction of fatty acids with sucrose, 

has similar properties to fat but it is not hydrolyzed by gastric or pancreatic lipase (Bray, 

1995). As a result, olestra is not digested or absorbed and contributes no energy to the diet. 

Recently Swithers (2011) reported the results of a study of the use of olestra as part of a high-

fat diet in rats. Rats that had olestra-based potato crisps added to their diet gained more 
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weight than those that consumed crisps prepared with conventional cooking oil 

(triacylglycerol). Although, fat may have a lower satiating power than carbohydrate and 

protein, partly because it is energy-dense and partly because of certain metabolic effects, the 

possible importance of  dietary interactions has been recognized only recently, and this 

hypothesis has not been tested in many studies on human subjects. 

Chromium Picolinate and satiety 

         Besides, carbohydrates, protein and fat, a recent study also studied the effects of 

chromium picolinate on food intake and satiety in both humans and animals (Stephen et al., 

2008). Participants that received CrPic as a supplement reduced food intake and hunger 

levels compared to participants receiving a placebo. The human data were supported by 

animal studies demonstrating that CrPic suppressed food intake, particularly following 

central administration. If future studies confirm these results, then CrPic may be a useful 

alternative or adjunctive treatment for individuals desiring to reduce their food intake. 

SATIETY MEASUREMENT 

        Food intake plays an important role in the life of humans. And normally, hunger and 

satiety are the basic feelings that regulate food intake. They regulate each other and control 

eating. The feeling of hunger is the mental state, which motivates the food intake, whereas 

the feeling of satiety terminates the intake of a meal. However, the reliable measurement of 

perceptions related to food intake is confronted by difficulties since the strength of 

perceptions shows individual differences and perceptions are influenced by several levels of 

response (Wardle, 1987). Presently, physiological parameters which are directly related to 

feelings of satiety are not available. Therefore, indirect methods have been applied to 
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estimate signals of satiety or hunger. The usual method of discovering the satiating potential 

of any component, macronutrient or food item is to conduct clinical trials. So the study 

design is important for correct interpretation of these results. We have to consider a number 

of individual and environmental influences such as variety of available foods (Brondel et al., 

2009).  Brondel et al. (2009) demonstrated that adding condiments to foods like in a ‘fast 

food’-style meal increased food intake in the short term. This increase in food consumption 

may stem from disruption of sensory satiety for a given food by renewal of sensory 

stimulation; time of consumption. Chungchunlam et al. (2012) showed that the differences in 

the time interval between preload and test meal may account for the variation in the satiating 

effects of water and carbohydrate and protein-enriched food. Spill et al. (2011) showed that 

serving low-energy-dense, vegetable soup as a first course was an effective strategy to reduce 

children’s intake of a more energy-dense main entree and increased vegetable consumption at 

the meal. Brunstrom et al. (2006) indicated that distraction had a potent effect on the changes 

in desire to eat that normally occur during a meal. Moreover, these effects appeared to 

operate in a food-specific manner. Expected satiety did not exclusively depend on the volume 

served, but participants were able to discriminate between soups with different sensory 

attributes and energy content (Hogenkamp et al., 2012).  

          Expectations may initially rely on sensory attributes and previous experiences, and 

expected satiety is assumed to be an important determinant in decisions on portion size; or 

dietary conditions (Mok, 2010). Consequently, it is necessary to take into consideration the 

many effects that can influence satiety. The measurement of satiety can be achieved through 
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methods that allow subjects to record feelings of satiety or hunger, and/or by measuring food 

intake directly. Some of the methods for studying satiety are outlined below.  

Real world vs. laboratory studies 

           In attempting to measure satiety and eating behavior, there has to be a compromise 

between being able to measure these precisely and making the results applicable to the ‘real 

world’. To control external conditions, studies are often conducted in a laboratory 

environment.  However, sometimes laboratory studies cannot be related to free-living 

subjects, where conditions are not under the same control as laboratory conditions. For 

clinical studies, Jordan et al. (1966) measured food intake of a liquid meal to correlate 

amounts of food consumed using a modified feeding apparatus. Unfortunately, experimental 

parameters were not comparable to normal life conditions. Thus, although it is desirable to 

conduct studies whose results are relevant to free-living populations, in reality, it is 

extremely difficult to gain meaningful results in uncontrolled conditions. Therefore, the 

majority of studies on satiety have been conducted in the laboratory under controlled 

conditions. 

Preload studies 

          A widely used method for investigating the acute effects of food and drink ingredients 

on satiety is to feed a fixed portion of a food or drink vehicle with and without the ingredient 

(the preload) and follow this with measurement of energy intake in a test meal (food served 

in excess of likely intake at a fixed interval after the preload). Pre-load experiments were 

used to determine the different satiating effects of macronutrients. The test and control 

preloads are matched for taste, appearance, texture and other sensory qualities that might 
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affect palatability. The subjects should be blinded to the differences between control and test 

preloads if the investigators wish to measure only the physiological effects of the treatments. 

If the purpose of the study is to measure both physiological and cognitive effects of the 

changes made, the subjects may be told how the preloads differ. As conditions before 

consumption need to be standardized, the usual procedure is to use a preload for breakfast 

after a night of fasting, or intervene later, after consumption of a controlled meal. The 

preloads can be consumed random or over a set time. Satiety is measured through the 

measurement of random food consumption of particular experimental foods (weight in grams 

or energy in kcal or kJ) under these standardized conditions. The random consumption of 

foods varies to a large extent. For example, a study on sensory specific satiety (Weenen et al., 

2005) observed that people ate on average 70–80 g of savory cheese cookies, whereas they 

ate about five times as much of pears with light sugared syrup. This was not a result of 

differences in liking as the pears and biscuits were equally liked.  Assessing subjective 

fullness, hunger, or desire-to-eat sensations (Blundell et al., 2010) before the preload, 

between the preload and the test meal and at fixed times after the meal; using validated visual 

analogue scales (VAS) can show the perceived degree of satiety. Self-reported measurements 

of appetite are used to monitor hunger, fullness and motivation to eat. 

Self-reported measures of satiety 

         Self-report scales in common use include uni- and bipolar structured lines, verbal 

categories and numerical scoring (including magnitude estimation). The most common 

method is the unipolar unstructured line (visual analogue) (Table 1) (Blundell et al., 2010). 
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Table 2. Recommended primary scales for self-reported appetite in healthy adults (Blundell 

et al., 2010). 

 

 

 

In general, these scales consist of a line, usually 100 or 150 mm, anchored by an extreme 

answer to the question posed at either end, for example ‘How hungry are you?’, ‘Not at all 

hungry’ vs. ‘As hungry as I have ever felt’ (Table 2) (Blundell et al., 2010). The feelings 

corresponding to food intake are measured by putting a mark on the unstructured scale. 

Statements of subjects studied showed a high variance, which required an appropriate 

statistical treatment of the data. A magnitude estimation method was first introduced by 

Tegtsoonian et al. (1981) to characterize the perception of satiety/satiety during food intake 

and just after food intake. On a standard meal, subjects described their feelings with the aid 

of a movable marker on a 150 mm-scale every 2 min indicating the perception related to 

stomach fullness. It was pointed out that first of all, the feeling of satiety continuously 

increased, but then after termination of eating, the perception slowly decreased. Category 

scales work on the same principle as VAS. However, instead of a continuous line, numbered 
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categories (usually from 1 to 9) are provided. These may go from e.g. ‘How hungry are you?’ 

1 = not at all, 9 = extremely hungry) or represent the extremes of two variables, e.g. 1 = 

extremely hungry, 9 = extremely full. The Satiety-labelled intensity magnitude (SLIM) scale 

was developed by Cardello et al. (2005) in order to provide better quantitative data from self-

reported measures of satiety, using a series of experiments to quantify the meaning of a 

number of statements on hunger and satiety. The responses were used to select and quantify a 

number of phrases to label a magnitude scale from +100 through zero to -100. When 

compared with VAS, the SLIM scale was more sensitive and reliable (Cardello et al., 2005).  

Biomarkers studies 

          Some physiological indicators of satiety can also be measured. The possibility of the 

use of biomarkers to measure satiety is based on their potential to indicate putative 

mechanisms of action and their presumed lower susceptibility to subjectivity and 

modification by environmental factors (Graaf et al., 2004). Several changes in 

gastrointestinal hormones released during or after eating, such as cholecystokinin, salivary α-

amylase, etc, could possibly be used. Freeman (2002) demonstrated that in women, the 

feeling of satiety caused by cholecystokinin release was enhanced by increasing either the 

fiber or fat content of a low-fat, low-fiber meal. Harthoorn (2008) reported that salivary α-

amylase systematically increased upon food consumption and satiety, and served therefore as 

a potential measure of satiety and subsequent food intake and a high salivary α-amylase was 

a physiological measure associated with satiety in humans.  
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Measuring food intake 

          Measuring food intake is a common way to assess satiety, but eating behaviors may be 

affected by factors other than internal appetite signals. Thus, studies on satiety tend to be 

conducted in a laboratory study where the environment can be closely controlled. The 

subjects’ eating behaviors can be monitored directly by keeping a record of foods consumed 

and using nutritional analysis software to calculate energy and nutrient intakes like using a 

universal eating monitor (UEM), which consists of a set of weighing scales concealed under 

a table cloth, connected to a computer that measures the amount of food consumed over time 

(Kissileff et al. 1980). In these studies, it is important to consider the kinds of foods offered 

and the way these are presented to subjects. Obviously, foods must be acceptable to subjects 

in the study. It is known that offering a wide variety of foods can increase energy intake 

through sensory specific satiety (Rolls, 1984).  

Long term study 

         Long-term effects may differ from the short-term effects of a test meal, so short-term 

studies cannot necessarily be used to deduce long term effects. Some indicators of metabolic 

health, such as body fat distribution and parameters related to glucose and fat metabolism, 

are evaluated during this type of study. Longer-term studies may provide food to be 

consumed randomly and monitor the amount eaten and may also measure changes in 

bodyweight (Saquib, 2008). If it is assumed that subjects eat until they are full when eating 

randomly, energy intake and any changes in bodyweight can give an idea of the satiating 

properties of the diet as a whole. In these tests, additional considerations have to be taken 
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into account such as whether the subjects follow a normo- or hypocaloric diet, their sex 

differences, or their physical activity (Brandou, 2003). 

        These methods provide a way to compare the effects of different foods on satiety. 

However, it follows that all attempts for the evaluation of sensations related to food intake 

cannot determine the real perception of subjects exactly and simple methods for measuring 

interoceptive feelings (the sense of the physiological condition of the body), which are the 

less instinctive feelings such as vasomotor activity, hunger, thirst and internal sensations, are 

still not available.  

CONCLUSIONS 

         Fundamental changes in our environment and behavior are needed to stop or reverse 

current trends in obesity prevalence. Knowledge about the effects of satiety on eating 

behavior and how these are manipulated can contribute to reverse these current trends, and 

translating this knowledge into practical advice can help people control their energy intake. 
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CHAPTER 2: EFFECT OF PH AND MICROFILTRATION ON NORBIXIN LEVELS IN 
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                                                                 ABSTRACT 

       The residual annatto colorant (norbixin) in liquid whey should be removed to provide a 

desired neutral color in dry whey ingredients. Previous studies have suggested a binding or 

interaction between norbixin and milk fat globule membrane (MFGM).  As such, removal of 

milk fat globule membrane by microfiltration or precipitation of MFGM from liquid whey 

with hydrochloric acid at the isoelectric point might reduce residual annatto in liquid whey. 

The objective of this study was to determine the effect of pH induced MFGM precipitation 

(pH 4.2, 5.2) or microfiltration on norbixin levels in liquid Cheddar whey. Cheddar cheese 

whey was manufactured from colored, pasteurized milk.  The fluid whey was pasteurized and 

fat separated. Liquid whey was subjected to 4 different treatments: Control (no treatment), 

pH 4.2 (acidification to 4.2 with hydrochloric acid, and centrifugation to remove precipitate), 

pH 5.2 (acidification to 5.2 with hydrochloric acid, and centrifugation to remove precipitate), 

or MF (microfiltration).  The experiment was replicated 3 times. Proximate analysis of whey 

was conducted using standard methods.  Norbixin content was determined by HPLC. The 

protein composition of liquid wheys was evaluated by polyacrylamide gel electrophoresis 

(SDS-PAGE). Norbixin was decreased by 49.3%, 40.0%, and 45.5% for pH 4.2 whey, pH 

5.2 whey, and microfiltration treatments respectively. No differences were detected in solids 

and mineral content among liquid wheys (P>0.05). Fat and protein content for MF whey 

were lower than other liquid wheys (P<0.05). SDS-PAGE gels showed no visible differences 

in main whey protein (alpha-lactalbumin and beta-lactoglobulin) bands between control 

whey and pH 4.2 and 5.2 and MF whey, but bovine serum albumin (67KDa) and 

immunoglobulin heavy chain (50-70KDa) bands were thinner in pH 4.2 and 5.2 wheys, 
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suggesting that these proteins were removed by decreased pH. Based on color reduction and 

SDS-PAGE results, pH adjustment and/or MF could be used as novel methods to remove 

norbixin from Cheddar whey. 

Key words: annatto, liquid whey, acidification, microfiltration 

INTRODUCTION 

        The U.S. is the largest cheese producer in the world, at 4,570,000 metric tons in 2012 

(USDEC 2012) and therefore is naturally the largest whey producer worldwide. The 

functional and nutritional properties of whey protein are valued by food manufacturers and in 

recent years its applications have expanded tremendously (Smithers, 2008). Cheddar cheese 

is colored with annatto, giving the cheese an orange color. Annatto colorant, of which 

norbixin is the primary carotenoid, is added to Cheddar cheese and is also present in the 

whey (ca 10% of what was added to cheese milk) (Smith et al., 2014). Whey proteins are 

used in many foods and beverages, and bland and colorless whey ingredients are desirable. 

Therefore, bleaching is a common and necessary whey processing step (Kang et al., 2010). 

Bleaching is conducted chemically with hydrogen peroxide (HP) or benzoyl peroxide (BP) or 

enzymatically with native lactoperoxidase or added peroxidase (Kang et al., 2010; Campbell 

et al., 2012, 2013). However, bleaching causes lipid oxidation, which results in formation of 

volatile off-flavors that carry through to final whey protein products (Croissant et al., 2009; 

Listiyani et al., 2011; Jervis et al., 2012). In order to facilitate bleaching with minimal or no 

off-flavors, it is beneficial to understand the interactions between norbixin and whey. 

    Norbixin is a polar water soluble carotenoid, derived from the saponification of bixin, a 

hydrophobic carotenoid naturally found in the seeds of the Bixa orellana tree. Norbixin has a 
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carboxylic acid group on each end of an eighteen carbon backbone and contains a series of 

nine conjugated double bonds. There are few publications that have investigated the 

interactions between norbixin and fluid whey. Previous research suggested that norbixin may 

have the ability to bind with whey proteins (Cho et al., 1994; Govindarajan and Morris, 1973; 

Hammond et al., 1975; Zhu and Damodoran, 2012). Recent research has also suggested that 

norbixin may exist in the form of a micelle dispersed in whey rather than in a “soluble” state 

due to its hydrophilic and hydrophobic characteristics. Micellar norbixin would more likely 

be associated with the milk fat globule membrane (MFGM) than with globular whey proteins 

(Zhu and Damodaran, 2012). It is also possible that micellar norbixin can be removed along 

with the removal of MFGM through microfiltration (MF). The milk fat globule membrane 

(MFGM) that surrounds milk fat droplets is derived from the apical plasma membrane of 

secretory cells in the lactating mammary gland (Keenan, 2001). The membrane itself consists 

of a complex mixture of proteins, glycoproteins, enzymes, phospholipids, triacylglycerols, 

cholesterol, glycolipids, and other minor components (Singh, 2006). In milk, MFGM enables 

the fat to remain dispersed in the aqueous phase, acting as a natural emulsifying agent. It 

prevents flocculation and coalescence of fat globules in milk and protects the fat against 

enzyme action. Addition of acid to liquid whey appears to disturb the electrostatic balance of 

the MFGM system (Fong, 2007). Thus, MFGM can be released from liquid whey by 

lowering the pH to the isoelectric point of 4.2 (Damodaran, 2010). The objective of this study 

was to determine the effect of pH induced MFGM precipitation (pH 4.2, 5.2) and 

microfiltration (MF) on norbixin levels in Cheddar liquid whey. A better understanding of 

norbixin interaction with whey components or whey processing will facilitate the 
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development of novel methods to remove norbixin with little impact on flavor/functionality 

of the whey protein. 

                                              MATERIALS AND METHODS 

Experimental Design 

         Colored fluid Cheddar whey was manufactured, fat separated and pasteurized. Whey 

was then subjected to no treatment (control), MF or pH adjustment (pH 4.2 or 5.2). The 

experiment was replicated three times. Norbixin was measured and proximate analyses and 

SDS-PAGE were conducted.    

 Liquid whey production 

     Whole, raw bovine milk (50 kg) was obtained from the North Carolina State University 

Dairy Research and Education Unit. The milk was HTST pasteurized (720 kg/h) with a plate 

heat exchanger (model T4 RGS-16/2, SPX Flow Technology, Greensboro, NC) at 72°C with 

a hold time of 15 sec. The milk was then cooled to 31°C and transferred to a cheese vat 

(Kusel Equipment, Watertown, WI). Mesophilic starter culture containing Lactococcus lactis 

ssp. lactis and Lactococcus lactis ssp. cremoris (Danisco Choozit MA11 LYO, Dairy 

Connection Inc., Madison, WI) was added at the rate of 50 DCU/454 kg of milk. A calcium 

chloride solution (50% w/v, Dairy Connection Inc.) was also added at the rate of 0.39 ml/kg 

of milk. The milk was then allowed to ripen for 60 min. After 30 min of ripening, 1:20 

diluted double strength norbixin color (Cheese Color DS Double Strength, Dairy Connection 

Inc.) was added (0.066 mL/kg of milk). Next, the milk was coagulated with 1:80 diluted 

double strength recombinant rennet (Dairy Connection Inc.) for 30 min at a rate of 0.09 

mL/kg of milk at the end of the ripening period. The coagulum was then cut with a 0.95 cm 
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knives and the curd was allowed to heal for 5 min. The curd was stirred gently for 30 min 

while the temperature was increased gradually to 39°C. The pH was monitored and liquid 

whey was drained at pH 6.4. The drained whey was fat separated using a hot bowl centrifugal 

separator (Model SI600E, Agri-Lac, Miami, FL). After fat separation, the whey was HTST 

pasteurized (750 kg/h) at 72°C for 15 sec. One portion (about 5kg) of pasteurized liquid 

whey was transferred into a bench top MF system (Tetra Alcross M7, TetraPak Filtration 

Systems, Aarhus, Denmark) at 21°C. The MF system was equipped with PVDF 

(polyvinylidene fluoride) graded permeability membranes (Pall Corp., Cortland, NY, 

nominal pore diameter of 0.1µm, surface area of 1.7 m
2
) and a feed/retentate recirculation 

pump (type LKH 10/110 SSS, 1.75kW) from Alfa Laval (Kansas City, MO). Permeate from 

microfiltration was collected for analysis. The run time was approximately 1h. Two other 

portions of fluid whey were adjusted to pH 4.2 or 5.2 with 1M HCl (37% v/v Sigma-Aldrich, 

St. Louis, MO), respectively, and all held for 1h at 21°C. One portion of acidified whey was 

transferred into a 50 mL centrifuge tube (Nalgene, Rochester, NY) and centrifuged for 20 

min at 25,000×g at 4°C in a centrifuge (Model RC5B, Thermo Scientific, Waltham, MA). 

The supernatant was removed to a separate centrifuge tube for analysis. The other portion of 

acidified whey was kept without centrifugation for color analysis to confirm that adjustment 

of pH alone does not affect norbixin content. A control whey (no treatment) was held at 21°C 

for 1h and a sample of control whey was also centrifuged for 20 min at 25,000×g at 4°C to 

confirm that centrifugation alone had no effect on norbixin concentration. 
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Composition Analysis 

          Percent solids of liquid whey were measured using a vacuum oven (AOAC, 2000; 

method number 990.20: 33.2.44). The total fat content of liquid whey was measured using a 

modified Mojonnier ether extraction (AOAC, 2000; method number 932.06; 33.5.08), total 

protein was measured using the Kjeldahl method (AOAC, 2000; method number 991.20; 

33.2.11) using a nitrogen multiplication factor of 6.38. Mineral analysis [P, Mg, Fe, Ca, K, S, 

and Na] were conducted by the North Carolina State Univ. Analytical Services Laboratory 

(Raleigh, N.C., U.S.A.) using a standard dry ash method with inductively coupled plasma 

optical emission spectroscopy. All samples were measured in triplicate. 

Norbixin Measurement 

         Norbixin extractions and measurement were conducted in triplicate on experimental 

liquid wheys as described by Campbell et al. (2014). 200µL of liquid whey was dissolved in 

extraction solution (80% v/v acetonitrile (99.9% w/v, ACROS, Fair Lawn, NJ) and  20% v/v 

HPLC grade water (Honeywell, Burdick & Jackson, Muskegon, MI)) and vortexed for 30 sec 

and centrifuged at 14,000×g for 5 min in a Microfuge 18 centrifuge (Beckman Coulter Inc., 

Fullerton, CA, USA). 50µL of the supernatant was injected in duplicate onto a reverse phase 

HPLC column (Waters 2707 Autosampler, Waters, Milford, MA) (Phenomenex Kinetex 2.6μ 

100×4.6mm, 40°C). The auto sampler was set at 4°C throughout the injections. An isocratic 

mobile phase (70% v/v acetonitrile (99.9% w/v, ACROS, Fair Lawn, NJ), 29.9% v/v HPLC 

grade water (Honeywell, Burdick & Jackson, Muskegon, MI) and 0.1% v/v formic acid (98-

100% w/v Sigma-Aldrich, St. Louis, MO)) was used at a flow rate of 1mL/min (Waters 1525 

Binary Pump, Waters, Milford, MA). The injector temperature was at 4°C and a photodiode 
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array detector (Waters 2998) at 482 nm was used. The norbixin content of liquid wheys was 

quantified using an external calibration curve [content norbixin (0-0.2mg/L) (45%w/w, Chr. 

Hasen, Milwaukee, WI)] and calculated as percentage norbixin decrease compared to liquid 

control wheys. 

SDS-PAGE (polyacrylamide gel electrophoresis) 

     Control whey (Con), pH 4.2 uncentrifuged whey (4.2 uncent), pH 4.2 centrifuged whey 

(4.2 cent), pH 5.2 uncentrifuged whey (5.2 uncent), pH 5.2 centrifuged whey (5.2 uncent), 

and microfiltration whey (MF) were subjected to SDS-PAGE. A NuPAGE Bis-Tris 

electrophoresis system (Invitrogen, Carlsbad, CA) was used to characterize the protein 

composition under reduced conditions. The protein concentrations of liquid whey with 

different treatments were standardized to the same protein concentration prior to loading on 

to the gel (1mg/ml). Each standardized whey (50µl) was dissolved in NuPAGE LDS sample 

buffer (25µl) with NuPAGE reducing agent (10µl). Final protein concentrations were 

2.0mg/ml for standardized whey. Samples were then heated at 70°C for 10 min and a 20uL 

aliquot of each sample was loaded per well. Proteins were separated on precast NuPAGE 4-

12% Bis-Tris gels (Invitrogen) using NuPAGE MES SDS running buffer (Invitrogen) at a 

constant 200 volts for 50 min. After the electrophoresis was complete, the gel was removed 

from the cast and soaked in 50% methanol (EMD Chemicals Inc., Gibbstown, NJ) and 10% 

acetic acid (99.5%; J.T. Baker Chemicals, Phillipsburg, NJ) solution for 10 min. Then the gel 

was transferred and stained with colloidal blue staining solution (Invitrogen). After 3 h, the 

gel was destained in DI water overnight. Novex sharp protein standard (Invitrogen) was used 
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to identify components in wheys. A gel-dry drying solution (Invitrogen) was used to preserve 

the gel. Each experimental replication was evaluated by SDS-PAGE in duplicate.  

Densitometry 

         Densitometric analysis of SDS-PAGE protein bands density was performed with a 

Biorad Molecular imager gel doc XR+ imaging system (Biorad, Hercules, CA). 

Statistical Analysis 

     Proximate analysis and instrumental results were analyzed by one-way ANOVA with 

means separation (XLSTAT, version 2009. 1.02; Addinsoft, New York, N.Y., U.S.A).  

RESULTS AND DISCUSSION 

         No significant differences (P>0.05) were detected in the solids (6.4 ± 0.0008%) or 

mineral content [P, Mg, Fe, Ca, K, S, and Na] of fluid wheys (results not shown). Fat content 

for MF whey was lower than Con whey or other liquid wheys due to fat removal by the MF 

process, (MF: not detected vs. other treatments: 0.017 ± 0.0005%, P<0.05). Protein content 

of MF whey was also lower than Con whey or other liquid whey which was probably due to 

inability of some of the larger whey protein constituents (i.e. immunoglobulin) or protein 

associated with fat droplets to pass through the microfiltration membrane (0.84% vs. 0.92%, 

P<0.05). SDS-PAGE gels (Figure not shown) and desitometry results (Table 1) showed no 

differences in the main whey protein (alpha-lactalbumin and beta-lactoglobulin) bands 

among control and pH 4.2 and 5.2 and MF wheys, but bovine serum albumin (67KDa) and 

immunoglobulin heavy chain (50-70KDa) bands were thinner in pH 4.2 and 5.2 wheys than 

Con and MF liquid whey, suggesting that these proteins were removed by decreased pH.   
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      MF, pH 4.2, and 5.2 liquid whey displayed a 45.5%, 49.0% and 38.0% norbixin 

decrease, respectively (Figure 1). Based on percent norbixin decrease, pH 4.2 whey was 

more effective (P<0.05) than MF or pH 5.2 whey. Centrifuged control whey or acidified 

whey without centrifugation showed no differences (P>0.05) in norbixin content compared to 

control whey (results not shown). These results confirm that centrifugation or adjustment of 

pH alone does not affect norbixin content. Previous studies using hydrogen peroxide (HP) to 

bleach fluid whey have shown a norbixin destruction of 39.1% to 47.8% depending on HP 

concentration and the time/ temperature applied (Listiyani et al., 2012). Listiyani and others 

(2012) and Fox and others (2013) reported that benzoyl peroxide (BP) bleaching (25mg 

BP/kg) resulted in higher norbixin destruction than HP (73% vs 47%; 79% vs 60%). 

Compared to these current chemical bleaching methods, MF or pH 4.2 is comparable to HP 

in bleaching efficacy. Chemical bleaching processes are non-specific oxidation processes that 

induce lipid oxidation and off-flavors (Croissant et al., 2009; Jervis et al., 2012). We did not 

investigate volatile compounds or sensory properties in the current study, but previous 

studies with norbixin removal processes rather than norbixin destruction have demonstrated 

that elimination of an oxidative bleaching step improve improves flavor of dried  whey 

ingredients (Kang et al., 2012).  

      Norbixin has a carboxylic acid group on each end of an eighteen carbon backbone and 

contains a series of nine conjugated double bonds. Zhu and Damodaran (2012) suggested that 

due to the hydrophobicity and hydrophilicity characteristics of norbixin, norbixin might exist 

in the form of micelles dispersed in the aqueous medium, rather than in a “soluble” state. 

Recently, it has been shown that the MFGM separated from cheese whey were 
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predominantly in the form of bilayer lamellar sheets (Damodaran, 2011). Thus, micellar 

norbixin would more likely be associated with the milk fat globule membrane (MFGM) via 

adsorption to the lamellar surface or via incorporation into the bilayer structure of the 

MFGM. However, Smith (2014) found no difference between the norbixin partition levels of 

full-fat and fat-free cheese and whey. This result suggested that fat content had no effect on 

norbixin binding or entrapment in Cheddar cheese.  Thus, norbixin might exist in the form of 

micelles dispersed in the aqueous medium and nonspecifically be associated with MFGM. 

MF might physically remove large norbixin micelles directly as it removes milk fat globules 

from fluid wheys. These microfiltration-based techniques have shown the potential to 

produce MFGM fractions from buttermilk at commercial scale (Morin et al., 2004). 

      It is known that the MFGM particles remain stable in cheese whey due to electrostatic 

repulsion from the negatively charged phosphate groups of membrane (Singh, 2006). Adding 

acid to liquid whey appears to disturb the electrostatic balance of the MFGM system (Fong, 

2007). Thus, MFGM can be separated from liquid whey by lowering the pH to the pH 4.2 

where the maximum precipitation of MFGM occurred (Damodaran, 2011). If the hypothesis 

that norbixin exists as a micelle and/ or is associated with the MFGM is valid, micellar 

norbixin should be removed from liquid whey as MFGM are precipitated. The efficiency of 

precipitation would be expected to be a function of the pH of the whey (Kanno and Kim, 

1990). Thus, the difference (P<0.05) in norbixin decrease between pH 4.2 and pH 5.2 

acidified whey can be explained by the efficiency of MFGM precipitation. pH 4.2 is nearer to 

the MFGM isoelectric point (4.2-4.5), more norbixin micelles were precipitated out along 

with MFGM at pH 4.2. Alternatively, if norbixin is not specifically associated with MFGM, 
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the decrease in pH also can destroy the electrostatic balance of the negatively charged 

carboxylic acid group of norbixin and precipitate micellar norbixin out of liquid whey. 

CONCLUSIONS 

          Norbixin was decreased by 49.3%, 40.0%, and 45.5% for pH 4.2 whey, pH 5.2 whey, 

and MF treatments respectively (P<0.05). Based on color reduction, pH reduction of norbixin 

and/or microfiltration could be used as novel alternative methods to remove annatto from 

Cheddar whey. 
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Figure 1:  The percent norbixin decrease compared to control liquid whey. MF= 

microfiltration; pH 4.2= acidification to 4.2 with hydrochloric acid, and centrifugation to 

remove precipitate; pH 5.2= acidification to 5.2 with hydrochloric acid, and centrifugation to 

remove precipitate.     
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Table 1:  Densitonetry results (based on volume intensity values) of SDS-PAGE protein 

bands. 

  Treatment 

Category Con MF pH 4.2 pH 5.2 

Alpha-lactalbumin 1.4×10
6a

 1.4×10
6a

 1.4×10
6a

 1.4×10
6a

 

Beta-lactoglobulin 7.4×10
6a

 7.4×10
6a

 7.4×10
6a

 7.4×10
6a

 

Bovine serum albumin 4.6×10
5a 

 4.6×10
5a

 1.5×10
5b

 1.5×10
5b

 

Immunoglobulin heavy chain 2.3×10
5a

 2.3×10
5a

 ND ND 

 

Con= no treatment;  

MF= microfiltration;  

pH 4.2= acidification to 4.2 with hydrochloric acid, and centrifugation to remove precipitate; 

pH 5.2= acidification to 5.2 with hydrochloric acid, and centrifugation to remove precipitate.         
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ABSTRACT 

    The residual annatto colorant in fluid Cheddar cheese whey is bleached to provide a 

neutral-colored final product. Currently, hydrogen peroxide (HP) and benzoyl peroxide (BP) 

are utilized for bleaching liquid whey. However, previous studies have shown that chemical 

bleaching causes off-flavor formation, mainly due to lipid oxidation and protein degradation. 

The objective of this study was to evaluate the efficacy of microfiltration (MF) on norbixin 

removal and to compare flavor and functionality of WPC80 from MF whey to WPC80 from 

whey bleached with hydrogen peroxide (HP) or lactoperoxidase (LP). Cheddar cheese whey 

was manufactured from colored, pasteurized milk.  The fluid whey was pasteurized and fat 

separated. Liquid whey was subjected to 4 different treatments: Control (no bleaching; 50°C, 

1h), HP (250 mg hydrogen peroxide/kg; 50°C, 1h), and LP (20 mg hydrogen peroxide/kg; 

50°C, 1h), or MF (microfiltration; 50°C, 1h). The treated whey was then ultrafiltered, 

diafiltered, and spray-dried to 80% whey protein concentrate (WPC80). The entire 

experiment was replicated 3 times. Proximate analyses, color, functionality, descriptive 

sensory and instrumental volatile analysis were conducted on WPC80. MF, HP, and LP 

bleached WPC80 displayed a 39.5%, 40.9% and 92.8% norbixin decrease, respectively 

(P<0.05). The HP and LP WPC80 had higher cardboard flavors and distinct cabbage flavor 

compared with the unbleached and MF WPC80. Volatile compound results were consistent 

with sensory results. The HP and LP WPC80 were higher in lipid oxidation compounds 

(especially heptanal, hexanal, pentanal, 1-hexen-3-one, 2-pentylfuran, octanal) compared to 

unbleached and MF WPC80. All WPC80 had >85% solubility across the pH range of 3 to 7. 

The microstructure of MF gels determined by confocal laser scanning showed an increased 
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protein particle size in the gel network. MF WPC80 also had larger G’ values indicating 

higher gel firmness. Based on bleaching efficacy, flavor and functionality results, MF is a 

viable alternative to chemical or enzymatic bleaching of fluid whey. 

Key words: bleaching, whey protein, flavor, functionality 

INTRODUCTION 

        Whey is a by-product of cheese making, and has become a source for high-value 

ingredients because of its nutritional and functional attributes in recent years (Smithers, 

2008). Liquid whey can be dried and further processed into whey protein concentrates (WPC; 

34-89% protein) and whey protein isolates (WPI; >90% protein). Whey proteins are used in 

many foods and beverages and bland and colorless whey ingredients are desirable. Therefore, 

bleaching is a common and necessary whey processing step (Kang et al., 2010). Hydrogen 

peroxide (maximum usage rate at 500mg/kg; US FDA, 2009b) and benzoyl peroxide 

(regulated by good manufacturing process, GMP5) (US FDA, 2009b) are the 2 approved 

chemical bleaching agents in United States. Chemical bleaching causes lipid oxidation, 

which results in formation of volatile off-flavors that carry through to final whey protein 

products (Croissant et al., 2009; Listiyani et al., 2011; Jervis et al., 2012). In addition, it is 

likely that these oxidants cause oxidation of some amino acid constituents of protein which 

may influence nutritive value and functional properties of whey proteins (Shacter, 2000; 

Jervis et al., 2012). Thus, alternative bleaching methods are desirable for whey bleaching and 

were the focus of this study. 

        Lactoperoxidase (LP) is an oxidoreductase enzyme and is found in a wide range of 

mammalian milks. The LP system consists of 3 components: LP, thiocyanate (SCN
–
), and 
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hydrogen peroxide (H2O2). The system will not be active unless all 3 components are present 

in sufficient amounts. The major intermediate oxidation product of the LP-catalyzed 

oxidation of SCN
–
 is the hypothiocyanate ion (OSCN

–
), which inhibits microbial growth 

(Seifu et al., 2005). In addition, OSCN
– 

also has bleaching capabilities. The strong oxidizing 

capacity allows OSCN
–
 to react with carotenoids, leading to color loss of norbixin. Campbell 

and others (2012) demonstrated that the LP system with an optimal concentration of 20 mg 

of H2O2 /kg was more effective than HP alone in norbixin destruction (bleaching >99%) but 

lipid oxidation products were also higher in concentration in LP bleached whey compared to 

unbleached whey. 

     Microfiltration has been used widely in separating fine particles (in the range of 0.1 to 

10µm) from suspension in biological products. In the dairy industry, microfiltration is used 

for bacteria removal, fat removal and fractionation of milk proteins and separation of casein 

micelles and whey proteins (Ye et al., 2011). Zhu and others (2012) have hypothesized that 

norbixin is more likely in the form of micelles than a soluble molecules. They further 

suggested that the micelle associated with the milk fat globule membrane particles in 

Cheddar cheese whey due to its hydrophilic and hydrophobic characteristics. Therefore, fat 

removal through microfiltration may also remove associated norbixin. The effect of MF 

bleaching on the flavor and functional properties of WPC80 has not been determined. The 

objective of this study was to characterize and compare the composition, processing, sensory, 

and functional properties of WPC80 from bleached (HP, LP, and MF) and unbleached 

Cheddar whey.  
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MATERIALS AND METHODS 

Experimental Design 

         Two experiments (experiment I and II) were included in this study. The purpose of 

experiment I was to compare the influence of 3 different bleaching methods/norbixin 

removal (HP, LP, and MF) on color of liquid whey (proof of concept). Cheddar cheese whey 

with no bleach, HP bleach, LP bleach and MF were manufactured in triplicate. Norbixin 

analysis was then conducted to determine the bleaching efficacy of different bleaching 

methods. 

          The purpose of experiment II was to compare the influence of 3 different 

bleaching/norbixin removal methods on flavor and functional properties of WPC80. Again, 

Cheddar cheese whey was manufactured. After pasteurization and fat separation of whey, 

aliquots of liquid whey were taken for bleaching. After bleaching/norbixin removal, liquid 

whey was ultrafiltered and diafiltered to 12% solids (w/w) and 80% (w/w) protein and spray 

dried to produce WPC80. Sensory and volatile analysis, foam stability, protein solubility, 

microstructure and small strain rheological properties were conducted to determine the 

influence of different bleaching/norbixin removal methods on flavor and functionality of 

WPC80. 

Liquid Whey Production 

         Whole, raw bovine milk (1188 kg) was obtained from the North Carolina State 

University Dairy Research and Education Unit. The milk was HTST pasteurized (720 kg/h) 

with a plate heat exchanger (model T4 RGS-16/2, SPX Flow Technology, Greensboro, NC) 

at 72°C with a hold time of 15 sec. The milk was then cooled to 31°C and transferred to a 
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cheese vat (Kusel Equipment, Watertown, WI). Mesophilic starter culture containing 

Lactococcus lactis ssp. lactis and Lactococcus lactis ssp. cremoris (Danisco Choozit MA11 

LYO, Dairy Connection Inc., Madison, WI) was added at the rate of 50 DCU/454 kg of milk. 

A calcium chloride solution (50% w/v, Dairy Connection Inc.) was also added at the rate of 

0.39 ml/Kg of milk. The milk was then allowed to ripen for 60 min. After 30 min of ripening, 

1:20 diluted double strength annatto color (Cheese Color DS Double Strength, Dairy 

Connection Inc.) was added (0.066mL/kg of milk). Next, the milk was coagulated with 1:80 

diluted double strength recombinant rennet (Dairy Connection Inc.) for 30 min at a rate of 

0.09 mL/kg of milk at the end of the ripening period. The coagulum was then cut with a 0.95 

cm knives and the curd was allowed to heal for 5 min. The curd was stirred gently for 30 min 

while the temperature was increased gradually to 39°C. The pH was monitored and liquid 

whey was drained at pH 6.4. The drained whey was fat separated using a hot bowl centrifugal 

separator (Model SI600E, Agri-Lac, Miami, FL). After fat separation, the whey was HTST 

pasteurized (750 kg/h) at 72°C for 15 sec. The whey was then portioned into batches of 272 

kg each. Each portion was transferred into a stainless vat equipped with a coil heater. The 

whey was heated to 50°C and 1 of 4 treatments was conducted: no bleach for the control 

whey (50°C, 1h), 250 mg hydrogen peroxide/kg (35% w/v, VWR International, Westchester, 

PA) for 1 h, 20 mg hydrogen peroxide/kg (35% w/v, VWR International, Westchester, PA) 

for 15 min (LP bleach), hydrogen peroxide was then removed using 20 ppm catalase 

(FoodPro CAT, Danisco, New Century, NJ), followed by 50°C for 45 min. The absence of 

HP was confirmed by testing with a peroxide strip (EMD Chemicals Inc.; VWR 

International, West Chester, PA). For the fourth treatment, liquid whey was microfiltered in a 
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pilot scale microfiltration unit (Synder Filtration, Vacaville, CA; nominal cutoff: 100,000 Da, 

surface area 5.0 m
2
). Two spiral wound MF membranes were used. The temperature for MF 

was 50°C and the run time was approximately 1h. Heat treatment was consistent across all 

four treatments. 

WPC80 Production 

         The liquid wheys were ultrafiltered using a pilot scale ultrafiltration unit (Synder 

Filtration, Vacaville, CA; nominal cutoff: 10,000 Da, surface area 5.0 m
2
). Two spiral wound 

UF membranes were used. The temperature for UF was 50°C. Diafiltration water was added 

as 40% of the original weight of whey. This process continued until the retentate reached 78 

to 80% protein (wt/vol) content confirmed by a Sprint rapid protein analyzer (CEM USA, 

Matthews, NC). Retentates were then collected and spray dried (Model Lab 1; Anhydro Inc., 

Søborg, Denmark). The inlet temperature was 195°C and the outlet temperature was at 90°C. 

The total spray-drying time was approximate 1 h for each treatment. The powder was 

collected and stored in Mylar bags (TF-4000, Impak Corp., Central City, SD) and stored at -

80°C until subsequent analyses. Production of the liquid whey and the 4 spray-dried WPC80 

treatments were completed in 2 days. All treatments were manufactured from the same lot of 

milk and the experiment was carried out in triplicate.  

Composition Analysis 

        Percent moisture of powders was measured using a vacuum oven (AOAC, 2000; 

method number 990.20: 33.2.44). The total fat content of powders was measured using a 

Modified Mojonnier ether extraction (AOAC, 2000; method number 932.06; 33.5.08). Total 

protein of powders was measured using the Kjeldahl method (AOAC, 2000; method number 
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991.20; 33.2.11) by multiplying total nitrogen by a factor of 6.38. Mineral analysis 

(phosphorus, calcium, magnesium, potassium, sulfur, sodium, and iron) was done by the 

North Carolina State Univ. Analytical Services Laboratory (Raleigh, N.C., U.S.A.) using a 

standard dry ash method with inductively coupled plasma optical emission spectroscopy. All 

samples were measured in triplicate. 

Hunter L*a*b* Values 

        The Hunter CIE Lab L (lightness), a (red-green), and b (yellow-blue) values for the 

WPC80, and 10% solids (w/v) rehydrated WPC80 were determined in triplicate using a 

Minolta Chroma meter (CR-410; Ramsey, N.J., U.S.A.). Ten milliliters of each sample were 

placed into a 60 mm × 15 mm polystyrene petri dish in triplicate (Beckton Dickinson, 

Franklin Lakes, N.J., U.S.A.), each petri dish was measured in triplicate as well. 

Norbixin Measurement 

         Norbixin extractions and measurement were conducted in triplicate on liquid whey and 

WPC80 as described by Campbell et al (2012). To extract powders, samples were first 

reconstituted to 10% solids using DI water. Then, 200µL of liquid whey was dissolved in 

acetonitrile (99.9% w/v, ACROS, Fair Lawn, NJ) and vortexed for 30 sec and centrifuged at 

14000 × g for 5 min in a Microfuge 18 centrifuge (Beckman Coulter Inc., Fullerton, CA, 

USA). 50µL of the supernatant was injected in duplicate onto an reverse phase HPLC 

column (Waters 2707 Auto sampler, Waters, Milford, MA) (Phenomenex Kinetex 2.6μ 

100×4.6mm, 40°C). The auto sampler was set at 4°C throughout the injections. An isocratic 

mobile phase (70% v/v acetonitrile (99.9% w/v, ACROS, Fair Lawn, NJ), 29.9% v/v HPLC 

grade water (Honeywell, Burdick & Jackson, Muskegon, MI) and 0.1% v/v formic acid (98-
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100% w/v Sigma-Aldrich, St. Louis, MO)) was used at a flow rate of 1mL/min (Waters 1525 

Binary Pump, Waters, Milford, MA). The injector temperature was at 4°C and a photodiode 

array detector (Waters 2998) at 482 nm was used. The norbixin recovery of bleached samples 

were measured and calculated as percentage norbixin decrease compared to liquid 

unbleached control samples. 

Descriptive Analysis 

          Descriptive sensory analysis (n=8) was performed in compliance with the North 

Carolina State University Institutional Review Board for Human Subjects Approval. Spray 

dried WPC80 powders were rehydrated to 10% solids (wt/vol) in deionized (DI) water. The 

rehydrated WPC80 were dispensed into lidded 3-digit coded soufflé cups (Solo Cup, 

Highland Park, IL). These samples were tempered to 20°C and served at this temperature. 

Eight trained panelists (23-45 y, each with over 150 h of experience with descriptive analysis 

of dried dairy ingredient aroma and flavor), evaluated the rehydrated powders using a 0 to 15 

point intensity scale and the Spectrum
TM

 method (Meilgaard et al., 2007) and an established 

sensory lexicon (Wright et al., 2009; Jevis et al., 2012; Campbell et al., 2012). Panelists were 

instructed to expectorate samples after evaluation. DI water and unsalted crackers were 

available to the panelists for palate cleansing. Each replicate was evaluated in triplicate by 

each panelist using Compusense Five version 4.8 (Compusense, Guelph, Canada). 

Volatile Compound Analysis 

          Volatile compounds in WPC80 were extracted by solid-phase microextraction 

(SPME). Compounds were then separated and identified by gas chromatography-mass 

spectrometry (GC-MS) using the method of Listiyani and others (2011). WPC80 powders 
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were reconstituted at 10% solids (wt/vol). All samples contained 10% (wt/vol) sodium 

chloride (Fisher Scientific, Pittsburgh, PA), and 10 μL of internal standard solution (2-

methyl-3-heptanone in methanol at 81 mg/kg; Sigma-Aldrich Co. LLC) in 20mL autosampler 

vials. Each vial was sealed airtight with a teflon-sided silicon septum and a steel screw cap 

(MicroLiter Analytical Supplies Inc., Sawanee, Fla., U.S.A.). Samples were injected using a 

Combi PAL autosampler (CTC Analytics AG, Zwingen, Switzerland) attached to an Agilent 

6890N gas chromatograph with 5973 inert mass selective detector (MSD; Agilent 

Technologies Inc., Santa Clara, CA). Samples were maintained at 5°C before fiber exposure. 

Samples were equilibrated at 40°C for 25 min before 1 cm of fiber was exposed for 30min at 

31mm. While the fiber was exposed to the sample, the vial was agitated at 250 rpm with 4 s 

of pulsed agitation. Then, fibers were injected for 5 min at a depth of 50 mm. The GC 

method used an initial temperature of 40 °C for 3 min with a ramp rate of 10 °C /min to 250 

°C held for 5 min. SPME fibers were introduced into the split/splitless injector at 250 °C. A 

Zb-5ms column (Zb-5ms, 30 m length × 0.25 mm inner dia × 0.25 um film thickness; 

Phenomenex, Torrance, CA) was used for all analysis at a constant flow rate of 1 mL/min in 

SIM mode. Purge time was set at 1 min. The MS transfer line was maintained at 250°C with 

the Quad at 150°C and source at 250°C. Compounds were identified using the Natl. Inst. of 

Standards and Technology (2002) mass spectral database, retention indexes (RI) based on an 

alkane series (Sigma Aldrich), and comparison of spectra of authentic standards injected 

under identical conditions. Relative abundance for each compound was determined by 

comparing their area to the area of the known concentration of the recovered internal 

standard. These analyses were conducted in triplicate.  
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Functional Properties 

    Foam Generation. The method for foam measurement was previously described by Jervis 

et al. (2012). Briefly, an Artisan KitchenAid mixer (KitchenAid, St. Joseph, MI) with a 4.5-

quart stationary bowl and a rotating wire beater was used for foam formation. Solutions of 

protein (10% wt/vol of protein) were rehydrated for 6 h at room temperature (20 to 24°C) on 

a stir plate set to 200 rpm. Solutions were refrigerated overnight at 4°C for equilibration, and 

brought to room temperature before whipping. Solutions were then adjusted to pH 7 using 1 

M NaOH (VWR International) and prepared in triplicate. A 200mL sample of solution was 

whipped at speed 10 (beater rpm of 752) for 19 min and 36 s (Davis and Foegeding, 2007).  

     Yield Stress. Yield stress was conducted using vane rheometry as described by Jervis et 

al. (2012). Maximum torque response (M0) was recorded for each foam in triplicate. 

Overrun. Overrun measurements were conducted following yield stress measurements. 

Foam was removed from the bowl using a rubber spatula in a circular pattern, gently placed 

in a weighing dish (100 mL), and then weighed. The mean value was used to calculate 

overrun and the air phase fraction using the following equations:  

 

Foam measurements were done in triplicate (Dickinson, 1999; Wilde, 2000; Davis and 

Foegeding, 2007). 
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   Stability. Foam drainage was measured using the methods of Phillips et al. (1990) and 

Luck et al. (2001). Foam stability was measured by the time it took for half of the prefoam 

mass to drain through a 6-mm hole in a whipping bowl. The starting time for these 

measurements was immediately after foam formation (Davis and Foegeding, 2007).  

   Solubility. Solubility was measured as described by Jervis et al. (2012). The WPC80 was 

rehydrated to 10% protein (wt/vol) as described for foam generation. Solutions were then 

adjusted using 1 M HCl or 1 M NaOH to pH 3, 4, 5, 6, or 7 and brought to a total volume of 

100 mL with deionized water, resulting in 10% (wt/vol) protein solutions. Turbidity and 

solubility were measured and recorded on samples both before and after centrifugation.  

    Gel formation. Solutions for gels were prepared as described by Cakir et al. (2012). 

Solutions were poured into glass tubes (19mm internal diameter×180mm long), which were 

coated with silicone (Sigma-Aldrich, St. Louis, MO) and closed with a rubber stopper at the 

bottom. Tubes were covered with aluminum foil to prevent evaporation. The solutions were 

heated to 80°C in a water bath for 30 min, followed by cooling at room temperature (22±2 

°C) for 1h and overnight refrigeration at 4°C. Gels were allowed to equilibrate at room 

temperature (22±2 °C) for at least 1h before microstructure imaging.  

   Microstructure. The method for confocal laser scanning microscopy (CLSM) was 

previously described by Cakir et al. (2012). Microstructure images of gels were recorded on a 

Zeiss LSM 710 confocal laser scanning microscope. The gels were stained by an aqueous 

solution of Rhodamine B (0.2%, w/w), which binds to the protein network. The gel pieces 

were allowed 10 min to absorb the dye before images were taken. The light source was a 

multiline argon laser with an excitation wavelength at 514nm. The emission of Rhodamine B 
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was recorded between 531 and 703nm. Digital images were recorded using a 40× objective 

lens (LD C- Apochromat 40×/1.1 W Korr M27).   

   Small strain rheological properties. Small strain experiments were conducted as described 

by Cakir and Foegeding (2011) with some modifications.  A controlled stress rheometer 

(StressTech, Rheologica Instruments AB, Lund, Sweden) in a strain control mode was used 

to determine rheological properties. The measuring system consisted of a cup and a bob. The 

WPC80 solutions were prepared as previously described, poured into the cup at 25 °C, and 

covered with a thin layer of mineral oil to minimize evaporation. Solutions were heated from 

25 to 80 °C at a constant rate of 2 °C /min, held at 80 °C for 30 min, then cooled to 25 °C at a 

constant rate of 2 °C /min and kept for 15 min at 25 °C. The storage modulus (G'), loss 

modulus (G'') and phase angle (δ) were measured continuously during the entire thermal 

treatment at a frequency of 1 Hz and a strain of 0.5%. The strain level and the frequency 

were selected based on strain and frequency sweeps of thermally formed gels to ensure that 

rheological measurements were within the linear viscoelastic region. 

Statistical Analysis 

          Proximate analysis, sensory, and instrumental results were analyzed by one-way 

ANOVA with means separation (XLSTAT, version 2009. 1.02; Addinsoft, New York, N.Y., 

U.S.A). Principal component analysis (PCA) was also conducted to visually illustrate volatile 

compounds differences in experimental WPC80. 
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RESULTS AND DISCUSSTION 

Composition Analysis 

     No differences (P>0.05) were detected in the moisture (3.20 ± 0.02%), protein (79.40 ± 

0.92%) or mineral content [P, Mg, Fe, Ca, K, S, and Na] (P>0.05) of bleached and 

unbleached WPC80, respectively. Fat content of MF WPC80 was lower (P<0.05) than Con 

WPC80 or other WPC80 due to fat removed by the microfiltration procedure, (MF: 0.11% 

vs. other treatments: 4.47 ± 0.06%, P<0.05).  

Color  

          MF, HP, and LP bleached liquid whey displayed a 45.5%, 45.9% and 94.8% norbixin 

decrease, respectively (Figure 1a). MF, HP, and LP bleached WPC80 displayed a 39.5%, 

40.9% and 92.8% norbixin decrease, respectively (Figure 1b). Based on norbixin decrease, 

LP was more effective (P<0.05) than MF or HP bleaching. This is consistent with previous 

studies and can be explained by the LP system which generates OSCN
–
 and ferrous iron, not 

only allowing for bleaching efficacy from OSCN
–
, but also from Fenton-type reactions that 

may further participate in bleaching efficacy and possible side reactions such as lipid 

oxidation (Campbell et al., 2012; Jervis and Drake, 2013). HP bleaches through the 

formation of radicals, which attack conjugated double bonds of norbixin, while LP is an 

enzymatic bleaching based on LP-catalyzed oxidation of SCN
–
, the hypothiocyanate ion 

(OSCN
–
), which is a stronger oxidizing agent. The strong oxidizing capacity of 

hypothiocyanate makes it capable of reacting with carotenoids leading to destruction of 

conjugation and subsequent color loss of norbixin (Jervis and Drake, 2013). Zhu and 

Damodaran (2012) suggested that due to the hydrophobicity and hydrophilicity 
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characteristics of the norbixin molecule, norbixin might be in the form of micelles dispersed 

in the aqueous medium, rather than in a “soluble” state. Thus, MF might physically remove 

norbixin micelles by the microfiltration membrane. This hypothesis was consistent with 

results from the current study. The pore size of MF membrane is between 0.1µm-10 µm. 

Bacteria, fat, casein and the larger whey protein constituents (i.e. immunoglobulin) cannot 

pass through the membrane and are kept in the retentate. Whey proteins (i.e. alpha-

lactalbumin and beta-lactoglobulin), lactose, minerals and water can pass through the 

membrane and are in the permeate. 

        Visible appearance and Hunter values for both liquids and powders were consistent with 

norbixin decrease values (Figure 2a and 2b; Table 1): Differences in color were observed 

between bleached and unbleached WPC80 powders (Figure 2a) and in rehydrated bleached 

and unbleached WPC80 (Figure 2b). MF treatment of fluid whey improved clarity as well as 

color of WPC80, due to fat removal. LP bleached better than HP and MF, corresponding to 

lower b-values (P<0.05) (a more positive b-value is more associated with yellow). The L-

values for MF samples were higher than other WPC80 (P<0.05), MF created a brighter whey 

product compared to others.  

Descriptive Sensory Analysis 

         Sensory profiles of rehydrated WPC80 were distinct based on treatment (Table 2). 

Consistent with oxidative reactions, HP bleaching and LP bleaching decreased cooked/milky 

flavor and increased cardboard flavor in WPC80, consistent with previous studies (Jervis et 

al., 2012; Campbell et al., 2012).   Both bleached WPC80 displayed cabbage flavor which 

was not detected in control and MF WPC80. MF WPC80 displayed a distinct increase in 
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sweet aromatic flavor compared to control WPC80 (P<0.05). The elevated fat content might 

have obscured the sweet aromatic flavor and without this obscuring factor, sweet aromatic 

flavor might be more discernible in MF WPC80 than in control WPC80.   

Volatile Compound Analysis 

    Selected volatile compounds (15) were identified and quantified (Table 2). Compounds 

were selected based on their previous relevance to whey off-flavor (Croissant et al., 2009; 

Listiyani et al., 2011; Jervis et al., 2012). Consistent with sensory results, HP, LP bleached 

WPC80 were more characterized by lipid oxidation compounds, whereas the unbleached and 

MF WPC80 were characterized by lower concentration of lipid oxidation compounds (Figure 

3; Table 2). Each bleaching method forms different lipid oxidation compounds based on 

different pathways. HP reacts with UV light or transition metals in milk and creates hydroxyl 

radicals (McClements and Decker, 2008). These free radicals can be scavenged by carotenoid 

double bonds and thus remove color, or attack unsaturated fatty acids to form hydroperoxides 

(Frankel, 1998), then decompose to volatile oxidation products. HP bleached WPC80 was 

higher in heptanal, hexanal, pentanal, 1-hexen-3-one, 2-pentylfuran, and octanal compared to 

other WPC80. Bleaching with LP resulted in more norbixin decrease than chemical 

bleaching (HP), but also resulted in increased oxidation volatiles compared with HP WPC80. 

OSCN
– 

is produced when LP reacts with SCN
–
 and it has strong oxidizing capacity which 

allows OSCN
–
 to react with carotenoids, leading to color loss of norbixin, but also react with 

unsaturated fatty acids to produce volatile oxidation products. Ferrous iron is also produced 

by LP system, thus Fenton-type reactions that may also further participate in possible side 

reactions such as lipid oxidation (Campbell et al., 2012; Jervis and Drake, 2013). HP and LP 
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bleached WPC80 were also higher in sulfur compounds, which may be due to protein 

degradation and account for the distinct cabbage flavor detected by trained panelists (Wright 

et al., 2006; Jervis et al., 2012).   

        Microfiltration physically removes norbixin through the microfiltration membrane, not 

related to any oxidative mechanism and should not initiate or promote lipid oxidation. This 

result was observed. Volatile lipid oxidation compounds were generally lower than in MF 

WPC80 than other bleached WPC80, and the sensory profile of MF WPC80 was most 

similar to unbleached WPC80. Unfortunately, lipid oxidation is initiated in cheese 

manufacture (Tomaino et al., 2004; Liaw et al., 2010; Campbell et al., 2011). Thus, lipid 

oxidation compounds were also found in MF WPC80 and control WPC80. 

Functionality 

    Foam Stability. Only MF WPC80 foamed. Therefore, yield stress, overrun, and stability 

could not be measured on Con, HP and LP WPC80. Lack of foaming can be due to a variety 

of factors, including fat content, or other antifoaming agents in whey or are created as a result 

of milk or whey processing or cheese manufacture (de La Fuente et al., 2002; Jevis et al., 

2012). Since all WPC80 were manufactured from the same whey and used similar processes, 

the presence of fat is the most likely source of lack of foaming. 

Protein Solubility. No significant differences in protein solubility among samples at 

various pH values were observed in WPC80 with different treatment (P>0.05). All WPC80 

had >85% solubility across the pH range tested. This result suggests that HP and LP 

bleaching and MF were not damaging protein functionality since the unbleached WPC80 

showed a similar behavior. This result was consistent with previous studies (Jevis et al., 
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2012). Different bleach/norbixin removal treatments may damage proteins in WPC80 

differently. HP and LP are oxidative mechanisms, whereas, MF depends on the pore size of 

the microfiltration membrane. When liquid whey is forced through the MF membrane under 

pressure, some proteins with larger particle size may be destroyed physically. Oxidation of 

protein leads to cleavage of peptide bonds, producing free amino acids and amino acids 

residues which are highly susceptible to oxidation (Stadtman and Levine, 2003). If sulfur-

containing amino acids are being damaged, this could also affect disulfide bond formation 

and flavor development.  

Microstructure. To have an understanding the changes in the structure of the protein gel 

matrix in control, MF, HP and LP WPC80, confocal laser scanning microscopy (CLSM) was 

applied on WPC80 gels. Changes in the microstructure of whey protein concentrate (WPC) 

gels as a function of ionic strength are shown in Figure 4. The bright areas indicate the 

protein network while the dark areas correspond to lack of protein. At 50mM, 100mM and 

250mM NaCl, all gels were particulate: a clear phase separation with protein rich phases 

(bright areas) and serum phases (black areas). Gels from control, HP and LP WPC80 

exhibited very similar microstructure at all ionic strengths, which suggested that bleaching 

did not damage the proteins. However, different from the other WPC80 gels, MF gels 

showed a high density of protein matrix with an increasing protein particle size in gel 

network. This could be explained by fat globules exposed on the surface of some 

hydrophobic portions of proteins in control, HP and LP WPC80, therefore, decreasing the 

interactions between whey proteins in the gel matrix. Previous studies have demonstrated 

that increased protein concentration in the gel phase as the amount of fat decreased led to an 
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increase in G’ and cheese firmness was also related to decreasing the amount of fat and 

increasing protein concentration in the gel phase (Ustunol et al., 1995; Rogers et al., 2010). 

Thus, decreasing the amounts of fat in gels caused a general trend of increasing the size of 

protein particles in the gel network and improved the gel firmness.  

    Small Strain Rheological Properties. When heated in aqueous solutions above their 

denaturation temperature, globular proteins, such as whey protein, will partially unfold and 

bind to each other leading to aggregation and at higher concentration, gelation. Gelation 

characterized by the change in storage modulus (G') during heating (at 2 °C /min) and 

holding for 30min at 80 °C,  then cooling to 25 °C is presented in Figure 6. An increase in G' 

during heating indicated a detectable gel network. Elasticity continued to develop during the 

heating and holding time. Upon cooling, an additional increase appeared in G' due to the 

formation of additional non-covalent interactions among denatured proteins (Cakir and 

Foegeding, 2011).  

    From 50 to 100 mM NaCl, gel storage modulus (G') increased, however, above 200mM 

NaCl, the storage modulus decreased. At pH 7.0, above the isoelectric point of whey protein 

(pI~5.2, Swaisgood, 1982), whey proteins are negatively charged. As the salt concentration 

increased, electrostatic repulsion between protein molecules decreased, facilitating protein-

protein interactions. MF WPC80 had larger G' values of gels at these salt concentrations than 

other WPC80 (P<0.05) (Figure 5), indicating higher gel firmness. This result was consistent 

with microstructure results. Residual milk fat may inhibit the ability of protein molecules to 

form a continuous gel structure by competing with hydrophobic protein interaction sites 
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(Karleskind, 1995). Lack of fat interference, increasing interactions between whey proteins 

led to a firmer gel structure in MF WPC80 gels. 

CONCLUSIONS 

     MF, HP, and LP bleached WPC80 displayed a 39.5%, 40.9% and 92.8% norbixin 

decrease, respectively (P<0.05). Distinct sensory differences among WPC80 were detected. 

HP and LP WPC80 had higher cardboard flavors and distinct cabbage flavor compared with 

the unbleached and MF WPC8, and were also higher in volatile lipid oxidation compounds 

compared with MF WPC80 or control WPC80. All WPC80 had >85% solubility across the 

pH range. Different from the other WPC80 gels, MF gels showed an increased protein 

particle size in the gel network and had higher gel firmness. Based on bleaching efficacy, 

flavor and functionality results, MF is a viable alternative to chemical or enzymatic bleaching 

of fluid whey. 
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a) 

 

b) 

 

 
 
Figure 1.  The percent norbixin decrease compared to unbleached control liquid whey (a) and 

unbleached control WPC80 (b). MF= microfiltration; HP= hydrogen peroxide; LP= lactoperoxidase. 

a,b
 Means in the same row with different letters are significantly different (P < 0.05).  
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Con MF HP LP 
  

 

                b) 

    

Con MF HP LP 

   

             

                Figure 2. WPC80 powders (a) and Rehydrated WPC80 (b) at 10% solids (wt/vol). Con=no bleach;  

                MF= microfiltration; HP= hydrogen peroxide; LP= lactoperoxidase. 
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                   Table 1. Hunter color values for dried and rehydrated WPC 80% (10% wt/vol)  

    L-value a-value b-value 

Treatment Liquid Powder Liquid Powder Liquid Powder 

con 

 

61.9
b
 83.1

d
 1.27

a
 -0.80

a
 33.5

a
 20.9

a
 

MF 

 

71.1
a
 89.8

a
 -1.59

c
 -1.17

b
 21.2

b
 12.7

b
 

hp bleaching 66.3
ab

 86.1
b
 -0.75

b
 -0.64

a
 21.8

b
 12.1

b
 

lp bleaching 69.4
a
 84.9

c
 -0.65

b
 -0.71

a
 19.9

c
 9.8

c
 

 

                  L-value= luminosity (degree of lightness from black to white);  

                  a-value= the degree of redness or greenness;  

                  b-value= the degree of yellowness or blueness.  

                  Con= no bleach treatment; MF= microfiltration; HP= hydrogen peroxide;  

                  LP= lactoperoxidase.     
                          a,b

 Means in the same row with different letters are significantly different (P < 0.05).  
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Table 2.  Descriptive analysis results of bleached and unbleached Cheddar WPC80.     

  Treatment 

Category Con MF HP LP 

Aroma Intensity 2.0
b
 2.2

b
 2.6

a
 2.1

b
 

Sweet aromatic 0.9
b
 1.9

a
 0.8

b
 ND 

Milky 1.9
a
 1.4

ab
 1.0

b
 1.2

b
 

Cardboard  1.5
b
 1.3

b
 2.3

ab
 2.5

a
 

Cabbage /brothy ND ND 0.8
b
 1.4

a
 

Astringency 2.0
a
 2.0

a
 2.0

a
 2.1

a
 

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

Intensities were scored using a 0 to 15 point universal scale, with 0 being no  

intensity and 15 the highest intensity. Most dried dairy ingredient flavors fall  

between 0 and 4 on this scale (Wright et al., 2009; Whitson et al., 2010).  

ND = not detected; Con = control; MF = microfiltration;  

HP = hydrogen peroxide; LP = lactoperoxidase. 
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Figure 3. Principal component analysis (PCA) biplot of volatile compounds in bleached and 

unbleached WPC80. Con= no bleach treatment; MF= microfiltration; HP= hydrogenperoxide; 

 LP= lactoperoxidase. PC1=principal component 1; PC2=principal component 2.    
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Table 3.  Relative abundance (µg/kg) of selected volatile compounds in bleached and unbleached 

WPC80 

No. Compounds Con MF HP LP 

1 Heptanal   0.493
c
 0.296

c
 1.346

b
 5.462

a
 

2 DMTS  ND ND 0.049
b
 0.333

a
 

3 DMDS 0.180
b
 0.130

b
 0.573

b
 2.809

a
 

4 1-octen-3-one 0.308
b
 0.401

a
 0.237

b
 0.449

a
 

5 Octanal  0.424
b
 0.409

b
 1.563

a
 0.516

b
 

6 Nonanal  1.054
c
 0.170

d
 2.088

b
 3.748

a
 

7 Z-4-heptenal 0.053
c
 0.039

c
 0.404

b
 3.888

a
 

8 Diacetyl 0.764
a
 0.555

b
 0.691

a
 0.404

c
 

9 Pentanal 2.245
b
 0.302

c
 4.519

a
 4.527

a
 

10 2-methyl butanal 0.139
a
 0.112

a
 0.115

a
 0.127

a
 

11 3-methyl butanal 0.075
a
 0.052

a
 0.065

a
 0.060

a
 

12 hexanal 8.091
c
 0.600

d
 30.92

b
 75.93

a
 

13 2-pentylfuran 4.102
c
 0.542

d
 11.02

b
 47.17

a
 

14 1-hexen-3-one 0.338
a
 0.046

b
 0.424

a
 0.397

a
 

15 2,3-octanedione 0.315
b
 0.229

b
 0.356

b
 0.528

a
 

a,b,c
 Means in the same row with different letters are significantly different (P < 0.05).  

Mean concentration of selected compounds in WPC80 by SPME GC-MS using SIM mode  

quantified using single point response factors. 

ND = not detected; Con = control; MF = microfiltration;  

HP = hydrogen peroxide; LP = lactoperoxidase. 

 



 

94 

     
 Control Microfiltration 

(MF) 

Hydrogen peroxide 

(HP) 

Lactoperoxidase 

(LP) 

50 

mM 

Na

Cl 

    
100

mM 

Na

Cl 

    
250

mM 

Na

Cl 

    
                                  

                                 Figure 4. Microstructures of WPC gels at three different ionic strengths as determined by  

                                  confocal laser scanning microscopy (CLSM). Field size is 250 µm × 250 µm for each image.   
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a)  

 

b)  

 

c)  

Figure 5. Changes in G’ during gel formation of WPC80 (13%w/v) at 50mM (a), 100mM (b) and 

250mM (c) NaCl. The straight line indicates the temperature profile where samples were heated 

from 25 to 80 °C at 2°C/min, held for 30min, then cooled to 25°C at the same scan rate and held for 

15min.                                 

 

                                  

 


