
ABSTRACT 

LEKSRISOMPONG, PATTARIN.  Application of Sensory Techniques to Understand the 

Impact of Ingredients on Sensory Properties of Beverages. (Under the direction of Dr. 

MaryAnne Drake.) 

 

 Sensory evaluation is a critical process in product development and consumer 

research.  It is a fast growing field with novel techniques being developed and evaluated 

continuously.  The objective of this dissertation was to apply different sensory science 

techniques, both traditional and newly developed approaches, to aid in the understanding of 

the impact of ingredients on sensory properties of beverages.  Four different studies were 

conducted on two types of beverages/ingredients: whey protein hydrolysate beverages and 

carbonated lemon-lime beverages.   

 Whey protein hydrolysate (WPH) is a value-added dairy ingredient with bioactive 

and functional properties.  However, the flavor and bitter taste of WPH limits its usage. First, 

chemical compounds that contributed to flavor of whey protein hydrolysate were 

characterized.  Gas-chromatography olfactometry and mass spectrometry, descriptive 

analysis, and threshold testing were conducted.  Potato/brothy, malty, and animal flavors and 

bitter taste were key distinguishing sensory attributes of WPH. Important aroma-active 

compounds that contributed to WPH flavors were methional (potato/brothy flavor) and 3-

methyl butanal (malty flavor).  The second study evaluated effectiveness of 24 documented 

bitter taste inhibitors to decrease WPH bitterness.  Quinine hydrochloride (Quinine) was used 

as a control.  Effective bitter taste inhibitors of WPH tested were sucralose, fructose, sucrose, 

adenosine 5ô monophosphate, adenosine 5ômonophosphate disodium, sodium acetate, 

monosodium glutamate and sodium gluconate.  All effective inhibitors in rehydrated WPH 

were also effective in beverage applications.  Descriptive analysis demonstrated that 



sweeteners enhanced vanilla and chocolate flavors in beverages.  Most salts and a nucleotide 

were effective bitter inhibitors but suppressed vanilla and chocolate flavors and potentiated 

other flavors and basic tastes.    

 The second topic of this dissertation was to study the sensory properties and 

consumer preferences of diet and regular carbonated soft drinks (CSD).  In the first study, 

descriptive analysis and degree of difference from control methods (DOD) were applied to 

document sensory properties of regular and diet carbonated soft drinks.  Multidimensional 

scaling was used to interpret DOD data and Partial Least Squares Regression (PLS2) and 

Generalized Procrustes Analysis (GPA) were used to predict and relate the two sensory data 

sets.  Beverages were distinguished based on category, sweetening systems and brand.  The 

use of DOD allowed clarification of the underlying perceptions that trained panelists used in 

differentiating samples.  The developed lexicon allowed for documentation of multi-modal 

sensory perceptions generated by carbonated beverages.  From this study, ten beverages were 

selected for a subsequent study to identify drivers of liking.  Consumer testing with regular 

and diet beverages, consumer segmentation and external preference mapping were 

performed.  Diet beverage consumers liked two of the diet beverages more than regular 

beverage consumers.  There were no differences in the overall liking scores between diet and 

regular beverage consumers for other products except for a sparkling beverage sweetened 

with juice which was more liked by regular beverage consumers.  Three subtle but distinct 

consumer preference clusters were identified.  All clusters were driven by mouthfeel 

attributes but were differentiated by preference for basic tastes and some aromatics while 

user status (diet or regular beverage consumers) did not have a large impact on liking.   



 Multiple sensory tools used in combination with statistical analyses successfully 

allowed for understanding of sensory characteristics of different types of beverages and the 

impact of ingredients in beverages.   
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A. Introduction  

 A by-product from cheese-making and casein manufacturing, whey is a good source 

of bioactive peptides, specific protein fragments that positively influence body functionality 

and may result in health improvement (Korhonen and Pihlanto 2003).  Fluid whey contains 

approximately 0.6% protein, 93% water and the rest is comprised of lactose, lipids, and 

minerals (Foegeding and others 2002).  Prior to food ingredient applications, fluid whey is 

usually concentrated by membrane technology such as ultrafiltration, microfiltration, and/or 

ion exchange into a higher protein content stream by removing other components such as 

lactose, fat, minerals and other low molecular weight components to achieve either whey 

protein concentrate (WPC) which contains ~20-80% protein or whey protein isolate (WPI) 

which contains >90% protein.  Whey proteins are primarily composed of globular proteins, 

beta-lactoglobulins (ɓ-Lg) (~50 %) and alpha-lactalbumins (Ŭ-La) (~25%), with minor 

compositions of serum albumins, immunoglobulins, and proteose-peptone (de Wit 1998).   

To obtain bioactive peptides from whey, fresh or reconstituted whey proteins 

(generally either WPC80 or WPI) are hydrolyzed either by acid, base or enzyme hydrolysis 

to produce whey protein hydrolysates (WPH) (Nnanna and Wu 2007).  WPH with smaller 

peptides not only enhance nutritional properties when added to food as an ingredient, but 

some functional properties such as solubility and interfacial properties are also improved 

(Turgeon and others 1992, Severin and Xia 2006).  Enzymatic hydrolysis is usually the 

method of choice, rather than acid or alkaline hydrolysis, as it can minimize the impact of 

extreme pH and temperature on protein strands (Clemente 2000).  The substrate of enzyme 

hydrolysis is the specific amino acids in the sequence.  A variety of peptides are generated 

based on specificity of the enzyme, environmental conditions and extent of hydrolysis.  After 
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hydrolysis to a desired degree of hydrolysis (DH), the fraction of peptide bonds cleaved 

expressed in percentage, the enzymatic process is inactivated using heat treatment. 

WPH is used as an ingredient in many food applications i.e. in sport nutrition, infant 

formula, and neutraceutical applications, for its functional and nutritional properties.  The 

levels of hydrolysis, characterized by DH, as well as the enzyme utilized usually determine 

the usage (i.e. for nutritional or functionality purposes).  Although WPH have many benefits 

when incorporated into foods, the drawbacks in the application as value-added dry 

ingredients are flavor and bitter taste (Leksrisompong and others 2010).  Leksrisompong and 

others (2010) identified volatile compounds that contributed to off-flavor of WPH which 

were comprised mostly of Strecker degradation derived products (i.e. methional, 3-methyl 

butanal, dimethyl sulfide).  They reported some aromatics, potato/brothy, malty and animal 

flavors, were inherent to WPH.  This review, however, focuses on the bitter taste of 

hydrolysates.   

Bitter taste in hydrolyzed proteins has been known for many decades (Lemieux and 

Simard 1991; Ney, 1979, Ishibashi and others 1987a, b; Ishibashi and others 1988a, c; 

Ohyama and others 1988; Shinoda and others 1987; Tamura and others 1990) and many 

efforts have been put forth to understand the interaction of bitter tastants to bitter taste 

receptors (Ishibashi and others 1988a; Chandrashekar and others 2006; Hoon and 

others1999; Kim and others 2008; Toelstede and Hofmann 2008). Other studies have been 

conducted to clarify the complex mechanisms of bitter taste perception and transduction of 

bitter taste (Gilbertson and others 2000; Sainz and others 2007; Caicedo and Roper 2001; 

Roper 2007; Hacker and others 2008).  Processing methods and other methods were 
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proposed to minimize the bitter taste generated by bitter peptides (Cheison and others 2007).  

The objectives of this chapter are to discuss some benefits of WPH as value-added 

ingredients (i.e. health benefits, functional properties) and the major drawbacks that have 

limited its usage as a value-added ingredient, bitter taste.  Alternative methods for 

minimizing bitter taste while minimizing the alteration of initial properties are later 

discussed.  To effectively achieve this goal, understanding of the basics of how bitter taste is 

perceived, its transduction pathways, and other relevance topic (i.e. why some compound is 

extremely bitter to some people and tasteless to the other) is required.   The order of 

discussion is as follows: 

1) A review of previous and current knowledge of bitter taste receptors, bitter taste and 

receptor interactions and transduction pathways.   

2) Previous and current knowledge of bitter peptides and how are they perceived.  

3) WPH in terms of why whey protein is hydrolyzed.  This includes its nutritional and 

functional properties and resulting bitterness. 

4) Some methods to minimize bitter taste of hydrolyzed proteins.   

Overall, an understanding of the parameters that impact the bitter taste of peptides, 

the physiology of bitter taste receptors and how the two interact could shed light on the 

development of systems that may be suitable for specific hydrolysate products, maintaining 

their functional and nutritional properties while maximizing flavor quality and desirability.   
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B. Physiology of Bitter Taste Receptors and Bitter Taste Transduction in General 

1. Bitter Taste Receptors  

For taste perception to occur, compounds must be soluble/ solvated and must interact 

with taste receptor cells (TRCs) located in the taste buds (Figure 1).  TRCs are modified 

epithelial cells with many neuronal properties and markers (i.e. the ability to depolarize) and 

are electrically excitable and form synapses with afferent gustatory nerve fibers  (Gilbertson 

and others 2000).  Taste buds have onion shaped structures which are distributed across 

different papillae of the tongue, with different TRC expressing specialized receptors, 

detecting different taste sensations (Chandrashekar and others 2006).  There are 3 types of 

papillae: circumvallate (b), foliate (c) and fungiform (d) (Figure 1) located in the back, sides 

and front of the tongue, respectively.  The fungiform papillae typically contain 3-5 taste buds 

at the top of the onion-shaped structure, foliate and circumvallate papillae contains hundreds 

of taste buds lining the wall of the channel (Gilbertson and others 2000).  Palate epithelium 

in the oral cavity also contains taste buds.  Each receptor has an average of 2 cells per taste 

bud per section.  Bitter TRCs (T2R or Taste 2 Receptors or TAS2Rs) are selectively 

expressed on both lingual and palate epithelium.  Fungiform papillae contain less than 10 % 

of T2R expressing cells and are sensitive to sweet taste modality.  All of the circumvallate 

papillae taste buds express T2R cells, and thus, are particularly sensitive to bitter compounds 

(Hoon and others 1999).  Approximately 75 % of foliate papillae express T2R cells and are 

sensitive to bitter as well as sour taste (Hoon and others 1999; Kim and others 2008).  This 

may explain why different peptides induce different bitter perceptions at different location on 

the tongue; some peptides (ɓ-CN (59-68), ɓ-CN (58-68)  were reported to contribute to 
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caffeine-like bitter taste quality, some provided long-lasting bitterness perceived solely in the 

throat, some exhibited a metallic MgSO4-like bitter taste perceived predominantly on the tip 

of the tongue (Toelstede and Hofmann; 2008).     

 

Figure 1. Taste receptor cells (TRCs) (a) in a taste bud distributed across papillae.  There are 

3 types of papillae.  Cirumvallate (b) located on the back of the tongue, foliate (c) located on 

the side of the tongue, and fungiform (d) located in the front of the tongue, respectively.  

Schematic from Chandrashekar and other (2006). 

 

Bitter tastants are detected by G protein-coupled receptor (GPCR) signaling pathways 

(Wong and others 1996; Chandrashekar and others 2000; Roper 2001).  The taste GPCRs 

superfamily in vertebrates identified include T1Rs, T2Rs and Taste mGluR4 (Andres-

Barquin and Conte 2004).  T2Rs are expressed in taste receptor cells that contain Ŭ-

gustducin, a G protein subunit that mediates bitter taste transduction.   

The activation of T2Rs is compound specific (Pronin and others 2004; Caicedo and 

Roper 2001; Chandrashekar and others 2000).  Receptors hT2R61 and hT2R64 who shared 

89% of the same amino acid sequence were not activated by the same compound, 6-

nitrosaccharin (Pronin and others 2004). The position of the nitro group of this compound 

was critical for receptor activation.  However, other parts of the compound also played a role 
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in taste receptor binding.  Caicedo and Roper (2001) also demonstrated that individual 

receptors responded selectively to specific tastants with different chemical structures.  They 

tested the calcium responses in rats in situ to 5 different bitter compounds: cycloheximide, 

denatonium, quinine, sucrose octaacetate (SOA), phynylthiocarbamide with the objective to 

determine whether individual cells distinguished between bitter stimuli.  Sixty-five percent of 

the bitter sensitive cells responded to only 1 of the 5 compounds tested, 26 % of the cells 

responded to 2 stimuli and only 7 % responded to more than 2 stimuli.  Moreover, the 

responses to the five compounds were concentration dependent and each tastant had a 

different stimulation threshold (Caicedo and Roper 2001).  Similar evidence was reported by 

Chandrashekar and others (2000).  A mouse T2R (mT2R-5) responded to cycloheximide and 

was receptor- and GŬ15 dependent which was shown by a Ca
2+

 release.  Other cells that did 

not have these components did not trigger Ca
2+

 release even at greater concentration.  

Moreover, denatonium induced an increase in Ca
2+

 in cells transfected with human candidate 

taste receptors (hT2R4), but not in the untransfected control or cells with other transfected 

hT2Rs.  The response was concentration dependent.  hT2R-4 also responded to a high 

concentration of bitter tastant 6-n-propyl-2-thiouracil (PROP).    

2. Structure of T2R and its Tastant-Receptor Interactions 

The sequences of the human T2R family were estimated to be 80-120 sequences in 

amino acid chain length, 40-80 of which are functional receptors while the rest are 

pseudogenes (genes that no longer have coding ability nor expressed in the cells) (Adler and 

others 2000).  The T2R proteins have 7 transmembrane domains and short extracellular 

amino- termini compared to T1Rs (Figure 2) (Adler and others 2000; Chandrashekar and 
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others 2006). To date, the structure of the membrane-associated protein T2R remained 

challenging to acquire despite recent progress in structure determination of GPCRs 

(Lagerstrom and Schioth 2008; Rosenbaum and others 2009).  The precise binding or 

interaction of bitter tastants to bitter taste receptors are not completely identified.  For a 

review on the discovery of GPCR in the past decade (not limited to taste GPCR), refer to 

Hanson and Steven (2009). 

 

Figure 2. Schematic of the T2R receptor membrane topology.  NH2= amino terminal, TM = 

transmembrane domain, IC=Intracytoplasmic loop, EC: extracellular loop, COOH ï 

carboxyl-terminal region.  Schematic from Andres-Barquin and Conte 2004 

 

Thirty to 70 % amino acid identities were established in individual members of the 

T2R family, with the majority possessing conserved sequence motifs in the first 3 and last 

transmembrane segments, and the second cytoplasmic loop (Figure2) (Adler and others 

2000).  The extracellular loops (EC) was the most divergent region between the T2Rs (Figure 

2).  It was believed that the distinctive extracellular regions were there possibly to recognize 

many structurally diverse bitter ligands (Adler and others 2000).  Pronin and others (2004) 

demonstrated that amino acid regions in EC 1 and 2 played important roles in 6-

nitrosaccharin binding to hT2R61, with EC1 having a greater role than EC2.  Similar to other 

GPCR genes, the genomic organizations of these T2R genes are absent of introns (DNA 
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region within a gene that is not translated into protein) and there are a large number of 

pseudogenes present (greater than 1/3 of full-length human T2Rs) (Adler and others 2000).  

Transmembrane units were also found to be involved in binding of tastants (Miguet 

and others 2006; Florino and other 2006).  T2R38 was modeled using rhodopsin as a 

template and the interaction of PTC (phenylthiocarbamide) compound to the template was 

used to confirm the model via computational molecular science techniques (global docking 

experiment) (Miguet and others 2006).  They reported that PTC within the cavity were 

situated between helices transmembrane (TM) 4, 5, 6 and 7.  Similarly, Florino and others 

(2006) generated 3-D models of PTC binding- seven transmembrane GPCR and investigated 

the binding of PTC to taster or non-taster receptors using computational methods and 

docking experiments.  They reported involvement of TM3, 5, 6, and 7 in GPCR signaling 

where TM 6 and 7 were found to be important for PTC binding.  A sulfur-arene interaction 

was especially important for ligand recognition (Miguet and others 2006).  The sulfur atom 

behaved as a generalized Lewis acid, because its diffuse 3d orbitals were able to accept 

excess electron density such as ˊ aromatic system localized over the arene rings in 

phenylalanine, tyrosine and tryptophan.  This interaction explained the non-bonding 

interaction stability between the ligand and T2R38.  This finding could explain the 

interaction of bitter compounds containing sulfur which were reported to be one of the major 

classes of bitter tastants (Rodger and others 2006).  Rodger and others (2006) obtained 649 

bitter molecules from various databases and internal reports and 13550 randomly selected 

molecules from the MDL Drug Data Repository (MDDR).  Using classifier, MOLPRINT 2D 

fingerprints, 2 distinct subclasses of bitter tastants were identified which were compounds 
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containing nitrogen- and sulfur-based fragments and the other class of compounds contained 

mainly carbon, oxygen and sugar-like fragments.   

3. Bitter Taste Transduction 

Several G-proteins such as GŬ subunit and a Gɓɔ dimer have been reported to mediate 

bitter taste transduction (Sainz and others 2007).  GŬ subunits fall into 4 major subfamilies: 

GŬs,GŬ12, GŬi, GŬq.  Sainz and others (2007) reported that GŬs and GŬq subunits do no play a 

role in bitter transduction because these receptors did not catalyze GDP and GTP exchange 

on these GŬ subunits.  On the other hand, T2R coupled with GŬi subfamily (transducin, GŬi1 

and GŬo) suggested that these mediate signal transduction pathways.  Differences in 

selectivity were observed among the G protein subunits (GŬi and Gɓɔ) among the T2Rs 

suggesting that different T2R may use different signaling pathways for the transduction of 

bitter taste.   

 After the interaction between the ligands and the T2R, an exchange of GDP for GTP 

occurs on the GŬ subunit and results in the dissociation of the GŬ along with Gɓɔ (Sainz and 

others 2007).  The dissociated GŬ and Gɓɔ subunits then act independently to initiate 

downstream signaling pathways (Figure 3).  Two parallel responses in the TRCs are induced: 

a decrease of the concentration of cAMP via phosphodiesterase (PDE) activation by G 

protein subunit Ŭ (gustducin), and an increase in the concentration of inositol triphosphate 

(IP3) via phospholipase Cɓ2 (PLCɓ2) activation by the G protein subunit ɓ3,ɔ13 (Rossler and 

others 1998, 2000; Yan and others 2001).  PLCɓ2 produces diaceylglycerol (DAG) and IP3.  

Increase in IP3 levels stimulates IP3R3 receptors which release Ca
2+

 from intracellular storage 
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(Caicedo and Roper 2001; Roper 2007).  This PLCɓ2-IP3-Ca
2+

 pathway have been 

demonstrated to express in the TRCs (DeFazio and others 2006; Clapp and others, 2006).   

 

Figure 3. Schematic of mechanisms of bitter taste transduction in taste receptor cells (TRC) 

(adapted from Andres-Barquin and Conte 2004, Roper 2007, Liman 2010).  When bitter taste 

receptor is activated (1), the G protein gusducin consisting of Ŭ-gusducin (2a) and its partner 

ɓ3 and ɔ13 (2b), represented by circles, were dissociated from the receptors as GTP 

exchanged to GDP.  First pathway involved Ŭ-gusducin, as it detached, stimulated adenelyl 

cyclase (AC) (3a), an integral membrane enzyme converting adenosine triphosphate (ATP) to 

cyclic adenosine monophosphate (cAMP) (4a), a secondary messenger.  Soluble 

phosphodiesterase (PDE) (5a) catalyzes the hydrolysis of cAMP, decreasing the 

concentration of cAMP as it is being converted to 5ôAMP.  Simultaneously, the ɓ3 and ɔ13 

subunit activate Phospholipase C ɓ2 (PLC) (3b) which catalyzed the PIP2 into Inositol 1,4,5 

triphosphate (IP3) (4b) which in turn releases Ca
2+

 from the endoplasmic reticulum (Ca
2+

 

storage) (6).  Increased in Ca
2+ 

concentration activates TRPM5 (7), a nonselective 

monovalent cation channel, leading to Na
+ 
influx (8), membrane depolarization and 

neurotransmitter release (9).    

       

The signal transduction of all three of the GPCR-linked taste modalities is critically 

dependent upon the function of an ion channel, known as TRPM5, which also is specific to 

taste cells.  TRPM5 is a voltage-gated cation channel, a member of transient receptor 

potential (TRP) superfamilies, activated through G protein-coupled receptors linked to 

PLCɓ2 and by IP3-mediated Ca
2+

 release (Hofmann and others 2003; Liman 2010).  The 
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release of Ca
2+

 in the cells activates TRPM5, and Na
+
 influx leads to ATP-assisted secretion 

of neurotransmitter which is crucial for the transmission of gustatory signals to the peripheral 

nerves (Roper 2007; Liman 2010).  TRPM5 genetically knockout mice had lower responses 

to sweet, bitter and umami tastes, suggesting that this channel also responds to signaling of 

bitter taste (Zhang and others 2003; Hofmann and others 2003; Damak and others 2006).  

However, there may be other pathways within the TRCs that do not rely on PLCɓ2, because 

mice with PLCɓ2 removed had reduced responses to bitter taste stimuli, but not completely 

absent (Dotson and others 2005).  ATP is secreted via pannexin 1 (PX1) hemichannels which 

may be triggered by the elevation of Ca
2+

 level (PLCɓ2 mediated), or membrane 

depolarization (TRPM5 ï mediated) because PX1 hemichannels are activated by both 

cytoplasmic Ca
2+

 and membrane depolarization (Huang and others 2007).  ATP released 

from taste epithelium when stimulated by a taste stimuli, serves as a key neurotransmitter 

linking taste buds to sensory nerve fibers (Finger and others 2005).  After neurotransmitter 

release, sensory receptor neutrons from cranial nerve ganglia relay the signal via the 

thalamus to the cortical taste center where the information is processed (Adler and others 

2000).   

Taste receptor cells use multiple signaling pathways to evoke calcium responses for 

sensing the taste response to the brain.  Increase in extracellular K
+
 results in cell 

depolarization and subsequent calcium influx through voltage gated-calcium channels 

(VGCCs) created synapses, whereas bitter stimuli activated PLC with calcium release from 

intracellular stores and subsequently released neurotransmitters through hemichannels 

(Huang and others 2007).   Initial investigations revealed that the transduction of bitter 
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stimuli through PLCɓ2-IP3 signaling pathways do not express the proteins associated with 

chemical synapses and do not express VGCCs (DeFazio and others 2006; Hacker and others 

2008; Tomchik and others 2007).  However, investigation of taste cellular responses to bitter 

taste revealed the third signaling pathway, a dual pathway that involved both PLCɓ2-IP3 and 

VGCCs (Hacker and others 2008).  This finding also demonstrated that a single TRC can 

generate different responses (Ca
2+

 induced), depending on the initial stimulation signal.  

These responses depend on PLC activation and calcium release from internal storage, and 

PLCɓ3 subunit is hypothesized to be involved in the dual signaling pathways and could be 

involved in the detection of taste stimuli (Hacker and others 2008). 

There are multiple bitter taste transduction pathways and these are unique to specific 

compounds.  Understanding how bitter taste receptors relay signals to the brain could allow 

an understanding of how bitter taste is perceived and is useful for many different aspects of 

taste research.  It would also allow the development of appropriate inhibiting agents which 

will be beneficial for food products that contain some of these bitter tastants as ingredients.    

4) Individual Sensitivity to Tastants  

Individual differences in sensitivity to bitter compounds have been reported 

(Delwiche and others 2001, Chandrashekar and others 2000, Kim and others 2003, Miguet 

and others 2006, Floriano and others 2006).    Delwiche and others (2001) investigated 

individual sensitivity to bitter compounds representative of different chemical classes and 

used the correlation found to relate back to potential bitter transduction systems for the 

different compound classes.  Individual sensitivity differences to different bitter taste 

compound classes were observed.  A number of studies reported that differences in various 
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inbred strains of mice to bitter compounds were due to allelic variation at a single genetic 

locus (Soa) (Whitney and Harder 1986; Capeless and others1992).  Moreover, these 

researchers attributed the differences to the loci that are clustered at the distal end of 

chromosome 6 (Capeless and others1992).  Chandrashekar and others (2000) isolated mouse 

T2R-5 gene which were previously reported to be a receptor for cycloheximide for the 

cycloheximide tasters and non-tasters (those that found this compound extremely bitter or 

tasteless, respectively).  All tasters shared the same mT2R-5 allele, DBA/2J, which was 

different from nontasters C57BL/6 allele.  Cycloheximide dose response shift was also 

observed between the 2 groups and suggested that the mT2R-5 allele was responsible for the 

taste deficiency of cycloheximide (Chandrashekar and others 2000).   

Four general clusters related only to sensitivity of bitter compounds in subjects tested 

(n=31) were found: 1) denatonium benzoate, tetralone, caffeine, sucrose octa-acetate (SOA), 

and quinine; 2) urea, tryptophan, phenylalanine and epicatechin, 3) magnesium sulfate and 4) 

n-6-propylthiouracil (PROP) (Delwiche and others 2001).  The compounds within each 

cluster also had some similarity in functional groups. All compounds in Group 1 had at least 

1 methyl group.  Three compounds in group 2 contained one or more primary amines.  There 

were slight subclusters within the first 2 groups, however, the observations varied from one 

individual to the other.   There was no further evidence that compounds within the same 

cluster activated the same bitter taste receptor.   

The scenario of polymorphism (how genes expressed impact the phenotype of the 

same species in multiple ways) of phenylthiocarbamide (PTC) and PROP tasters and non 

tasters has been widely studied.  In human population, some find these compounds extremely 
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bitter (tasters) while some people find these compounds tasteless (non tasters).  The gene 

responsible for the ability to taste PTC has been mapped on the human genome (Kim and 

others 2003).  Three common single nucleotide polymorphisms in chromosome 7 that altered 

the amino acid sequence in the gene have been identified (Kim and others 2003).  These 

changes at amino acids positions that combine in different ways could result in conferring 

tasting ability or no taste ability.  Miguet and others (2006) were able to map on the receptor 

structure the amino acids affected by polymorphism (refer to Miguet and others 2006).  

Florino and others (2006) explained the differences between PTC tasters and non-tasters by 

investigating the binding energy of PTC to the receptors.  The binding energy of the PTC to 

the tasters or non-tasters did not change, thus, they proposed that the inability for humans to 

taste PTC was due to failure of G protein activation rather than decreased binding affinity of 

the receptor of PTC (Florino and others 2006).   

C. Bitter Taste Peptides, Receptors, and Binding Site  

1. Studies of bitter taste receptors for peptides 

 Peptides stimulate bitter taste receptor T2R1 and a few other receptors (hT2R4, 

hT2R14, and hTAS2R16) to a lesser extent (Maehashi and others 2008).  Evidence from 

different studies showed that the binding sites for different bitter tastants to different T2Rs 

were different (Florino and others 2006; Upadhyaya and others 2010).  The studies of bitter 

taste receptors for peptides developed over decades and was initially focused on parameters 

that contributed to bitter taste of peptides weighted heavily on altering peptide sequences and 

sensations generated via those alterations and related back to the peptides physico-chemical 

properties (i.e. hydrophobicity, degree of hydrolysis, initial amino acids sequences, peptide 
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conformation) (Ney 1979, Ishibashi and others 1987a; Ishibashi and others 1987b; Ishibashi 

and others 1988c; Ishibashi and others 1988a; Ohyama and others 1988; Shinoda and others 

1987; Tamura and others 1990).  With technological advancements, several studies provided 

more insights to the bitter taste receptor of peptides and binding to receptors (Maehashi and 

others 2008, Upadhyaya and others 2010; Ueno and others 2011).  

2. Bitter Peptides 

A combination of parameters impact bitter taste intensity of a peptide including the 

native protein sequence, peptide sequences, the processing/enzymatic treatment steps, 

hydrophobicity, degree of hydrolysis, concentration and location of bitter taste residues, 

number of carbons on the R group of branched chain amino acids, and conformation of 

amino acids (Ney 1979, Ishibashi and others 1987a,b; Ishibashi and others 1988a,c; Ohyama 

and others 1988; Shinoda and others 1987; Tamura and others 1990; Kim and others 2008) 

(Table 2).  

Hydrophobicity contributes to bitter taste of peptides.  Ney (1979) postulated Q-value 

as a determination of bitterness of peptides, known as the Q-rule, according to a survey of 

amino acid compostion in relation to bitter taste.  Q-value can be calculated from the average 

free energy for the transfer of the amino acid side chains from ethanol to water: Q= Ɇȹg/n, 

where ȹg is the transfer free energy, and n is the number of amino acid residues, expressed in 

cal/mol.  According to the Q-rule, all bitter peptides have Q-values above 1400 cal/mol 

whereas all non-bitter peptides have a Q-value below 1300 cal/mol.  There was no 

correlation for in-between these 2 values (Q-value of 1300 cal/mol-1400 cal/mol).  The Q-

rule holds with many experiments (Shinoda and others 1985; Matoba and Hata 1972; Ziajka 
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and Dzwolak, 1999).  However, some hydrophobic peptides with high Q-values did not elicit 

bitter taste conveying that other parameters also impact bitter taste (Toelstede and Hofmann 

2008, Kim and others 2008).   

Conformation of the peptide chain also contributes to bitter taste perception 

(Toelstede and Hofmann 2008; Ishibashi and others1988; Kim and others 2008).  The 

conformational change by L-Pro is known to influence spatial structure and hydrophobicity 

of the chain (Toelstede and Hofmann 2008; Ishibashi and others 1988).  Substitution of His
67

 

by Pro
67

 on ɓ-CN strand was reported to increase bitter taste.  Proline plays a role in 

conformation alteration by folding the peptide skeleton due to the imino ring and results in a 

conformation that would fit bitter taste receptor (Ishibashi and others 1988).  The initial 

amino acid composition and primary structure of the protein substrates impact bitter taste 

intensity of a peptide.  All casein hydrolysates were more bitter than WPC 80 hydrolysates 

and tended to release hydrophobic peptides more readily than WPH (Ziajka and Dzwolak 

1999). Specificity of the proteolytic enzyme used to generate the hydrolysate greatly impact 

bitter taste of peptides such that the products generated by different enzymes differ in degree 

of hydrolysis (DH), cleavage sites, peptide sequences, and peptide length (Spellman and 

others 2009; Ziajka and Dzwolak 1999).  Peptide sequences that are composed of a high 

concentration of hydrophobic amino acids, contain bulky amino acid at C-terminus, and 

hydrophobic branched chain amino acids with R groups containing at least 3 carbons are 

predicted to be more bitter than those that have R groups containing less than 3 carbons 

(Ishibashi and others 1987b; Ishibashi and others 1988c).  Ishibashi and others (1987b) 

reported a more intense bitter taste when a Phe residue was located at the C-terminus 
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compared to N-terminus, when a dipeptide was composed of Phe and Gly, Phe and Ala, or 

Phe and Val combination.  The bitter taste increased when the content of hydrophobic amino 

acids Phe and Tyr in the peptides increased, but this was not observed with Leu or Ile.  

Moreover, Ishibashi and others (1988c) demonstrated Gly-Val-Val and Val-Val-Val were 

more bitter than Gly-Gly-Val which conveys that the location and concentration of the 

hydrophobic residue at C-terminus contribute to bitterness.  The number of carbons on the 

amino acid on the R group was reported to be another minor determinant of bitter taste 

intensity, with at least 3 carbons on the R group required in order for the bitter taste to be 

perceived.  The location of the branching also impacted bitter taste, Ile was reported to be 

more bitter than Leu.  A hydrolysate generated with a proteinase which specifically cleaved 

after hydrophobic amino acid residues would be expected to be more bitter than a 

hydrolysate generated with a proteinase that cleaved after charged amino acid residues, as the 

former resulted in fewer long sequences of hydrophobic amino acids and contained more 

peptides with terminal hydrophobic amino acid (FitzGerald and Cuinn 2006).   

The degree of hydrolysis (DH) plays an important role in predicting bitter taste, with 

higher percentage of low molecular weight peptides contributing to a higher bitter taste 

intensity (Ziajka and Dzwolak 1999).  Larger peptides can block hydrophobic sites by 

hydrophobic interactions forming U-shaped peptides or clusters of peptides and are thus not 

perceived as bitter (Adler-Nissen 1979).  Further degradation of these peptides into smaller 

peptides increases the bitter taste intensity.  Extensive hydrolysis leads to free amino acids or 

terminal hydrophobic amino acids, which can result in decrease of bitterness (Adler-Nissen 

1979). 
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A quantitative structure-activity relationship (QSAR) technique was used to 

demonstrate the correlation of bitter taste and 3 principle properties, referred to as 3-z-scores, 

representing hydrophobicity (z1), molecular size/bulkiness (z2), and electronic 

properties/charge (z3) of amino acids.  QSAR is a technique used as a predictive tool for 

functional activity of food proteins and peptides (Kim and Li-Chan 2006).  Kim and Li-Chan 

(2006) studied 224 peptides and 5 amino acids that were previously reported to be bitter 

using PLS regression analysis to construct the QSAR models by using 3 z-scores of amino 

acids, with or without three additional parameters (total hydrophobicity, residue number, and 

mass values).  High significant correlations of bitterness values with total hydrophobicity, 

residue number, and mass (log M) were reported.  Bitter taste increased with increased 

residue number of peptides (up to 8-10), and beyond 8-10 residues, the bitterness potency did 

not increase.  The molecular masses of bitter amino acids were also 1000 Da (8-10 residues) 

or less.  However, there were some highly bitter peptides that were greater than 8-10 peptides 

where structure may play a role in bitterness.  In general, a bulky hydrophobic amino acid at 

the C-terminal with a bulky amino acid at the N-terminal was important for the bitterness of 

small peptides (2-3 residues).  For larger peptides (> tetrapeptides), bulky hydrophobic amino 

acids with or without basic properties at the C-terminal and bulky basic amino acids at the N-

terminal were related with bitterness.     

Kim and others (2008) studied the taste type and intensity of hydrophobic peptides 

synthesized from the bitter fraction of soy proteins (
11

S glycinin and proglycinin hydrolysate) 

that had hydrophobicity of <1,400 cal/mol.  They reported that although these fractions were 

highly hydrophobic, some of them did not display bitterness.  Thus, it is apparent that the 



 

20 

 

other factors in addition to hydrophobicity influence bitterness of peptides.  The authors 

further selected a peptide that elicited bitter taste (Asn-Ala-Leu-Pro-Glu) which contained a 

polar amino group at the N terminus and a hydrophobic region (position 2-4).  They altered 

the amino acids at the C-terminus with amino acids that possessed different property residual 

side chains: hydrophobic (Leu), hydrophilic (Ser), basic (Arg), acidic (Asp), folding (Pro) 

and bulky amino acids (Trp).  By altering the C-terminus, the spatial conformation of amino 

acids was altered and was demonstrated with computer stimulated structures (Kim and others 

2008).  The tastes of the peptides were also altered as some exhibited sour taste, some 

exhibited weak bitterness, some exhibited strong bitterness.  These peptides were 

differentiated in the orientation and proximity between the carboxyl group at the N-terminus 

and hydrophobic regions.  The plane spaces played a role, Asn residue and hydrophobic 

regions when facing each other in the same plane contributed to bitter taste, while when these 

amino acid residues were at different plane spaces contributed to sour taste.  These results 

confirmed that perceived bitter taste intensity depended on the balance of the polarity and 

hydrophobic regions of a molecule.   

3. Bitter Peptide Binding Site 

Bitter substances are required to interact with taste receptors for the bitter response to 

occur.  Hydrophobic interactions between the residue and receptor sites for bitter substances 

allow binding of bitter substances to the receptors.  Some alkaloids (nitrogen-containing 

base) containing positive ions had lower bitter taste thresholds than other stimuli, thus, 

suggesting electrostatic interactions between positively charged alkaloids and negatively 

charged receptor cites or surrounding areas (Kurihara and others 1994).  Thus, the 
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electrostatic interaction between a negative charge at or near the receptor sites for bitter 

substances and positive charges on the bitter tastants contribute to binding of bitter 

substances to the receptor sites.  For neutral substances, only hydrophobic interactions at the 

receptor contribute to bitter taste perception and a greater amount of stimuli is required for 

the response to occur, compared to when both, hydrophobic and electrostatic interactions 

occur at the receptors.  For instance, the concentration of caffeine used to stimulate bitter 

receptors was 20 mM or 10 mM whereas quinine hydrochloride required 0.1 mM or 0.2 mM 

to stimulate a bitter response (Kurihara and others 1994). 

Previously, certain chemically charged and space-filling features were applied to 

determine whether a substance tastes sweet, bitter or tasteless.  Many taste researchers use a 

model similar to the Shallenberger-Acree-Kier sweetness model (sweet molecules bind to the 

AH (an electrophile), B (a nucleophile) and X (a hydrophobic group) binding site) to explain 

bitterness (Tamura and others 1990a,b; Ishibashi and others 1988) (Figure 4).  Past studies 

performed via alteration of peptide sequences and tasting demonstrated that a bitter and a 

sweet compound bound to the same receptor in a competitive manner.  The chemical 

structure of peptides is important to the bitter taste intensity and perception.  In a model, the 

AH (electrophilic) species bind to the receptor site via an amino or hydrophobic group.  

Binding of a hydrophobic region (X) in the compounds did not directly correlate with bitter 

taste but potentiated it and was the minimum requirement for bitterness to occur (Shinoda 

and others 1987).  Only AH and X were required in the simple model for bitter receptors 

while the third receptor site (Bô) must be free in order to produce bitterness.  Ishibashi and 

others (1988) postulated that the binding of a hydrophobic region was the primary bitter 



 

22 

 

determinant site, known as a binding unit (BU) and required bulky hydrophobic group amino 

acid residues composed of at least a 3-carbon side chain or imino ring of a proline residue 

(Figure 4).  The electrophilic AH region was proposed to be the secondary determinant site 

known as the stimulating unit (SU), and required a bulky basic group including Ŭ-amino 

group or a hydrophobic group.  The bitter intensity was determined by both, the BU and SU 

and the distance between both units, which was proposed to be 4.1 Å.  Further, the steric 

conformation of the peptide was involved in the binding of the 2 units and the optimum 

molecular diameter (15 Å) required to fit the receptor complex to produce bitterness (Tamura 

and others1990b).  Similarly, a different research group demonstrated that a monopolar 

electrophile with a hydrophobic substituent was a sufficient condition for bitterness 

(Schiffman and others1994a,b).  Bitter taste was favorable when the compound was 

hydrophobic; strong correlations were observed between bitter threshold values and the Log 

k (octanal, water) partition coefficients (Schiffman and others 1994 a,b).   

No other simplified models that tried to predict bitter taste peptide and taste receptor 

interactions were found in the literature, although at present, greater information is known 

about specific bitter peptide binding sites within the taste receptor cell.  Various evidences of 

bitter taste peptides supported the postulated model.  Kim and others (2008) reported that the 

presence of hydrophobic amino acids within a peptide is required for bitter taste, although 

they did not report that hydrophobicity was the predominant binding site.  Upadhyaya and 

others (2010) demonstrated hydrogen bonding between amino acids and taste binding pocket 

with Asn or Glu amino acid.  This supports the interaction between the SU in the model. 
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Figure 4. Peptide bitter taste receptor model (from Maehashi and Huang 2009) proposed by 

Ishibashi and others (1988) and Tamura and others (1990b).  Bitter peptides have to be 

approximately 15 Å to fit the proposed bitter taste receptor pockets.  Peptides possess 2 bitter 

determinant sites, the binding unit (BU) consists of bulky hydrophobic group and the 

stimulating unit (SU) consists of basic group (Ŭ-amino group or hydrophobic group).  BU is 

the primary site that determines the bitterness of the compound while SU is a secondary site 

that contributes to bitter taste.  Intensity of bitter taste depends on the distance between BU 

and SU, with maximum intensity occurred when the distance between them were 4.1Å.  

Once in contact, the bitter receptor detects the hydrophobicity of the peptide by the 

hydrophobicity recognizing zone (H) located on the wall of the pocket and stimulates bitter 

taste. 

 

4. Bitter Taste Receptor for Peptides 

Peptide fractions from casein hydrolyzed by trypsin were reported to stimulate T2R1, 

T2R4, T2R14, and T2R16 (Maehashi and others 2008).  Although the peptides that were 

structurally different from each other (due to different primary structures), they could 

stimulate all four receptors, with hT2R1 to a greater extent.  This experiment showed that 

peptides were perceived by the bitter receptors T2Rs subfamily in the same way as other 

bitter compounds.  Three synthetic peptides including Gly-Leu and Gly-Phe which were 

known to be bitter, and Gly-Gly which is a non-bitter peptide, were used for further 

investigation of the stimulation of T2Rs receptor cells.  Gly-Gly, lacking hydrophobic amino 
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acids, did not stimulate any T2Rs.  T2R4, T2R14 and T2R16 were greatly activated by 

specific ligands denatonium, picrotin, and salicin, respectively, confirming that structure of 

the ligands plays important roles in generating bitter perception by stimulating various bitter 

receptors.  This also supports the theory that multiple tastants can activate a single taste 

receptor.  Gly-Leu and Gly-Phe stimulated T2R1 most strongly while there were little to no 

response in other receptors T2R4, T2R14, and T2R16.  Thus, it is likely that other bitter 

peptides in the peptide chain stimulated these receptor cells.  When stimulation of T2R1 by 

the 2 bitter peptides as well as other bitter compounds denotonium, picrotin, salicin, and 

caffeine were tested, the peptides activated these receptor cells to a greater extent than other 

compounds.  This implicates that T2R1 can be a receptor for bitter peptides.    

   Recently, Upadhyaya and others (2010) conducted a study on T2R1, the bitter taste 

receptor known to be activated by peptides.  They synthesized T2R1 using bovine rhodopsin 

which had a closely related peptide sequence.  The synthetic T2R1 was activated with 

multiple peptides (di and tri-peptides) derived from food proteins and a later docking 

experiment was performed in order to elucidate the binding site (s) of a particular receptor.  

The ligands that activated T2R1 were classified into 2 groups based on their potency EC50 

value (the concentration of a compound required to induce the response 50% of the 

maximum).  The first group was comprised of high potent EC50 values for T2R1 in µM range 

while the second group was comprised of medium potency and had EC50 value for T2R1 in 

mM ranges.  EC50 value is calculated based on the intracellular calcium changes as a tastant 

interacts with the synthetic taste receptor, calculated by nonlinear regression analysis. The 

first group included the bitter peptide Phe-Phe-Phe and a bitter taste synthetic compound 
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dextromethorphan.  Phe-Phe-Phe is highly hydrophobic and consistent with previous works 

and knowledge on bitter tasting peptides that hydrophobicity is required for bitter taste 

binding.  The second group included some di-peptides (Gly-Phe, Phe-Leu, Iso-Phe) and 

tripeptides (Gly-Leu-Leu, Leu-Arg-Pro, Iso-Glu-Trp).  In this study, tri-peptides were found 

to be more potent than the di-peptides in activating T2R1 and the author attributed that 

finding to increases in the number of amino acids increased bitter taste intensity.  Docking 

experiments revealed that a ligand binding pocket was located close to the extracellular 

surface of T2R1, with TM1, TM2, TM3, and TM7 and residues from EL-1 and EL2 

contributed to ligand binding.  They also demonstrated that different ligands bound in 

different orientation but was bound within the same binding pocket.  No major differences in 

binding pattern between the high potency and low potency bitter tastants were observed.  

Important amino acids on the T2R1 taste receptor found to be important to ligand binding 

were Asn 66 on TM2 (H-bond with all the ligands), and Asn89, Asn 163, Glu 90 and Glu 74 

were also important (Upadhyaya and others 2010). 

 Ueno and others (2011) reported 2 other receptors T2R8 and T2R39 activated by 

peptides.  Human embryonic kidney 293T (HEK293T) cells that were expressing T2R8, 

T2R39, and other 23 T2Rs were used to conduct a cell-based bitter assay and similarly the 

response was recorded by using calcium imaging analysis.  Bitter taste tetrapeptide (Phe-Phe-

Pro-Arg) was tested and stimulated both T2Rs (T2R8 and T2R39) but not T2R1 and other 22 

T2Rs tested.  This suggests that not all peptides activate T2R1, the known bitter taste 

receptor for peptides.  The response to the T2R8 and T2R39 was dose dependent with EC50 

values in the mM range which were reported by Upadhayaya and others (2010) to be medium 
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potency bitter group.  Further investigation of mono, di- and tri-peptides from this 

tetrapeptide mixture, Ueno and others (2011) reported that only Pro-Arg dipeptide activated 

T2R39, but not T2R8 suggesting that these bitter taste receptors were compound specific and 

that hydrophobicity of the compounds, conformation of the compounds, and amino acid 

length played an important part in receptor activation. 

 

D. Nutritional and functional properties , and bitter taste of WPH 

The nutritional and functional properties of WPH are the major advantage for their 

usage in food products.   Factors that affect enzymatic hydrolysis of protein are the enzyme 

specificity, extent of protein denaturation, substrate and enzyme concentration, pH, ionic 

strength, temperature, and absence or presence of inhibitory substances (Panyam and Kilara 

1996).  These factors contribute to the functional and nutritional properties, and bitter taste 

intensity of WPH as well as the peptide chains produced, the degree of hydrolysis, exposure 

of hydrophobic groups, and increased number of ionic groups (Panyam and Kilara 1996). 

1) Nutritional Properties of Whey Protein Hydrolysate 

Many studies have demonstrated health benefits of hydrolyzed whey protein or its protein 

fractions.  Some bioactivities exerted include anti-cardiovascular disease activities, ion 

binding, antioxidant activities, immunomodulatory effects, satiety effects, anti-allergenicity 

and glycogen uptake in muscles (Otte and others 2007; Ahn and others 2009; Nilsson and 

others 2004; Morifuji and others 2010; Boza and others 2000; Meisel and FitzGerald 2000 

Rui, 2009; Kim and others 2007a; Cheison and others 2007; Hernandez-Ledesma and others 

2007; Pena-Ramos and others 2004; Mercier and others 2004).  Hydrolysates that are used 
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for nutritional purposes often contain a high degree of hydrolysis meaning a greater amount 

of small peptides, with no peptides greater than 5 kDa and approximately 90 % <0.5 kDa 

(Panyam and Kilara 1996).  The hydrophobic and aromatic residues at specific positions are 

often shown to impart bioactivities.  Some of the sources of peptides from whey protein 

fractions with health benefits that have been reported are shown in Table 1.    

a. ACE Inhibitory Effect 

WPH that exhibit angiotensin I-converting enzyme (ACE) inhibitory activities, which 

reduce blood pressure and lower the risk for cardiovascular diseases, typically have masses 

below 0.3 kDa (Otte and others 2007; Ahn and others 2009; LoPez 2006). ACE is a 

dipeptide-liberating exopeptidase and plays a role in increasing blood pressure by activation 

of the vasoconstrictor octopeptide angiotensin II and inactivation of the vasodilating 

nonapeptide bradykinin.  Peptides that exhibit ACE inhibitory activities generally have the 

C-terminal amino acids made out of either hydrophobic or aromatic residues.  WPH with a 

hydrophilic residue at the C-terminal, although less frequent, exhibit lower ACE inhibitory 

activity compared to sequences with hydrophobic residues at the C-terminal (Otte and others 

2007; Ahn and others 2009).  Ahn and others (2009) reported that peptides with ACE had 

pentapeptides positioned with Ala at the N-terminal and had mostly hydrophobic (Pro, Val, 

and Leu) or aromatic (Phe) amino acids at the C-terminal (Table 1).  Starter cultures also 

played a role in liberating ACE inhibitory peptides from whey protein (Ahn and others 

2009). 
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b. Opioid agonistic and antagonistic activities 

Peptides that are opioid agonists and antagonists have affinity for opioid receptors.  

Opioid receptors in the gastrointestinal (GI) tract are peripheral nerves that regulate functions 

in the GI tract such as motility, water secretion or absorption.   Peptides that have affinity for 

opioid receptor could prolong gastro intestinal transit time, have anti-diarrheal properties 

(Daniel and others 1990), aid peptide transportation in small intestine (Brandsch and 

others1994), and may impact postprandial (post-meal) metabolism by stimulating secretion 

of insulin and somatostatin (Schusdziarra 1983).  The binding site of opioid receptors 

requires specific amino acid residues in the peptide chain for binding.  Common peptides that 

fit those receptors for opioid receptors are the presence of a tyrosine residue at the N terminal 

and the presence of another aromatic residue in the third or fourth position (Meisel and 

FitzGerald 2000).  A proline residue present in the second position was demonstrated to be 

crucial in maintaining proper orientation of the Tyr and Phe side chains (Mierke and others 

1990).  Some whey protein-derived peptides with opioid receptor agonists are Ŭ-lactorphin 

and Ŭ-Lactorphin fractions from Ŭ-lactalbumin strands (Antila and others 1991) (Table 1).  

Another opioid receptor agonist peptide was an isolated peptide fragment from serum 

albumin (Tani and others 1994) (Table 1). 

c. Mineral binding properties 

WPH exhibits ion binding activities which impact calcium and iron binding  (Rui 

2009, Kim and others 2007a).  The molecular weight at which physiological activity is 

evident is below 3.4 kDa (Rui 2009; Kim and others 2007a).  Amino acid sequences and 

enzyme specificities were reported to impact the ion binding activities (Kim and others 
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2007a).  Absorption of calcium can prevent bone disorders and can be applied in the 

treatment of osteoporosis or used as food additives to enhance calcium absorption.  Iron 

binding capacity can benefit in prevention of anemia (Kim and others 2007a; Kim and others 

2007b).  The tryptic hydrolysate fractions that have calcium binding abilities are between 

1.4-3.4 kDa (Rui, 2009; (Kim and Lim 2004).  P, L and K were the major amino acid 

residues that bind to calcium binding-sites (Table 1).  For iron binding activity, iron 

solubility in WPC hydrolysates ranged from 81-90 % and was greater than with WPC (Kim 

and others 2007a).  Alcalase® derived WPH had the highest iron solubility (95%) followed 

by trypsin (90%), papain (87%) and Flavourzyme (81%) (Kim and others 2007a).  The most 

abundant residues with iron binding capacity were A (18.38%), K (17.97%) and F (16.58%) 

(Kim and others 2007a).  Amino acids (except for Tyr) can form complexes with iron 

through carboxyl oxygen, whereas K, R, and H may be involved in iron ligand binding 

(Chaud and others 2002; Kim and others 2007b).   

d. Antioxidant activities  

Hydrolyzed whey protein had greater antioxidant activity compared to intact whey 

protein isolate (WPI) (Cheison and others 2007).  Hydrophobic and aromatic amino acid 

residues play an important role in antioxidant activity (Hernandez-Ledesma and others 2007; 

Pena-Ramos and others 2004) (Table 1).  Antioxidant activity was attributed to the structural 

conformation of peptides which have been demonstrated to improve hydrogen donor capacity 

of the amino acid residue (Hernandez-Ledesma and others 2007).  Specific peptide size also 

dictates anti-oxidant capacity, with peptides with smaller molecular weight (1.5-3.5 kDa) 

exhibiting higher anti-oxidant activity, and peptides with the highest anti-oxidant activity 
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being as low as 750 Da (Pena-Ramos and others 2004).  Recently, Salami and others (2010) 

studied camel and bovine whey proteins and reported different antioxidant activities between 

the WPH of bovine and camel.  Pena-Ramos and Xiong (2001, 2002) also reported that 

peptides derived from soy protein isolate (SPI) were more effective in decreasing the 

formation of thiobarbituric acid-reactive substances in a liposome model systems compared 

to whey protein isolate (WPI), suggesting that SPI had higher antioxidant activity.   

e. Immunomodulatory activities 

In WPH hydrolyzed by a trypsin and chymosin mixture (<5 kDa), there was a 

stimulation in the in vitro proliferation of murine spleen lymphocytes suggesting 

immunomodulatory effects (Mercier and others 2004).  Unhydrolyzed whey protein had 

greater activity compared to those subjected to hydrolysis.  The release of bioactive peptides 

in intact whey proteins can occur in the gastrointestinal tract.  Differences in bioactivities 

were observed among different peptides and suggest that specific peptides were required for 

such activity.  Another study demonstrated that WPH hydrolyzed with pancreatic enzyme 

impacted the immune system in mouse spleen by supplying more antibody to T-cell-

dependent antigen (Bounous and Kongshavn 1982).  A hypo-allergenic effect was observed 

in whey protein concentrate hydrolyzed by Corolase 7092 in vitro with human IgE and in 

vivo with a mouse (Beresteijn and others 1994).  WPH between 3-5 kDa elicited 

immunogenicity and hypo-allerginicity properties (Beresteijn and others 1994).  These 

peptide sequences were not identified, thus, the residues were unknown.  
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f. Muscle glycogen recovery  

Whey protein hydrolysate is often used in sports and nutrition products due to its 

impact on skeletal muscle carbohydrate metabolism.  Glycogen storage is important to 

muscles during exercise and depletion of glycogen leads to muscle fatigue and loss of 

endurance.  Insulin is a major hormone that stimulates glucose uptake in skeletal tissue by 

stimulation of glycogen synthesis (Klip and others 1993).  Nilsson and others (2004) reported 

that the stimulation of plasma insulin increased after ingestion of whey protein compared to 

other dairy protein sources (cheese, milk).  Further, studies showed that feeding whey protein 

increased glycogen content in liver and skeletal muscles in exercise- trained rats (Morifuji 

and others 2005a,b; Morifuji and others 2010).  Whey protein contains high amounts of 

branched chain amino acid (BCAA)-containing bioactive peptides which have been reported 

to activate skeletal muscle glucose uptake (especially Leu) (Armstrong and others 2001, 

Morifuji  and others 2009).  Ingestion of WPH increased glycogen levels in post-exercise rats 

more than casein hydrolysate or amino-acid based diets (Morifuji and others 2010, Boza and 

others 2000), suggesting that other factors played a role in the increase in muscle glycogen 

levels.  The pathway for the increase in muscle glycogen could be related to phosphorylated 

protein kinase B (Akt/PKB) and protein kinase C zeta (PKCɕ), key enzymes that regulate 

glucose uptake (Morifuji and others 2010), or the stimulation of Akt/PKB and PKC may not 

be necessary to mediate glucose uptake (Peyrollier and others 2000; Greiw and others 2001).  

2) Functionality Properties of Whey Protein Hydrolysate 

The functional properties of whey protein hydrolysates (WPH) include, but are not 

limited to: solubility, interfacial properties (emulsification and foaming), and gelation 
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properties (Turgeon and others 1992; Gauthier and others 1993; Singh and Dalgleigh, 1998).  

Physical parameters of the solutions impact the functionality properties of protein and thus 

impact the functionality properties of hydrolysates.  Moreover, for protein hydrolysates, other 

factors such as degree of hydrolysis, molecular weight profiles, enzyme selections and 

hydrolysis conditions also influence functional properties.  Hydrolysates that are intended for 

functional purposes are hydrolyzed to a lesser extent compared to hydrolysates intended for 

nutritional purposes (Panyam and Kilara 1996). 

a. Solubility 

Solubility is important to protein functions.  If protein is not soluble, different 

intended functional properties i.e. interfacial properties or gelation may not be achieved as 

proteins must be solubilized.  Solubility of proteins increase when WPC is hydrolyzed 

compared to the intact WPC (Turgeon and others 1992, Severin and Xia 2006). At pH closer 

to pI (pH 4.0-5.0), solubility improved with hydrolyzed WPC 80 and as the DH increased (5-

20%), solubility increased (Severin and Xia 2006).  The results also showed that changes in 

solubility were small at 5-10% DH and became more noticeable at 15-20 % DH.  The 

increased solubility was due to smaller molecular size peptides obtained via increased DH 

(Ziajka and others 2004; Panyam and Kilara 1996).  Small molecular size peptides have more 

abundant exposed amino and carboxyl ionizable groups and free amino and carboxyl groups 

which allow for interaction of peptides with the solvent and increase solubility (Ziajka and 

others 2004; Severin and Xia 2006).  Enzyme specificity also impacts solubility, with tryptic 

hydrolysates more soluble than peptic hydrolysates (Ziajka and others 2004), and Alcalase®  

hydrolysate more soluble compared to Protemax hydrolysate (Severin and Xia 2006).  Both 
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Alcalase® and Protemax are endopeptidases with a broad specificity to hydrophobic amino 

acids.  Different enzymatic treatments lead to different MW distributions and different 

solubility profiles.    

b. Interfacial Properties 

i. Emulsifying Capacity  

Emulsifying properties of WPH varied with specific enzymes as well as other 

physical factors (salts, pH).  WPH had greater emulsifying properties compared to native 

whey protein at pH 7 and 9, and lower emulsifying capacity (EC) at acidic pH compared to 

native whey protein which is closer to the isoelectric point of many peptides (Turgeon and 

others 1992).  However, ultrafiltration of WPH resulted in ̀protein solutions with peptide 

fractions that had improved EC in acidic conditions and were superior to unhydrolyzed WPC.  

Fractions ɓ-lg f(21-40) and f(41-60) were isolated and were shown to improve emulsifying 

properties of tryptic WPH.  Fraction 41-60 possessed a periodic distribution of polar and 

hydrophobic residues which are required for emulsification (Turgeon and others 1992a; 

Panyam and Kilara 1996).  Turgeon and others (1992) also reported that chymotryptic 

hydrolysis resulted in fractions with lower EC compared to tryptic fractions in the acidic pH 

range.  They attributed the finding to the high proportion of small-size digestion product of 

peptides when hydrolyzed with chymosin compared to trypsin.   Tryptic peptides, on the 

other hand, have internal hydrophobic residues which enhance interaction with oil.  Singh 

and Dalgleigh (1998) reported better EC in WPH compared to WPC.  Emulsion activity 

increased with increased protein surface hydrophobicity and decreased ionic strength 

(Klemaszewki and others1992).  Ionic strength and pH had more influence on EC of peptide 
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fractions than WPC.  EC of peptide fractions with presence of salts were superior to EC 

measured in water at pH 3, 4, 5 and 9, and inferior at pH 7 (Turgeon and others 1992).  

Hydrolysates consist of smaller peptides compared to native proteins, thus, the extent of 

secondary structure and protein folding is smaller and limited and allows for exposure of 

surface hydrophobicity, i.e. not buried within the secondary or tertiary structure (Panyam and 

Kilara 1996).    Cheison and others (2007) reported highly hydrophobic peptides fractions 

possessed greater surface activity compared to the other fractions tested. The reduction in 

surface tension occurs when protein molecules diffuse, adsorb at the interface, unfold, and 

rearrange around the surface of the droplets (Tornberg 1978).   

Other factors such as the degree of hydrolysis and concentration of hydrolysates used 

to make the emulsion impact emulsion capacity (EC) of WPH (Singh and Dalgleigh 1998).  

The mean length of the peptides in the hydrolysates that were most effective in EC was about 

5 amino acids.  WPH with degree of hydrolysis 8 and 20 % produced emulsions with smaller 

diameter compared to higher DH (45%).  Longer peptide chains (at DH <20%) may be 

sufficient to cover the interface completely and they provide more stable emulsions than 

short peptides at higher DH (DH >20%) (Singh and Dalgleigh 1998; Severin and Xia 2006).  

Severin and Xia (2006) reported a better EC for WPH hydrolyzed with Alcalase® at 5% and 

WPC 80 (unhydrolyzed) compared to other WPHs, and the EC gradually decreased as the 

DH increased from 10 to 20%.  When using Protamex enzyme, the EC gradually decreased 

when the DH increased from 5 to 20%.  It was postulated that the number of proteins/peptide 

available at the oil-water interface was larger in WPC 80 and Alcalase® at 5% DH compared 

to other hydrolysates thus resulting in increased EC.  
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ii. Foaming  

Hydrolysates were reported to impact foaming properties (Davis and others 2005; 

Severin and Xia 2006).  Foam formation is influenced by the ability of the foaming agent to 

diffuse and adsorb at the interface.  Hydrolysates had greater capability to lower the 

interfacial tension and allow for rapid adsorption at air/water interfaces compared to 

unhydrolyzed whey proteins and, thus, improved foam formation.  Similar to other 

properties, enzyme specificity plays an important role in foam formation of whey protein 

hydrolysate (van der Ven and others 2002).  Greater improvement of foam yield stress was 

observed in AlcalaseÈ and pepsin hydrolyzed ɓ-lg compared to trypsin hydrolysis (Davis 

and others 2005).  The molecular weight of the peptides, 3-5 kDa, was reported to be most 

strongly related to foam formation (van der Ven and others 2002).  However, foam stability 

may decrease when hydrolysates are used as foam forming agents (Severin and Xia 2006).  

Severin and Xia (2006) reported WPH with 5% DH (hydrolyzed by Alcalase®) produced 

more foam with lower stability than WPC 80.  The system may be disturbed by protein-

protein interactions or increases in charge density which increases electrostatic repulsion 

(Zhu and Damodaran 1994).  Severin and Xia (2006) also reported WPH generated by 

Alcalase® had decreased foaming capacity (FC) at 10% DH, and at 15-20% DH, they did not 

form foams at all.  They also reported hydrolysates with a different enzyme (Protemax) also 

had low FC for all DHs (5-20%).  They attributed this to the small peptides which lost the 

capacity to interact with both aqueous and noneaqueous phases, and that the excessive 

increase of net charges reduced the protein-protein interactions, preventing elastic film 

formation at the air-water interface.   
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Similar to emulsification, properties that are required for stable foam systems are: 

diffusion of proteins/peptides to the air/water interface, amphipathicity for interfacial 

interactions, unfolding of proteins/peptides at the interface, disposition of charged and polar 

groups to prevent the close approach of air bubbles, and steric effects (German and Phillips 

1994).  Other factors such as heat may enhance aggregation in the bulk phase for pepsin and 

Alacase hydrolysates and result in decreased stability.  This was due to limited adsorption at 

the air/water interface, possibly due to the formation of disulfide linked aggregates at high 

temperature (Davis and others 2005).   

c. Gelation properties 

Hydrolysis affects gelation properties of proteins (Doucet and others 2001, Severin 

and Xia, 2006).  Gelation was affected by different protein concentrations, % DH, and 

enzymes used to hydrolyze the native WPC 80.  Severin and Xia (2006) reported gel 

formation occurred for WPH with DH between 5-15%, at different protein concentrations for 

different enzymes (Protamex and Alcalase®) and reported that WPH at 20% DH did not 

form gels at all within the range of 2-20 % protein concentration.  On the other hand, Doucet 

and others (2001) observed a dramatic increase in turbidity and viscosity in Alcalase® 

hydrolysates at 20 % protein concentration after a critical point at DH 18 % and a gel was 

formed.  At that point, small amount of ɓ-lg and Ŭ-la remained in the hydrolysate suggesting 

that native proteins did not play a major role in the gelation process in enzymatic induced 

gels.  With a similar gelation mechanism compared to heat-induced WPI gels, enzyme 

induced gelation also required the formation of aggregates before gelation took place.  They 

suggested that the enzyme induced gels could be considered as strong physical gels like heat 
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induced gels, since they showed the same strain dependency as the heat-induced gels.  Otte 

and others (1996) reported that Bacillus licheniformis (BLP) induced gelation in WPI.  ɓ-lg 

was demonstrated to play a critical role in gelation of WPI with aggregates consisting of 

intermediate size (2-6kDa) peptides held together by non-covalent bonds (Otte and 

others1997).  Further, WPH also enhanced the gelation of unhydrolyzed WPI (Creusot and 

Gruppen 2007).  Gelation of BLP hydrolysates was observed in the protein-peptide mixtures, 

when WPI alone did not form gels (Creusot and Gruppen 2007).  Increased temperature and 

ionic strength led to increased amounts of protein-peptide interactions, forming more stable 

aggregates (Creusot and Gruppen 2007).  Hydrophobic interactions which formed at 

increased temperature and decreased electrostatic repulsion were hypothesized to play a role 

in protein-peptide aggregation (Creusot and Gruppen 2007).   Three peptides fractions 

involved in the aggregates were identified, two of them originated from ɓ-lg f(90-108), 

2335.2 Da; ɓ-lg f(1-45), 4895.6 Da, and another originated from Ŭ-la: f(50-113), 7403.5 Da.  

Fractions (1-45) and (90-109) were hydrophobic in nature, and f(50-113) from Ŭ-la was 

rather large (about 50 % mass of its intact parent chain) and was previously found as the 

primary aggregating peptide of hydrolyzed Ŭ-la (Otte and others 2007).   

One of the benefits of proteins is its function properties in food products.  The ability 

to form a gel, emulsify or foam forming capacity creates different texture to foods.  When 

controlled, the texture achieved may allow for creation of unique and desired food products.  

However, when not controlled, defects can occur in both the end product as well as 

production (i.e. gelation occurring during processing).  Depending on the conditions (both 

physical and chemical), WPH could enhance some of these functional properties which may 
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or may not be achieved with native whey proteins.  Thus, providing optimal conditions for 

the food protein matrix may allow food product developers to achieve optimal functional 

properties in food products.   

3. Bitter Taste of Whey Protein Hydrolysate 

 Bitter taste of milk protein peptides has been widely documented (Singh and others 

2005; Pedrosa and others 2006; Beresteijn and others 1994; Leksrisompong and others 

2010).  However, studies related to the bitter taste of WPH peptide fractions are limited.  

Spellman and others (2009) studied the WPH percent peptide materials hydrolyzed by 

different enzymes and their impact on bitter taste intensity.  Hydrolyzed WPC 80 by 

Alacase® enzyme possessed a much lower percentage of peptide material > 10 kDa (14.0 %) 

and was documented to have higher bitter taste intensity compared to Prolyve (18.7 %) and 

Corolase 7089 (33.3 %) WPH (Spellman and others 2009).  The percent total solids in 

hydrolyzed whey proteins also impact the degree of hydrolysis, and thus, bitter taste 

(Spellman and others 2005).  Higher TS had greater amounts of >10 kDa peptide material 

and lower amounts of <0.5 kDa which resulted in lower bitter taste compared to low TS.   

In whey protein hydrolysate, chymotrypsin contributed to greater bitterness than 

trypsin, followed by pepsin (Ziajka and Dzwolak 1999).  Chymostrypsin hydrolyzes bonds 

that involve bulky hydrophobic amino acids Phe, Trp, and Tyr and resulted in terminal 

hydrophobic amino acid residues that were reported to be bitter.  Alcalase® (a Bacillus 

licheniformis proteinase) hydrolyzed WPH were more bitter than Corolase 7089 (a Bacillus 

licheniformis proteinase) WPH and Prolyve (a Bacillus licheniformis proteinase) WPH due to 

the generation of a bitter ɓ-lg peptide fraction Val
43

-Leu
57 

(VEELKPTPEGDLEIL) (1681 
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Da), that contained 2 Pro residues in the central position and 2 hydrophobic residues at the C-

terminus (Ile and Leu) (Spellman and others 2009). Chymotrypsin contributed to greater 

bitterness in WPH than trypsin, followed by pepsin (Ziajka and Dzwolak 1999).  The degree 

of hydrolysis (DH) also plays an important role in predicting bitter taste, a higher percentage 

of low molecular weight peptide materials may contribute to higher bitter taste intensity.  

Increase in DH was reported to form peptides with high bitter intensity in both WPC 80 and 

Casein (Ziajka and Dzwolak 1999).  The initial amino acid composition and primary 

structure of the protein substrate impacts bitter taste intensity of a peptide.  All casein 

hydrolysates were more bitter than WPC 80 hydrolysates (Ziajka and Dzwolak 1999).  

Casein has a Q value of 1450 Kcal/mol whereas WPH has Q value at around 1225 Kcal/mol 

indicating that casein is more hydrophobic (Roy 1997).  Moreover, casein tends to release 

hydrophobic peptides more readily than WPH (Ziajka and Dzwolak 1999).  Specificity of the 

proteolytic enzyme used to generate the hydrolysate also impact bitter taste of peptides such 

that the products generated by different enzymes differ in degree of hydrolysis (DH), 

cleavage sites, peptide sequences, and peptide length (Spellman and others 2009; Ziajka and 

Dzwolak, 1999). 

Bitter taste is usually an undesirable attribute in many food products.  If not 

controlled, bitter taste of WPH could prevent its usage as an ingredient in food products.  To 

acquire better understanding of bitter taste peptides and eventually how it may be suppressed 

or inhibited, an understanding of how it is perceived by taste receptors and transduction 

pathways are crucial.    
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E. Reduction of bitter taste 

1. Alteration of peptides to reduce bitter taste  

 Many methods can be applied to hydrolyzed proteins to reduce bitter taste.  However, 

limited studies were performed to reduce the inherent bitter taste of WPH (Cheison and 

others 2007, Ziajka and others 2004).  It is common that removal of hydrophobic peptides, 

selection of enzymes for hydrolysis, or altering processing methods could be performed to 

reduce bitter taste in protein hydrolysates (Komai and others 2007; Roy 1997).  However, the 

majority of amino acids that are essential and contribute to bioactive properties are 

hydrophobic and/or aromatic amino acids are also sources of bitter taste.  Removing those 

hydrophobic or aromatic side chains may compromise the bioactive properties (Morato and 

others 2000).  Some of the processes used to alter peptides to reduce bitter taste are shown in 

Table 3. 

 Selection of endoproteases, exopeptidases, and/or reaction conditions could decrease 

the extent of bitterness of a peptide (Roy 1997; Ziajka and others 2004) (Table 3).  The use 

of exopeptidase allow for debittering of peptides by removing single or pairs of amino acids 

from the peptide chain terminal: carboxypeptidase acts on the C-terminal and 

aminopeptidases act on the N-terminal (Roy 1997; Komai and others 2007; Umetsu and 

others 1983).  The presence of prolyl dipeptidyl aminopeptidase which acts on proline 

residues, amino acids that affect the steric conformation of peptides (Ishibashi and 

others,1988; Mierke and others 1990; Shinoda and others 1987), also result in alteration of 

bitter taste.  Komai and others (2007) reported different effectiveness with different peptides 

(i.e. more effective for soy peptides and not as effective in casein or corn gluten).  Following 
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long incubation times of 15 hours, hydrophobic amino acids were liberated and the bitterness 

of soy peptides was completely eliminated.  Komai and others (2007) demonstrated that as 

the incubation time increased, the amount of liberated Leu, Phe, Tyr, and Glu increased.  

There are some limitations with using exopeptidases such that significant amounts of free 

primary hydrophobic amino acids in the hydrolysates, may adversely affect taste quality 

(Komai and others 2007; Fujimaki and others 1970).  Some serine carboxypeptidases have 

similar ability to eliminate bitterness of bitter peptides by cleaving bulky hydrophobic amino 

acids at C-terminus.  Umetsu and others (1983) showed that wheat carboxypeptidase had an 

ability to eliminate bitter taste in milk casein by releasing hydrophobic amino acids from 

bitter peptides.  Selection of endoprotease had been demonstrated to affect the bitter taste 

intensity of whey protein hydrolysate (Ziajka and others 2004).  Whey protein concentrate 

(10.3 % total nitrogen) was hydrolyzed with trypsin and pepsin enzymes for 0.5, 1.0, 3.0, and 

6.0 hours.  Peptic hydrolysates were slightly more bitter than tryptic hydrolysates.    The 

degree of hydrolysis for peptic hydrolysates was lower than tryptic hydrolysates in all cases 

suggesting that trypsin has better specificity for WPC.  ɓ-lg is resistant to peptic action 

(Otani 1981, Konrad and others 2005), since most of its cleavage sites are buried in the 

hydrophobic core (Reddy and others 1988; Schmidt and others 1991). 

Membrane technologies can be applied to reduce bitterness of peptides, i.e. by 

peptides and membrane interactions, or utilizing distinct membrane pore size (Cheison and 

others 2007).  Cheison and others (2007) used macroporous adsorption resins (MAR) to 

desalt and debitter whey protein hydrolysate.  The nature of interaction of the resins with the 

hydrolysates is hydrophobic interactions, favorable at high temperature and low pH.  When 
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WPH is adsorbed onto the MAR, salt was rinsed off with deionized water and the retained 

hydrolysates were desorbed using alcohol.  Hydrolysate fractions with different 

hydrophobicity can be generated when the retained hydrolysates were desorbed using 

different alcohol concentrations (Cheison and others 2007).  Fractions obtained are either low 

or high hydrophobicity and % molecular weight peptides.  Usually, those that are desorbed 

with high alcohol concentration contain a high % of low molecular weight (<600 Da) 

peptides and are perceived as more bitter than those with a very low percentage of higher 

molecular weight peptides generated by lower alcohol concentration fractions.  Higher 

molecular weight peptides are less hydrophobic and have weaker hydrophobic interactions as 

the hydrophobic groups may be buried within the chain and their interactions are undefined, 

thus, can be weakened and reversed by lower alcohol concentration (Cheison and others 

2007).  The more hydrophobic fraction (desorbed by high alcohol concentration) contained 

the highest amounts of tryptophan, phenylalanine and tyrosine and showed superior ACE 

inhibition ability compared to lower alcohol concentration desorbed fractions, while all of 

these fractions were significantly better inhibitors of ACE compared to WPH.  Thus, the 

losses of bioactivities were consequences when WPH were debittered by MARS.  

Encapsulation technology could improve the bitter taste of peptides (Barbosa and 

other 2004).  Papain hydrolysates of casein encapsulated in lipospheres accomplished by 

homogenization and freeze drying were reported to be less bitter than free hydrolysates 

(Barbosa and others 2004).  Microencapsulation, also accomplished by homogenization and 

freeze drying, of casein hydrolysate by complex coacervation with soy protein isolate and 

pectin were reported to be less bitter than free hydrolysates (Mendanha and others 2009).  No 
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mechanisms were proposed in this study.  However, another study from the same group 

utilized spray drying technology to encapsulate casein hydrolysate with SPI and pectin and 

also reported the effectiveness of this technology and encapsulation mixtures to reduce bitter 

taste.  They associated their finding with a low rate of dissolution in water which resulted in 

suppression of bitter taste. 

2. Addition of Bitter Inhibitors 

Bitter taste inhibition can occur at peripheral sites (at cellular or epithelial level) or 

the central nervous system.  When two compounds are mixed (i.e. bitter compound and salt 

compound), interactions may occur at the taste receptor cells or at the transduction pathway 

of the other compounds resulting in suppression of perceived intensity of the other 

compound.  This type of suppression or inhibition is called ótaste-taste interactionô and 

occurs at the cellular or epithelial level (peripheral). On the other hand, bitter taste inhibition 

can occur after the taste qualities are processed in the central nervous system.  This type of 

suppression is called ómixture suppressionô which occurs when suppression happens when 

the brain detects the mixture of the taste qualities and alters the perception and intensity of 

each taste quality (i.e. bitter and sweet taste mixture) (Keast and Breslin 2002; Breslin 1996).  

Bitter taste inhibition can be shown on a psychophysical curve between concentration and 

taste intensity (Keast and Breslin 2002; Breslin 1996).  Distinct terminologies have been used 

to describe perceived bitter taste reduction.  The term óbitter taste suppressionô occurred 

when the concentration and taste intensity curve right shifted with no change in slope.  The 

maximum bitter taste intensity reached by a bitter tastant may also be suppressed (Breslin 

1996).  óMasking or inhibitionô of bitter taste occurs when there is a decrease in slope of the 
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intensity and concentration curve when a compound is added to another compound (Keast 

and Breslin 2002). (Figure 5) 

 

 

Figure 5. Bitter taste intensity (Bi. Intensity) and concentration curve for taste suppression, 

enhancement and masking 

Addition of compounds or alteration of the physical properties of matrices could 

suppress or inhibit the bitter taste of bitter products.  Gelatin, starch, gelatinized starch, 

lecithins, chitosan, cyclodextrins, liposomes, surfactants and other polymeric materials aid in 

increased viscosity. Increased viscosity of a product decreased the rate of diffusion of bitter 

substances from the food to the taste buds (Roy 1997).  Moreover, the debittering effect of 

some polysaccharides (Ŭ-cyclodextrin and gelatinized starch) was attributed to preventing the 

interaction of bitter hydrophobic side chains and taste buds by wrapping around the 

hydrophobic amino acid side (Tamura and others 1990a).  A large excess of Ŭ-cyclodextrin 
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(greater than 1.5 equivalent Ŭ-cyclodextrin ) was necessary for the effect to occur.  Food 

matrices such as liquid compared to soft gels as well as amount of fat also impact bitter 

perception (Singh and others 2005).    The threshold of bitter peptide in water was the lowest, 

followed by skim milk and whole milk.  The threshold in cheese was the highest compared to 

water and milk suggesting that fat and matrices contribute to different degree of bitterness 

perceived.    

Bitter taste can be inhibited with addition of compounds such as sweeteners, salts, 

amino acids or nucleotides.  Addition of bitter inhibition compounds are abundantly studied 

in the pharmaceutical field.  These compounds could be applied to inhibit bitter taste of 

hydrolyzed proteins and would be beneficial because additions of these compounds do not 

alter the peptide sequences and thus bioactive properties of hydrolysates remain intact.  The 

majority of the WPH are applied in neutraceutical or health products, thus, these applications 

will be useful to the health food industry.   

F. Conclusion  

Whey protein hydrolysates are dairy derived ingredients that have high functional and 

nutritional properties and are used as value-added ingredients in many food products.  

However, inherent bitter taste, due to various peptide fragments is one of the major 

limitations for its usage.  Processing methods such as filtration, encapsulation, as well as 

other chemical methods such as enzymatic treatments were effective in inhibiting or 

suppressing bitter taste of peptides.  These methods, although effective, may adversely alter 

peptide nutritional properties.  There are limited studies on WPH bitter taste suppression.  

Additional studies are required to understand efficacy of inhibitors on peptide bitterness.    
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H. Tables  

Table 1. Bioactive peptide fragments derived from WPH 

Benefits Characteristics Fragment Peptide Sequence Citation 

ACE-

Inhibitory 

Peptides with 

hydrophobic or aromatic 

residue at C-terminal (P, 

L, V, W); MW below 3.0 

kDa 

b-lg (f104-105) LF 

Chiba and Yoshikawa 

(1986)-from Meisel1998) 

a-la (f50-53) YGLF 

Chiba and Yoshikawa 

(1986)-from Meisel1998) 

a-la (f50-51) YG 

Mullally and others 1996 

(from Meisel 1996) 

Lactorphin 

fraction YLLF  
Belem and others 1998 

b-lg f(102-105)  YLLF 

Mullaly and others 1997 
a-la f(50-53)  YGLF 

b-lg f(146-149) HIRL 

BSA f(208-216)  ALKAWSVAR  

b-lg f(73-77) AEKTK 

Ahn and others 2009 

b-lg f(34-38) AQSAP 

b-lg f(78-82) IPAVF 

b-lg f(37-41) APLRV 

a-la f(106-110) AHKAL  

a-la f(21-26) VSLPEW 

Otte and others 2007 

a-la f(20-26) GVSLPEW 

a-la f(18-26) YGGVSLPEW 

a-la f(15-26) 

LKGYGGVSLPE

W 

a-la(f16-26) KGYGGVSLPEW 

b-lg f(33-42) DAQSAPLRVY Tavares and others 2011 

a-la f(97-104) DKVGINYW Tavares and others 2011 

Opioid 

agonist 

Presence of Y at N 

terminal and the presence 

of another aromatic 

residue (F or Y) in the 

3rd or 4th position.   

BSA f(399-404)   Meisel 1998 

b-lg (f102-105) YLLF 

Chiba and Yoshikawa 

(1986)-from Meisel1998) 

a-lactorphin 

fraction  YGLF Meisel and FitzGerald, 

2000, Antila and others 

1991, Tani and others 

1994 
 a-la fraction YLLF 

 Serum albumin 

fraction  YGFNA 

Immunom

odulatory 

activity 

WPH hydrolyzed by a 

trypsin and chymosin 

mixture.  MW below 5.0 

kDa  (Mercier and others 

2004, Beresteijn and 

others 1994) 

a-la(f18-19) 

 YG 

Meisel 1998 
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Table 1. Bioactive peptide fragments derived from WPH (continued) 

Benefits Characteristics Fragment Peptide Sequence Citation 

Ion binding 

activities 

Calcium: P, L, 

and K residues a-la f(78-83) NISCDK 

Kim and Lim 2004 

  a-la f(41-47) IVQNNDS 

  a-la f(80-87) SCDKFLDD 

  a-la f(95-98) CVDK 

Iron: A, K, F 

residues.  MW 

below 3.0 kDa  n/a  n/a 

Kim and others 2007 

Antioxidant 

activities 

Hydrophobic 

(V, L, A, I, M) 

and aromatic 

(W, Y) and His. 

MW below 3.5 

kDa  n/a  n/a 

Hernandez-Ledesma and 

others 2007; Pena-Ramos 

and others 2004 

Skeletal muscle 

glycogen 

increase, 

nutritional 

recovery 

Branched Chain 

Amino Acids 

(BCAA)-

containing 

peptides (L, I, 

V)   n/a  n/a 

Morifuji and others 2009 

n/a ï not available 
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Table 2. Factors that influence bitter taste of peptides 

Factors Effect Citation 

Hydrophibicity (Q-Rule 

expressed in cal/mol) (Q= 

Ɇȹg/n, ȹg is the transfer free 

energy, and n is the number 

of amino acid residues) 

 Bitter peptides have Q values > 1.4 

cal/mol and non-bitter peptides have Q 

values <1.3 cal/mol 

Ney 1979 

Conformation L-Pro alters peptide conformation by 

folding the peptide skeleton due to the 

imino ring and results in a conformation 

that would fit bitter taste receptor 

Toelstede and Hoffman 2008; 

Ishibashi and others 1988; Kim 

and others 2008 

Initial amino acid 

composition 

Ability to release hydrophobic peptides 

more readily when hydrolyzed 

Ziajka and Dzwolak 1999 

Enzyme selection Proteinase derived hydrolysates (cleaves 

after hydrophobic amino acid residues) 

are more bitter than protease (cleaves 

after charged amino acid residues).  

Chymotrypsin > trypsin> 

pepsin>Alcalase® > Corolase 

7089>Prolyve (>=more bitter) 

FitzGerald and OôCuinn 2006; 

Ziajka and Dzwolak 1999; 

Spellman and others 2009 

Degree of Hydrolysis (DH) High DH > Low DH  Ziajka and Dzwolak 1999 

Total Solids High total solids prior to 

hydrolysis>Low total solids prior to 

hydrolysis 

Spellman and others 2005 

Peptide chain length/MW 8-10 amino acid residues, 1.0kDa or 

below are bitter 

Kim and Li-Chan 2006 
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Table 3. Bitter taste alteration of peptides 

Class/Mechanism Type/compounds Citation 

Enzyme - Cleavage site 

specificity.  Bitterness is 

reaction condition and 

protein dependent.   

Endoproteases: pepsin ï prefers hydrophobic 

amino acids at the C-terminal and produce 

peptides with hydrophobic residue at N-terminal.  

Trypsin, papain, and bromelain prefer Lys and 

Arg, Asp or Glu at C-terminal producing 

hydrophilic peptides at N terminal with different 

degree of bitterness. 

Roy, 1997 

Endopepteases: trypsin and pepsin hydrolysis of 

WPC.  Peptic hydrolysates were more bitter than 

tryptic WPC hydrolysate 

Ziajka and others 2004 

Exopeptidase: carboxypeptidase acts on C- 

terminal and aminopeptidases acts on N-terminal.  

Prolyl dipeptidyl aminopeptidase acts on Pro 

affect the steric conformation of peptides. 

Komai and others 2007; 

Umetsu and others 1983 

Acidic serine Carboxypeptidases (derived from 

squid Todarodes pacificus) acts on hydrophobic 

amino acids at the C-terminus. 

Komai and others 2007 

Serine carboxypeptidases can eliminate bitterness 

of bitter peptides by cleaving bulky hydrophobic 

amino acids at C-terminus 

Komai and others 2007 

Membrane Technology ï 

selection of peptide 

hydrophobicity 

Macroporous adsorption resins (MAR) desalt and 

debitter WPH using different alcohol 

concentration 

Cheison and others 2007 

Encapsulation 

Technology ï Theorized 

that low rate of 

dissolution in water may 

resulted in suppression 

Papain hydrolysates of casein encapsulated in 

lipospheres accomplished by homogenization and 

freeze dried 

Barbosa and others 2004 

Spray drying to encapsulate casein hydrolysate 

with SPI and pectin  

Mendanha and others 

2009 

Fat matrix Size of emulsion and fatty acid composition 

impact bitter taste 

Nakaya and others 2005, 

Gilbertson and others 

1997 

Fat in food matrix impact bitter taste thresholds of 

ɓ-casein fraction Tyr(193)-Val(209) 

 Singh and others 2005 
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ABSTRACT 

Whey protein hydrolysates (WPH) are known for bioactivity and functionality, but 

WPH also have a distinct bitter taste.  Identification of effective bitter taste inhibiting agents 

for WPH would broaden the use of this ingredient.  The objective of this study was to 

evaluate the effectiveness of twenty-four documented bitter taste inhibitors for WPH.  Two 

spray-dried WPH with different levels of hydrolysis (DH) were evaluated with each potential 

inhibitor.  Quinine hydrochloride (Quinine) was presented as a control with each WPH. 

Percent bitter taste inhibition was reported relative to Quinine bitterness. Effective bitter taste 

inhibitors were subsequently evaluated in WPH model beverages with vanilla and chocolate 

flavoring followed by descriptive analysis. The compounds evaluated did not inhibit bitter 

taste of Quinine and the two WPH in a similar manner (p<0.05).  Effective bitter taste 

inhibitors (p<0.05) of both WPH were sucralose, fructose, sucrose, adenosine 5ô 

monophosphate (5ôAMP), adenosine 5ômonophosphate disodium (5ôAMP Na2), sodium 

acetate, monosodium glutamate (MSG) and sodium gluconate.  Sodium chloride inhibited 

bitter taste of WPH with high DH but not WPH with low DH.  Amino acids (L-Lysine, L-

arginine) inhibited bitter taste of Quinine but not WPH.  All effective inhibitors in rehydrated 

WPH were also effective in the beverage applications. Descriptive analysis demonstrated that 

sweeteners (fructose, sucralose and sucrose) enhanced vanilla and chocolate flavors in 

beverages.  Most salts and a nucleotide, while effective for bitter taste inhibition, also 

suppressed vanilla and chocolate flavors and potentiated other flavors (i.e. sour aromatic) and 

basic tastes (salty, sour).  
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Key words: Whey protein hydrolysate, bitter inhibition, protein beverages, bioactive 

peptides 

PRACTICAL APPLICATIONS  

Not all bitter tastants bind to the same bitter taste receptor cells; even within the same class 

of compounds (2 different peptides may activate different receptors).  Thus, effective 

inhibiting compounds for one bitter tastant are not necessarily effective with others.  

Hydrolyzed whey proteins have many bioactive and functional properties and the bitter taste 

associated with them limits their use as ingredients. This study identified effective bitter taste 

inhibitors of whey protein hydrolysate (WPH) with different peptide composition.  This 

study provides insights for effective bitter inhibitors for product applications with WPH. 
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INTRODUCTION  

 Whey protein hydrolysates (WPH) are used as an ingredient in many food 

applications for their bioactive properties and functional properties.  However, usage 

limitations lie in the flavor and bitter taste of WPH (Leksrisompong and others 2010; Pedrosa 

and others 2006; Beresteijn and others 1994).  Leksrisompong and others (2010) 

characterized the flavor of WPH and reported that key sensory attributes in WPH were 

potato/brothy, malty, and animal flavors and bitter taste.  Off flavors and other dried 

ingredient flavors negatively impact consumer acceptability of protein fortified foods such as 

protein bars and beverages (Childs and others 2008; Evans and others 2010).  Thus, it is 

crucial to minimize bitter taste and other flavors contributed by functional or bioactive 

ingredients.     

Bitter taste associated with whey protein hydrolysates and other hydrolyzed proteins 

are caused by generation of smaller peptide chains during the enzymatic hydrolysis processes 

(Maehashi and Huang 2009).  Many parameters impact bitter taste intensity of a peptide, 

from the native protein sequence itself, peptide sequences, to the processing/enzymatic 

treatment steps.  Hydrophobicity also plays a major role in bitter taste (Ney 1979; Ishibashi 

and others 1987a; Ishibashi and others 1988a).  Other parameters such as degree of 

hydrolysis, concentration and location of bitter taste residues, number of carbons on the R 

group of branched chain amino acids, and conformation of amino acids have been associated 

with bitterness of peptides (Ishibashi and others 1987a; Ishibashi and others 1987b; Ishibashi 

and others 1988a,b; Ohyama and others 1988; Shinoda and others 1985; Tamura and others 

1990).  
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Many methods can be applied to hydrolysates to reduce the bitter taste of peptides.  

Removal of hydrophobic peptides, the key determinant of bitter taste, by enzymatic 

hydrolysis (Komai and others 2007) or processing methods reduce bitter taste in protein 

hydrolysates (Ziajka and others 2004; Roy 1997; Cheison and others 2007).  However, the 

majority of amino acids that are essential and contribute to bioactive properties are 

hydrophobic amino acids.  Thus, bioactivity of the hydrolysate may be compromised when 

debittering of peptides is accomplished by the removal of bitter hydrophobic side chains 

(Morato and others 2000).   

Bitter taste inhibitors can be used to effectively reduce bitter taste of many bitter 

compounds (Schiffman and others 2005; Keast and Breslin 2002; Miyanaga and others 2003; 

Ogawa and others 2005).  Bitter inhibition can be achieved peripherally or cognitively.  At 

the peripheral level, bitter taste inhibitor molecules interact with the bitter taste receptor cell, 

T2R, preventing the interaction between the bitter tastant and taste receptor cells and 

reducing the perceived bitter taste.  At the cognitive level, the perceived bitter taste inhibition 

occurs in the central nervous system in the brain.  This occurs via taste-taste interactions 

where different perceived taste qualities and their intensities are altered within the brain (i.e. 

sweet taste and bitter taste).  This type of inhibition is known as ómixture suppressionô.   

Salts, nucleotides, and amino acids efficiently inhibit the bitter taste of many bitter 

pharmaceutical agents peripherally i.e. at the binding site and/or transduction pathway (Keast 

and Breslin 2002; Keast and others 2001; Ming and others 1999; Ogawa and others 2005).  

Sweeteners and volatile compounds can also impact bitter taste cognitively (Keast 2008, 

Miyanaga and others 2003, Mukai and others 2007).  There are no studies, to our knowledge, 
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that have addressed inhibition of bitter taste of whey protein hydrolysates. The objective of 

the study was to evaluate the effect of documented bitter taste inhibitors, both cognitive and 

peripheral inhibitors, on whey protein hydrolysates with 2 different degree of hydrolysis 

levels.  Since bitter taste of Quinine hydrochloride (Quinine) has been abundantly studied, it 

was included in this study as a control for confirmation purposes.     

MATERIALS AND METHODS 

Flavor compounds and other treatments 

 Volatile compounds (vanillin, ethyl vanillin, maltol, ethyl maltol, ɔ-decalactone, ɟ-

decalactone, sclareolide, glycyrrhizic acid, guaiacol, heliotropine) and glycerine were 

donated from Synergy (Wauconda, IL).  Amino acids (L-Arg and L-Lys) and some salts 

(sodium gluconate, sodium chloride, sodium acetate trihydrate, zinc sulfate heptahydrate) 

were acquired from VWR (Suwanee, GA).  Monosodium glutamate (MSG) was acquired 

from B&G Foods Inc. (Roseland, NJ), 5ôAMP and 5ôAMP Na2 were purchased from CBH 

Qingdao Co. LTD (Qingdao, China).  For sweeteners, fructose (Corn Sweet55®) was 

acquired from ADM (Minneapolis, MN), sucralose was acquired from Tate and Lyle 

(Decator, IL) and Stevia Rebaudioside A was acquired from Pure Circle USA (Oak Brook, 

IL). Sucrose was purchased locally. 

Whey protein hydrolysates and Quinine Matrices 

Two commercial whey protein hydrolysates (WPH) with 2 hydrolysis levels, 5 % and 

32 % degree of hydrolysis (DH), were acquired (Leksrisompong and others 2010). Both 

hydrolysates selected had different molecular weight profiles were hydrolyzed with different 

enzyme cocktails and elicited moderately high bitter taste intensity, thus, the impact of 
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treatments on WPH solutions that were composed of amino acids with different terminal 

peptides could be evaluated.  WPH were rehydrated at 10 % solids (w/v) (at protein content 

of 7.5% (+/- 0.2) for WPH 1 and 8.0% (+/-0.9) for WPH 2) with deionized water prior to 

evaluation and/or addition of inhibitor compounds.  This concentration was chosen based on 

the range of concentration appropriate for the sports and nutrition sector and the bitter 

intensity they elicited.  Quinine hydrochloride (Quinine) (VWR, Suwanee, GA) at the 

concentration that elicited the averaged bitter taste intensity of the 2 hydrolysates (Quinine = 

0.029 mM) was used for comparative purposes.  Bitter taste inhibition of Quinine has been 

studied extensively (Keast and Breslin, 2002; Ming and others 1999, Ogawa and others 

2005) and allowed an established point of comparison for bitter taste inhibiting effects on 

whey protein hydrolysates. 

Bitter taste inhibiting agents 

 Volatiles, salts, sweeteners, amino acids and nucleotides were included in this study 

to investigate their efficiency for bitter taste inhibition of the 2 WPH and the Quinine control 

(Table 1).  Volatiles selected were commonly used as flavoring agents in beverages and were 

proposed to inhibit bitter taste by flavor-taste interactions.  The concentrations of these 

volatiles evaluated were at the concentration typically used in beverages.  Salts, amino acids, 

and a nucleotide were selected and compared.  The concentrations used were the same as 

what was reported to inhibit the bitter taste of pharmaceuticals and Quinine in the literature 

(Keast and others 2001, 2004; Ogawa and others 2005).  The concentration within each 

category (volatiles, salts, nucleotides etc.) was made consistent.  For instance, the molarity of 

salt for all salts was the same for comparative purposes.  The concentration of a nucleotide 
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(5ôAMP) was selected to be the same as the concentration of its basic salt included in this 

study.  The concentration of the sweeteners were generated to achieve equal perceived 

intensity to an established sweet 10 intensity referenced on the Spectrum
TM

 descriptive 

analysis scale (10% w/v sucrose in water) (Meilgaard and others 1999).  

Scale generation 

Bitter taste intensity was evaluated on a 0 to 15-point intensity scale generated from 

Quinine.  The Quinine scale was generated using a 15 cm unstructured line scale anchored 

with ónot bitter at allô on the left end and óextremely bitterô on the right end (Lawless and 

Heymann, 2010).   Initially, the Quinine standard solutions were made with the concentration 

used by Keast and others (2003).  After tasting the Quinine standard solutions against the 

WPH bitterness, the concentration of the Quinine bitter taste intensity was selected to cover 

the range of bitter taste intensity of the WPH at the concentration tested for all panelists. 

Eight Quinine solutions ranging from 0.003 mM to 0.07 mM were chosen for scale 

generation.  Trained descriptive panelists (n=11), ages 24-45 y, males (n=2) and females 

(n=9) who were pre-exposed to Quinine solutions in preliminary evaluation sessions 

participated in scale generation.  These panelists were familiar with scaling and detection and 

separation of different basic taste qualities and each had at least 20 h of previous training 

with basic taste identification and scaling.  During scale generation sessions, panelists were 

instructed to evaluate the Quinine solutions in ascending order, use the whole scale, and mark 

where they perceived each of the 8 solutions to fall on the scale.  The lowest and were 

highest concentrations could be anywhere on the scale, and not necessarily located at the end 

points.  Rinsing procedures (next section) and rest times were enforced to prevent carry over 
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effects.  Three sessions of scale generation were conducated which consisted of 3 replications 

across 11 subjects.  Thus, for each concentration, 33 data points on the unstructured line scale 

were generated.   

After the scale generation sessions were completed, the distance on the line from zero 

(left end that was anchored not bitter at all) was then measured individually for each 

concentration for each panelist and replication (total of 33 per concentration).  The 

measurements in cm were translated directly into numerical intensities.  The scores for each 

concentration solution were averaged for the 33 measurements.  All the scores from all 

concentrations were linear transformed based on the score of highest concentrations where 

the highest concentration was assigned a 15, and then all other mean solution scores were 

adjusted accordingly (Malhotra 2010).  This process was conducted to create more room on 

the scale for the samples and bitter taste intensities to be differentiated while preserving the 

properties of the scale. 

Sensory evaluation protocol of rehydrated WPH  

Bitter taste perception between each individual is highly variable; one individual may 

be sensitive to a bitter compound class while another individual may be less sensitive and 

vice versa (Keast and Breslin, 2002).  Thus, the variation of perceived bitter taste intensity 

must be accounted for to measure bitter taste inhibition.  To achieve this, the bitter taste score 

of the control (bitter tastant in water, with no addition of treatment) was measured and the 

bitter taste score of the treatment (bitter tastant in water with treatment addition) was 

measured for each individual.  The % inhibition was acquired for each individual, calculated 

and averaged as a panel % inhibition score.  This allowed the inhibiting effect of each 
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compound to vary but still be scientifically assessed by each panelist (Keast and Breslin 

2002).  These steps were used in this study to acquire the % inhibition for each treatment in 

each matrix and a detailed structure of the experiment is described below.   

Firstly, the control scores for each panelist were generated.  Panelists were instructed 

to taste the control matrices (2 WPH in water controls and Quinine in water control), and to 

score them according to the perceived bitterness on a Quinine scale generated by the same 

panelists on 6 occasions with and without noseclips (Full Furnishings, Lewis Center, OH).  

Noseclips did not impact the bitter intensity scores (p>0.05) of the control solutions.  Thus, 

the mean score across 12 replications (6 replications evaluated with nose clips and 6 

replications evaluated with no nose clips) for each matrix were used as the reference score 

(control) for each matrix throughout the test.   

During evaluation sessions, each panelist was provided with Quinine reference 

solutions of bitter taste intensity 2, 5, 10 and 15, and a control matrix (WPH high DH, WPH 

low DH or Quinine with no treatments added) with an established score generated in the 

previously described section which was unique to each panelist.  These reference solutions 

were the same for each panelist as these solutions were provided with the purpose for 

individual calibration.  Four test samples of the same matrix, with or without noseclips, were 

evaluated in one session.  The test samples were made 2 h prior to the evaluation sessions by 

addition of compounds of interest at the selected concentrations.  The panelists were asked to 

taste the 4 bitter solutions for calibration (Quinine bitter 2, 5, 10 and 15), then taste a control 

matrix (one of the two WPHs or Quinine) to calibrate themselves to the score they had 
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generated during the preliminary sessions.  Panelists were then instructed to taste each test 

sample and provide a bitter taste intensity score.   

Each sample was tasted individually with an enforced rest and rinse procedure.  The 

rinse protocol included deionized water mouth rinse, two bites of unsalted cracker and then a 

carboxymethyl cellulose (CMC) (Tic Gums, White Marsh, MD) (0.55% w/v) rinse (Brannan 

and others 2001; Kelly and others 2010).  A 3 min rest period was then enforced between 

samples.  To further minimize first order carry-over effects, orders of presentation were 

balanced using a Williams Latin Square (Schlich 1993) design and samples were partially 

presented in separate sessions (4 samples per session).  There were 24 treatments total, with a 

blind control and a blind control with ethanol (used for flavor dilutions).  Each treatment was 

evaluated by each panelist in triplicate.  Tastings were conducted with and without noseclips 

in order to evaluate the effect of cognitive flavor-taste interactions on bitter taste (24 

treatments x 3 matrices x 2 (noseclips/no noseclips) x 3 replications). 

Bitter taste inhibition in beverages 

 Whey protein hydrolysate with 5 % DH was selected as the WPH base for beverage 

models with 2 flavoring systems, chocolate and vanilla.  This WPH was selected due to its 

wide use in beverage applications.  Dry beverage mixes for chocolate were composed of 

96.1% dry weight basis (DW) WPH, 0.66% DW flavoring (Synergy, Wauconda, IL), 0.22% 

DW aspartame (Ajinomoto, Chicago, IL), 3.00% DW cocoa powder (Cargill, Lititz, PA); 

mixes for vanilla were composed of 99.1% DW WPH, 0.66% DW flavoring, 0.22% DW 

Aspartame.  The protein concentration used in this formulation was approximately 15-20% 

higher than the concentrations found in protein recovery commercial beverage mixes.  
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Moreover, most of the sources of whey protein for athletic recovery beverages were a 

mixture of WPC, WPI, WPH and some whey powders.  It is unlikely to encounter pure WPH 

as the primary source of protein in whey beverages.   This high concentration was selected to 

investigate the worst case scenario.  Beverage mixes were rehydrated at 15 % (w/w) with 

deionized water prior to evaluation and/or addition of bitter inhibiting compounds.  Effective 

compounds from the previous study with 5% DH WPH were selected for this study.     

Calculation of % bitter inhibition  

The bitter taste inhibition for each treatment in each matrix was calculated from the 

mean bitter taste score on the established Quinine scale and subtracted by the score assigned 

for each treatment by each panelist.  The mean % inhibition for each treatment was an 

average across the % inhibition across panelists.  The formula used to calculate the % 

inhibition was: % inhibition = ((reference score ï treatment score)/ reference score)*100 

(Keast 2008) 

Descriptive sensory analysis of WPH beverages 

WPH beverages were reconstituted at 15 % solids (w/w) in deionized (DI) water and 

dispensed into 3-digit coded soufflé cups (Solo Cup, Highland Park, Il) and lidded.  The 

aromatics and basic taste intensities of the beverages were evaluated in triplicate by trained 

panelists (n=10) at room temperature (22 C) using a sensory language developed for dried 

ingredients (Wright and others 2009) adapted for WPH (Leksrisompong and others 2010). 

Panelists were between the ages of 23 and 45 y, each with more than 80 h of experience with 

descriptive analysis of dried dairy ingredients.  Panelists evaluated 3 samples in one session 

to prevent carryover and fatigue.  Panelists were provided with room temperature deionized 



 

84 

 

water, crackers and CMC for palate cleansing and a 3 min rest was enforced between 

samples.   Compusense® five version 5.2 (Compusense, Guelph, Canada) was used for data 

collection.   

Statistical Analysis 

Statistical analysis was performed using a three-way (treatment x noseclips x matrix) 

analysis of variance (ANOVA) using ProcGlimmix in SAS software, version 9.2 (SAS 

Institute Inc., Cary, NC).  Significance was established at p<0.05, with post-hoc analysis 

performed using Tukeyôs for means separation.  The treatment, noseclips, and matrix were 

assigned as random effects while panelists were assigned as fixed effects.  On the second 

study for bitter taste inhibition of WPH beverages, two way [treatment x matrix] analysis of 

variance was performed in SAS using ProcGlimmix with treatment and matrix assigned as 

fixed effects and panelists assigned as random effects.   

Analysis of variance was performed on the means generated by descriptive analysis 

of WPH beverages with XLStat (Guelph, Canada) with Fishersô least square difference 

(LSD) for means seperation.  Factor analysis of mean scores was also conducted (XLStat, 

Guelph, Canada).   

RESULTS 

I. Percent Bitter Taste Inhibition 

There was no significant 3-way [matrix, noseclips, treatment] interaction (F=0.82, 

p>0.05), [treatment x noseclips] interaction (F=1.10, p>0.05), or [noseclips x matrix] 

interaction (F=2.95, p>0.05).  This result implies that bitter intensity scores were similar 

when evaluated with and without noseclips for all treatments in particular matrices.  The 
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noseclip main effect was also not significant (F=3.43, p>0.05) which suggests that overall, 

the bitter taste intensity of each treatment and matrix combination was not affected by aroma 

or aromatic volatile compounds.  There was a significant [treatment x matrix] interaction 

(F=4.40, p<0.0001) and these results were further investigated as some of the treatments 

(bitter taste inhibitors) behaved differently in different matrices. 

Impact of volatiles and glycerine 

 Bitter taste intensity of solutions with added volatile compounds or glycerine were 

not different from control in all matrices (p>0.05) (Table 2).  Some previous studies have 

suggested that aromatic flavoring decreased the perceived bitter taste of a health beverage 

Aminoreban EN® composed of branched chain amino acids (BCAA) (Miyanaga and others 

2003, Mukai and others 2007) but that was not observed with WPH.  Inhibition of bitter taste 

of WPH by aromatic compounds was not expected.  

Impact of sweeteners 

Sweeteners included in the current study were fructose, sucralose, sucrose and stevia.  

No [sweeteners x matrix] interactions were observed which suggested that all sweeteners 

inhibited the bitter taste of the three matrices similarly (p>0.05) (Table 2, Figure 1).  Stevia 

was not effective in any matrix compared to the controls (p>0.05).  This may be due to the 

bitter taste and after taste generated by the stevia itself (Reis and others 2011).  No 

differences in the % inhibition by sweeteners were observed when applied to two of the three 

matrices (WPH 5% DH and Quinine).  However, sucralose had the highest % inhibition in 

WPH 32% DH compared to fructose and sucrose (p<0.05) (Table 2, Figure 1).     

 



 

86 

 

Impact of salts and a nucleotide 

There were significant [treatment x matrix] interactions for all salts (sodium 

gluconate, sodium chloride, sodium acetate, zinc sulfate, MSG, 5ôAMP disodium) and 

5ôAMP, a nucleotide (p<0.05) (Table 2).  For all treatments, there were no interaction effects 

between the 2 WPH themselves, but interaction effects were observed between both WPH 

and Quinine, except for MSG.  For MSG, there were significant interactions between the 2 

WPH (p<0.05) as well as an interaction between WPH and Quinine (p<0.05).  This indicates 

that MSG had different bitter taste inhibition efficacy for both WPH.  Overall, the % 

inhibition of bitter taste by salts and the nucleotide were greater for Quinine compared to 

either of the WPH suggesting that these compounds effectively impacted the bitter taste 

elicited by Quinine compared to WPH (Table 2, Figure 2).  Within the Quinine matrix, the 

effectiveness of salts coupled with the sodium cation was not significantly different, which 

coincided with what was previously reported (Keast and Breslin 2002).  This further 

confirms the validity of the scaling procedure generated and used in this study.  However, we 

did not find greater % inhibition for MSG compared with other sodium salts which was 

reported previously (Keast and Breslin 2002).  For the 2 WPH, sodium gluconate and sodium 

acetate had the highest % inhibition along with 5ôAMP nucleotide.  There were no 

interactions between the 2 WPH suggesting that the treatments inhibited the bitter taste of 

WPH in a similar fashion (p>0.05).   

Impact of amino acids 

There were significant [treatment x matrix] interactions between amino acids and the 

three matrices (p<0.05) (Table 2).  All interactions were between the two WPH and Quinine 
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indicating that amino acids did not inhibit the bitter taste elicited by Quinine and peptides in 

WPH in the same fashion.  Amino acids were equally ineffective to inhibit the bitter taste of 

peptides, however, both amino acids, L-Arg and L-Lys, effectively inhibited the bitter taste 

of Quinine (p<0.05).  

Bitter taste inhibition in model beverage (WPH DH 5%) 

 The efficacy of effective inhibitors in 5% DH WPH was further investigated in a 

beverage model system with vanilla and chocolate flavorings.  WPH DH 5% was selected 

due to its abundant use in commercial beverage applications.  Moreover, there were no 

[treatment x matrix] interactions between WPH 5% and 32% except for MSG treatment 

suggesting that the majority of bitter taste inhibition of both WPH occurred in a similar 

fashion.  Thus, similar effects would be expected for both WPH and selecting one degree of 

hydrolysis level would be sufficient.  For beverages, there were treatment main effects 

observed (p<0.05) indicating that, as expected, all treatments effectively inhibited bitter taste 

of both vanilla and chocolate beverages.  

There were no significant [treatment x matrix] interactions (p>0.05).  All treatments 

inhibited the bitter taste of both flavored beverage models compared to the controls (Table 

3).  In beverages, salts and nucleotides were equally effective in inhibiting bitter taste in both 

flavors, except for the nucleotide (5ôAMP) which was the most effective in inhibiting the 

bitter taste of the vanilla flavored beverage (Table 3, Figure 3).  Moreover, all sweeteners 

were effective in inhibiting the bitter taste of both flavored beverages.  In contrast of what 

was discovered in WPH in water, the effectiveness of different sweeteners was distinct.  

Bitter inhibition by sucralose and fructose was greater in vanilla beverage compared to 
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sucrose (p<0.05) (Table 3, Figure 4), while fructose was the most effective in chocolate 

flavored beverages followed by sucrose and sucralose (p<0.05).  This finding may be derived 

from the impact of congruent aroma on bitter taste (Keast, 2008). The sweeteners, although 

present at the same sweet taste intensity, varied in sweet taste quality.   

DISCUSSION 

Impact of Sweeteners on Bitter Taste 

The inhibition of bitter taste by sweeteners is also referred to as ómixture suppressionô 

where both bitter and sweet tastes interact and are mutually suppressed when mixed (Keast 

and Breslin 2002; Kroeze and Bartoshuk 1985).  This type of inhibition occurs at the central 

nervous system and is referred to as cognitive inhibition.  In this study, when sweeteners with 

equi-intensity were added to bitter solutions (no flavoring), similar effects were found in all 

bitter solutions.  This was expected as this was the effect that was perceived when translated 

in the brain.  However, the same effect of each sweetener was not found in beverages.  In the 

beverages, there was another sweetener (aspartame) and the addition of flavoring (vanilla or 

chocolate) which served as other variables that may interact with the sweeteners leading to 

the different inhibition effects found.     

Impact of Salts on Bitter Taste 

Keast and others (2004) reported that bitter suppression by salts occurred peripherally 

(at a receptor/transduction mechanism), rather than due to the perceived salty or umami 

tastes.  In this study, we found significant interaction terms between the salts in Quinine 

solutions and rehydrated WPH, with bitter taste of Quinine solutions inhibited to a greater 

extent compared to bitter taste inhibition of peptides (WPHs).  This finding agreed with 
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Keast and others (2001) who showed that bitter compounds (urea, Quinine, caffeine, 

amiloride-hydrochloride, magnesium sulfate, and potassium chloride) were suppressed by 

different salts (sodium chloride, sodium acetate, sodium gluconate, lithium chloride, 

potassium chloride) in a different fashion.  Suppression of bitter taste was bitter compound 

specific.  Keast and Breslin (2002) also reported that the cation of salts was involved in bitter 

taste suppression.  Changing the anion of salts changed the salty taste intensity, but had no 

impact on efficacy to suppress bitter taste.  Umami tasting salts MSG and 5ô AMP disodium, 

however, inhibited the bitter taste of pharmaceuticals (pseudoephedrine, ranitidine, 

acetaminophen, Quinine and urea) more than non-umami tasting sodium salts (Keast and 

Breslin 2002).  They reported that it was not the umami taste that impacted the bitter taste 

(Keast and others 2004), which suggested that anions also play roles in bitter taste inhibition.  

These findings coincided with our findings.  All non-umami sodium salts were similar in 

bitter taste inhibition efficacy in Quinine solutions. Sodium salts had higher inhibition 

efficacy compared to zinc sulfate, the non-sodium salt tested in this study.  However, umami 

sodium salt, MSG, was not different from the non-umami sodium salt.  The umami disodium 

salt, AMPNa2, suppressed the bitter taste of Quinine to a greater extent compared to other 

salts (p<0.05).  Similar effects were not observed for WPH.  Sodium salts that had different 

anions attached did not have the same bitter suppression efficacy for both WPH with 32% 

DH and 5% DH.  This indicates taste receptor interaction differences between WPH and 

Quinine and that anion had an impact on inhibition of bitter taste of WPH.    
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Impact of a Nucleotide, 5ôAMP, on Bitter Taste 

 5ôAMP was the most effective inhibitor of all salts and was more effective than its 

salt counterpart (5ôAMP Na2).  Ming and others (1999) reported that 5ôAMP was an effective 

inhibitor to denatonium, Quinine, strychnine, and atropine which are known bitter 

compounds to human.  The mode of action was not proven, but they postulated that the 

compounds may bind to bitter taste receptors or at the G-protein-receptor coupling.   

Impact of Amino Acids on Bitter Taste 

Aamino acids were effective in bitter taste inhibition of Quinine solution, but not 

peptide bitterness. Inhibition of Quinine by amino acids coincided with what was reported in 

the literature (Ogawa and others 2005).  Inhibition of bitter taste of single amino acids by 

other amino acids (L-Ile and L-Phe) was reported, however, there were no reports of the 

suppression of amino acid on hydrolyzed protein bitterness. Ogawa and others (2005) 

postulated that the bitter taste inhibition of Quinine by amino acids may be due to the 

interaction at the taste receptor site as amino acids may compete with Quinine for the taste 

receptors, thus, closing the gate of the cation channel transportation and inhibiting the 

perception of bitterness.  It could very likely be that there were some interactions with the 

amino acid and Quinine (i.e. amine groups of L-Arg and L-Lys form amino acid- Quinine 

complex) which altered the conformation of Quinine or its binding site, making binding at 

the bitter taste receptor binding site more difficult.  Addition of amino acids to hydrolyzed 

proteins had no effect since amino acids make up proteins.  Thus, when added to hydrolyzed 

proteins, no effect was observed. 
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II . Descriptive Analysis   

 Descriptive analysis was conducted on vanilla and chocolate model beverages with 

selected effective treatments from part 1 in this study to characterize sensory characteristics 

of the beverages (Tables 4a, b; Figures 5, 6).  Vanilla and chocolate beverages with addition 

of the same treatments had similar sensory characteristics.  As expected, biplots from factor 

analysis demonstrated that the controls (both vanilla and chocolate) were characterized by 

bitter taste and high aroma intensity (Figures 5 and 6).  Overall, treatments with sweeteners 

were similar to each other and treatments with salts were grouped together, away from 

sweetener treatments.  Treatments with addition of sweeteners were characterized by high 

vanilla or chocolate flavor, cooked/milky flavor and sweet taste.  Previous literature has 

established that sweeteners enhanced congruent aromas (Keast 2008; Breslin 1996).  Vanilla 

and chocolate beverages were different from each other in that sweeteners in vanilla 

beverages (fructose, sucrose, sucralose) were characterized by sweet, cooked/sulfur, aroma 

intensity and bitter taste and projected close to the control beverage space on the biplot.  The 

reason that these beverages were sweet and bitter at the same time would be that these 

beverages had more similar characteristics to the control compared to other salt and 

nucelotide treatments.  Sodium gluconate was the only salt that was grouped with sweetener 

treatment in vanilla beverages.  In vanilla beverages, salts (both umami and non-umami) 

were characterized by salty and umami tastes, astringency, sour aromatics and cardboard 

flavor, with low sweet and bitter tastes and aroma intensity.  Beverages with 5ôAMP were 

suppressed in flavor and were characterized by lack of flavor (i.e. vanilla).  In chocolate 

beverages, non-umami salts (sodium acetate and sodium gluconate) were characterized by 
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cardboard, astringency, salty taste, and more bitter and aroma intensity compared to 

beverages with umami salts (5ôAMP and MSG) and 5ôAMP which were characterized by 

lower intensities of those flavors and more umami taste.  These flavors and basic tastes are 

uncommon in beverages, and these results suggest that while salts are effective bitter taste 

inhibitors of WPH, they potentiate their own flavors/ tastes and further developments are 

needed.  Sweeteners, in this case, seemed more promising as bitter taste inhibitors for 

chocolate flavor beverages because they enhanced the flavor as well as added to the sweet 

taste intensity of the original formulation. Sweetener treatments were characterized by both 

sweet and bitter tastes in vanilla beverages, but were not characterized by other unattractive 

attributes.   

CONCLUSION 

 Effective bitter taste inhibitors for WPH were investigated in this study.  Inhibitor 

compounds impacted bitter taste of WPH and Quinine in a different fashion suggesting 

different taste transduction pathways as well as receptor cells.  Effective inhibitors, namely 

fructose, sucrose, sucralose, MSG, sodium acetate, sodium gluconate, 5ôAMP, 5ôAMP 

disodium, in rehydrated WPH were also effective in beverage systems.  Salts and nucleotides 

decreased bitter taste intensity of WPH, however, they also potentiated their own flavors or 

muted other desired flavors (vanilla or chocolate flavors), or sweet taste.  Sweeteners, 

especially fructose and sucralose, were more promising in suppressing bitter taste of WPH 

while enhancing desired flavors in chocolate and vanilla beverages.   
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