ABSTRACT

LEKSRISOMPONG, PATTARIN.Application of Sensory TechniquesUnderstand the
Impact of Ingredients on Sensory Properties of Beverdesler the direction of Dr.
MaryAnne Drake.)

Sensory evaluation is a critical process in product developameihtonsumer
research. Itis 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 approachaisl ito 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 lemcehme beverages.

Whey proteirhydrolysate (WPH) is a valuedded 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 Gaschromatography olfactometry and mass spectrometry, descriptive
analysis, and threshold testing were conducBatato/brothy, malty, and animal flavors and
bitter taste were key distinguishing sensory attributes of MApbrtantaromaactive
compaundsthat 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 (Quvaism&sed
as a control Effective bitter taste inhibitorsf WPH testedwere sucralose, fructose, sucrose,
adenosine 56 monophosphat e, adenosine 506mono
monosodium glutamat@nd sodium gluconatéAll effective inhibitorsin 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 vanilladrmtolate 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 anlgsis 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
Genealized Procrustes Analysis (GPA) were used to predict and relate the two sensory data
sets. Beverages were distinguished based on category, sweetening systebrand. The
use of DOD allowed clarification of the underlying perceptions that trainedigianesed in
differentiating samples. The developed lexicon allowed for documentation ofmuadal
sensory perceptions generated by carbonated beverfages this study, ten beverages were
selected for a subsequent study to identify drivers of likidgnsumer testing with regular
and diet beverages, consumer segmentation and external preference mapping were
performed. Diet beverage consumers likedo of thediet beveragesiorethan regular
beverage consumer3here were no differences in the aadétiking 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 idemtifidll 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 immbination 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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CHAPTER 1

LITERATURE REVIEW



A. Introduction

A by-productfrom cheesenakingand casein manufacturingsheyis a good source
of bioactive peptidg specific protein fragmenthat positivelyinfluence bodyfunctionality
and may result ihealthimprovemen{Korhonen and Pihlant®003. Fluid whey contains
approximately 0.6% protein, 93% water and the rest is comprised of lactose, lipids, and
minerals(Foegeding and othe2902). Prior to food ingredientg@plications, 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 moleculaigivecomponents to achieve either whey
protein concentrate (WPC) which contains -8286 protein or whey protein isolate (WPI)
which contains >90% protein. Whey proteins are primarily composed of globular proteins
betal act ogl -0d) @+30hand afpbh a c t a | bLa)rH2594, with thinor
compositions of serum albumins, immunoglobulins, and protpeptone de Wit 1998).

To obtain bioactive peptides from whey, fresh or reconstituted whey proteins
(generdly either WPCB80 or WPI) are hydrolyzed either by acid, base or enzyme hydrolysis
to produce whey protein hydrolysates (WRNhanna and W2007). WPH with smaller
peptidesmnot only enhance nutional properties wheadded to food as an ingredient, but
some functional propertiesuch as solubility and interfacial properties as® improved
(Turgeon and others 1992, Severin and Xia 20@8)zymatic hydrolysis is usualtiie
method of choicerather than acid or alkaline hydrolysas, it can minimizehte impact of
extreme pH and temperature on protgiandgClemente 2000)The substrate of enzyme
hydrolysis is thespecific amino acids in the sequendevariety of peptides are generated

based on specificity of the enzyme, environmental conditindeatent of hydrolysis. After



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 appbaati.e. in sport nutrition, infant
formula, and eutraceutical applications, for its functional and nutritional properfiés
levels of hydrolysis, characterized by DH, as well as the enzyme utilized usually determine
the usage (i.e. for nutritional @unctionality purposes)AlthoughWPH have many benefits
when incorporatginto foods, the drawbaskn the application as valtedded dry
ingredients are flavor arultter tastgLeksrisompong and others 201@eksrisompong and
others (2010) identife volatile compounds that contributed to-téfvor of WPH which
were comprised mostly of Strecker degradation derived products (i.e. methiometh\d
butanal, dimethyl sulfide). They reported some aromatics, potato/brothy, malty and animal
flavors, wee inherent to WPH. This review, however, focuses on the bitter taste of
hydrolysates.

Bitter taste in hydrolyzed proteins has b&aownfor many decaded.emieux and
Simard 1991Ney, 1979]shibashi and others 1987a, b; Ishibashi and others 1988a, c;
Ohyama and others 1988; Shinoda and others 1987; Tamura and othesntogé)y
efforts have been put forth to understand the interacofibiitter tastants to bitter taste
receptors (Ishibashi and others 1988handrashekar and oth&806 Hoon and
others1999Kim and others 20Q8 oelstede and Hofmann 200®therstudies have been
conductedo clarify thecomplex mechanismd bitter taste perception and transduction of
bitter taste Gilbertson and others 200Bainz and others 200Caicedo and Rag 2001,

Roper 2007Hacker and others 2008Processing methods and other methods were



proposed to minimize the bitter taste generated by bitter peptides (Cheison and others 2007).
The objectives of thishapterare to discuss some benefits of WPH dseradded
ingredients (i.e. health benefits, functional properties) and the major drawbacks that have
limited its usage as a vahaelded ingredient, bitter taste. Alternative methods for
minimizing bitter taste while minimizing the alteration of initiabperties 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 tastelesisemther) is required. The order of
discussion is as follows:

1) A review of pevious and current knowledge of bittestiareceptors, bitter taste and
receptor interactiamand transduction pathways.

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

3) WPH in terms of why whey protein is hydrolyzed. This includesutstionaland
functional properties angksultingbittemess.

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

Overall, an nderstanohg of the parameters that impdbe bitter taste of peptides,

the physiology of bitter taste receptors and how the two interact could sheohlittat
development ofystems that may be suitable for specific hydrolysate products, maintaining

their functonal and nutritional propertiaghile maximizing flavor quality and desirability



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/ solvateaust 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 witbrafiit gustatory nerve fiber&ilbertson
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 sensatig@handrashekar and oth@@06). There ard 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 contaita8te buds
at the top of the onieshaped strcture, foliate and circumvallate papillae contains hundreds
of taste buds lining the wall of the chan(@llbertson and others 2000palate epithelium
in the oral cavity also contains taste buds. Each receptor has an average of 2 cells per taste
bud per section. Bitter TRG$2R 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 ks 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 others12068).
may explain why different peptides induce different bitter perceptions at different location on

the tongue;e me p e pCN (EB-6 8 )-CNo(FB68) were repoedto contribute to



caffeinelike bittertastequality, some provided lonlgsting bitteness perceived solely in the
throat, some exhibited a metallic Mglike bitter taste perceived predominanttytbe tip

of the tongudToelstede and Hofman&008).

Figure 1. Taste receptor cells (TRCs) (a) in a taste bud distributed acrossa@afiithere 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 protsanpled receptor (GPCR) signaling pathways
(Wong and others 199€handrashekar and oth&®@00; Roper2001). The taste GPCRs
superfamily in vertebrates identified include T1Rs, T2Rs and Taste mGuiddes
Barquin and Conte 2004)T2Rsae¢ expressed i n taste receptor
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). Resdpl2R61 and hT2R64 who shared
89% of the same amino acid sequence were not activated by the same conGound

nitrosaccharir{fPronin and others 20P4The position of the nitro group of this compound

was critical for receptor activatiodowever, otheparts of the compound also played a role



in taste receptor binding. aizedo and Roper (200&)so demonstratethat individual
receptors respomd selectively to specific tastawith different chemical structuresrhey

tested the calcium responsesatsin situto 5 different bitter compounds: cycloheximide,

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

determine whether individual cells distinguished between bitter stimuli. -Betyercent of
the bitte 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 thresholgaicedo and Roper 2001pimilar evigence was reported by
Chandrashekar and others (2000). A mouse T2R (rB)j2Bsponded to cycloheximide and
wasreceptorand GU15 dependent fiteleaseh Othex cells shat diav n
not have these components did not trigget @elease eveat greater concentration.

Moreover, denatonium induced an increase ifi @acells transfected with human candidate

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

hT2Rs. The response was concentration niggat. hT2R4 also responded to a high
concentration of bitter tastarirépropyt2-thiouracil (PROP).

2. Structure of T2R and ifBastantReceptorinteractions

Thesequences of the human T2R family were estimatbd 83120 sequencedn
amino acid chai length 40-80 of whicharefunctional receptora/hile the rest are
pseudogenes (genes that no longer have coding ability nor expressed in ti{adleisnd
others2000) The T2R proteins have 7 transmembrane domains amtlestiracellular

aminc termini compared to T1Rs (Figure @Adler and other2000;Chandrashekar and

by



others2006).To date, the structure of the membraagsociated protein T2R remained
challenging to acquirdespite recent progress in structure deteation of GPCRs
(Lagerstrom and Schio008 Rosenbaum and others 2009he 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 linateste GPCR), refer to

Hanson and Steven (2009).

EC1

EC3
Extracellular

i

Intracellular

Plas
mem rane

™1
Ic3 COOH

Figure 2. Schenatic of the T2R receptor membrane topology. NH2= amino terminal, TM =
transmembrane domain, IC=Intracytoplasmic loop, EC: extracellular loop, GOOH
carboxytterminal region.Schematicfom AndresBarquin 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 cytoiplésop (Figure2) (Adler and others
2000). The extracellular loggEC) 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 bét ligands (Adler and others 200@®ronin 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 gneatle than EC2. Similar to other

GPCR genes, the genomic organizations of these T2R genes are absent of introns (DNA



region within a gene that is not translated into protein) and there are a large number of
pseudogenes present (greater than 1/3 ofdatith 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 20062R38 was modeled using rhodopsimas
template andheinteraction of PTC (phenylthaarbamide) compound to the template was
used to confirnthe modelia computational molecular science techniques (global docking
experiment) (Miguet and others 2006). They reported that PTC within the cavity were
situated between helices transmembrane)(@Mb,6 and7. Similarly, Florino and others
(2006) generated-B models of PTC bindingseven transmembrane GPCR and investigated
the binding of PTC to taster or ndéaister receptors using computational methods and
docking experiments. They reportedolvement of TM3, 5, 6, and 7 in GPCR signaling
where TM 6 and 7 were found to be important for PTC binding. A saleme interaction
was especially important for ligand recognition (Miguet and others 200®).sdifur atom
behaved as a generalizednig acid, because its diffuse 3d orbitals were able to accept
excess electron density such as °~ aromati c s
phenylalanine, tyrosine and tryptophan. This interaction explained thieamaiing
interaction stability beteen 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 tastaniR@dger and other2006). Rodger and others (2006) obtained 649
bitter molecles 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



contaning nitrogen and sulfurbased fragments and the other class of compounds contained
mainly carbon, oxygen and sugée fragments.

3. Bitter Taste Transduction

Several Gproteins such as &ubunit and a gdimer have been reported to mediate
bitter tage transductioriSainz and others 20Q7¥5; subunits fall into 4 major subfamilies:
Gu Gy 1,6ui Gy ¢ Sainz and others (200/@ported that Gand G ;subunits do no play a
role in bitter transduction because these receptors did not catalyzar@dBH P exchange
on these Gsubunits.On the other hand, T2R coupled witly €ubfamily (transducinGyi
and 3 ) suggested that these mediate aigransduction pathway®ifferences in
selectivity were observed among the G protein subungsa@Gg ) among the T2Rs
suggesting thalifferent T2R may use different signaling pathwéysthe transduction of
bitter taste

After the interactiorbetween the ligands and the T2R, an exchange of GDP for GTP
occurs on the gsubunit and resultis the dissociation of the galong with G Sainzand
others2007) The dissociated §and G subunits then aéhdependently to initiate
downstream signaling pathwagsigure 3) Two parallel responses in the TRCs are induced:
a decrease of the concentration of CAMP via phosphodiesterase (PDE) activ&ion by
protein subunit) (gustduan), and an increase in the concentration of inositol triphosphate
(IP) via phospholipase Cb2 (PLCb2) Ressldarang at i on
others 1998, 2000; Yan and others 2001) P L C b 2diapeylglydenotDAG) and IR.

Increasen IP; levels stimulates BR3 receptors which releagef* from intracellular storage

10



(Caicedo and Roper 2001; Roper 2007) T h i -BPs-CRfLpatbwaay havédeen

demonstrated to express in the TRDeKazio and others 2006; Clapp and others, 2006)

+
Cell Membrane Lipid Bilayer Na* Influx (8)

T i ‘%%%%%%
sl il 5 soduss
Ac_o — & 5 TRPMS (7

4a n (o (2b) n (4b)

5AMP  cAMP ATP PIP, IP;

5a)
Phosphodiesterase

(PDE) TReIease Calcium (6)

\ /1 /\\Voltage

Cell Depolarization
Caz?* Storage 9)

Figure 3. Schematic of mechanisms of bitter taste transduction in taste recelsdTRC)
(adapted from AndreBarquin and Conte 2004, Roper 2007, Liman 20MWhen bitter taste

receptor is activated (1) ,gudddrie (28 angditsedrteer n g u s
b3 and 213 (2b), repr es eomthe ecetors as GTPc | es, wer
exchanged to GDP. -gusducis, tas itpetacheady astignulated adenely e d U

cyclase (AC) (3a), an integral membrane enzyme converting adenosine triphosphate (ATP) to
cyclic adenosine monophosphate (CAMP) (4a), a skrgrmessenger. Soluble

phosphodiesterase (PDE) (5a) catalyzes the hydrolysis of cCAMP, decreasing the
concentration of cAMP as it is being convert
subunit activate Phospholipaséeé@ ( PLC) ( 3 b)) heWltP? inthInositaltl,43% y z e d
triphosphate (1B (4b) which in turn releases €drom the endoplasmic reticulum (€a

storage) (6). Increased in Taoncentration activates TRPMS5 (7), a nonselective

monovalent cation channel, leading to"Médlux (8), membrane depolarization and

neurotransmitter release (9).

The signal transduction of all three of the GPI@iRed 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 voltaggated cation channel, a member of transient receptor
potential (TRP) superfamilies, activated through G pretempled receptors linked to

P L G &nd by IR-mediated C release Klofmann and others 20pBiman 2010. The
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release of Cd in the cells activates TRPM&nd N4 influx leads to ATPassisted secretion

of neurotransmitter which is crucial for the transmission of gustatory signals to the peripheral
nerves(Roper 2007Liman 2010. TRPM5geneti@lly knockout mice had lower responses

to sweet, bitter and umami tastes, suggestiagthis channel also resportdssignaling of

bitter taste Zhang and others 2003; Hofmann and ot2833; Damak and others 2006).
However, there may be other pat hwabemusevi t hi n
mi c e wiremov@dlh&ifreduced responses to bitter taste stimuli, but not completely
absen{Dotson and other2005). ATP is secrted via pannexin 1 (PX1) hemichannels which
may be triggered by the elevation of’Cl e v e | ,medtated) bor membrane

depolarization (TRPM5 mediated) because PX1 hemichannels are activated by both
cytoplasmic C& and membrane depolarization (Huamgl other2007). ATP released

from taste epithelium when stimulated by a taste stimuli, serves as a key neurotransmitter
linking taste buds to sensory nerve fib@fsger and others 2005After neurotransmitter
release, sensory receptor neutrons from cranial nerve ganglia relay the signal via the
thalamugo thecortical taste center where the information is processed (Adtepthers

2000).

Taste receptor cells use multiple signaling pathways to evoke calcium responses for
sensing the taste response to the brain. Increase in extracellueuks incell
depolarizatiorand subsequent calcium influx thrdugoltage gatedalcium channels
(VGCCs) create synapses, whereas bitter stimuli activated PLC with calcium release from
intracellular stores and subsequently reldasirotransmitters through heshannels

(Huang and otlrs 2007) Initial investigationseveal@ that the transduction of bitter

12



sti mulii t JHR; signaliny pathlvay$Hdo not express the proteins associated with
chemical synapses and do not express VG@€§&azio and others 2006; Hacker and others
2008; Tomchik and others 2007 However, investigain of taste cellular responsesbitter
taste revealed the third signaling pathway, a dual pattiveay n v ol ved -WP®anth PL Ch:
VGCCs Hackerand other2008) This finding also demonstrated that aggnTRC can
generate different responses tGaduced), depending on the initial stimulation signal.
These responses depend on PLC activation and calcium release from internal storage, and
P L G &ubunit is hypothesized teeinvolved in the dual signalig pathways and coulae
involved in the detection of taste stimull&ckerand other2008)

There aremultiple bitter taste transduction pathways dheseare unique to specific
compounds. Understanding how bitter taste receptors relayssigriaé bain could allow
an understanding of how bitter taste is perceived and is usefubfoydifferentaspects of
taste research. It would also allow the development of appropriate inhibiting agents which
will be beneficial for food products that contain sooh¢hese bitter tastants as ingredients.
4) Individual Sensitivity toTastants

Individual differences in sesitivity to bitter compounds hauzeen reported
(Delwiche and otherg001, Chandrashekand other200Q Kim and others 2003, Miguet
and othes 2006, Floriano and others 2006 Delwicheand others (2001) investigated
individual sensitivity to bitter compounds representative of different chemical classes and
usedthe correlation found to relate back to potential bitter transduction sy&iethe
differentcompound clags Individual sensitivity differences to different bitter taste

compound clagswere observed. A number of studies repotheddifferences in various
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inbred strain®f mice to bitter compounds wedee to allelic variatio at a single genetic
locus (Soa)\(Vhitney and Hardet986;Capeless and others1992Yloreover, these
researchers attributed the differences to the loci that are clustered at the distal end of
chromosome 6 (Capeleand other$992). Chandrashekand otlers(2000) isolated mouse
T2R-5 gene which were previously reported to be a receptor for cycloheximithefor
cycloheximice tasters and netastergthose that found this compound extremely bitter or
tasteless, respectivelypll tasters shared the same&l 2R-5 allele, DBA/2J, wich was
different from nontasters C57BL/6 allel€ycloheximidedose responsghift was also
observed between the 2 growgrslsuggested thahe mT2R5 allele wa responsible for the
taste deficiency ofycloheximide(Chandrashek and other2000).

Four general clusters reldtenly to sensitivity of bitter compounds in subjects tested
(n=31) were found: 1) denatonium benzoate, tetralone, cafeingse octacetate(SOA),
and quinine; 2) urea, tryptophan, phenylalanine gpidatechin, 3) magnesium sulfate and 4)
n-6-propylthiouracil(PROP)(Delwicheand other2001). The compounds within each
cluster also had some similarity in functional graupll compounds in Group 1 had at least
1 methyl group. Three compounds ingpd contained one or more primary ansinéhere
were slight subclusters within the first 2 groups, however, the obsersatined from one
individual to the other. There waso further evidence that compounsishin the same
clusteractivatal the sare bitter taste receptor.

The scenario of polymorphism (how genes expressed impact the phenotype of the
same species in multiple ways) of phenylthiocarbamide (PTC) R@PRasters and non

tasters habeen widely studied. In human population, some firedé¢ compounds extremely
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bitter (tasters) while some peopl@di these compounds tasteless (non tasters). The gene
responsible for the ability to taste PTC has been mapp#ttoman genom (Kim and

others 2003). Three common single nucleotide polyhmsnps in chromosoe? that altered
the amno acid sequence in the gene hbgen 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. Miguand others (2006) were able to map on the receptor
structure the amino aciddfected by polymorphism (refer to Miguet and others 2006).
Florino and others (2006) explained the differences between PTC tasters dadtammby
investigating the bindingnergy of PTC to the receptors. The binding energy of the PTC to
the tasters or netasters did not change, thus, they proposed that th#éitpéor humans to
taste PTC waidue to failure of G protein activation rather than decreased binding affinity o
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 recé&giBdRA(
hT2R14, and hTAS2R)6o0 a lesser extenMaehashi and others 200& vidence from
different studies showed that the bindingsifor different bitter tastants to different T2Rs
were different Elorino and other2006 Upadhyaya and others 2010)he studies of bitter
taste receptors for peptides developed over decades and was initially focused on parameters
that contributed tditter taste of peptides weighted heavily on altering peptide sequences and
sensations generated via those alterations and related back to the peptideschieysical

properties (i.e. hydrophobicity, degree of hydrolysis, initial amino acids sequeapadep
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conformation) (Ney.979, Idibashi 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 advancementsalstudies provided

more insights to the bitter taste receptor of peptides and binding to receptors (Maehashi and
others 2008, Upadhyaya and others 2Q@1€ho and others 2011).

2. Bitter Peptides

A combination ofparametersmpact bitter taste intensity afpeptide 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 chainaatids, and conformation of
aminoacids (Neyl979,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 bittéaste of peptidesNey (1979) postulated-@alue
as a determination of bitterness of peptides, known as-tlie(according to a survey of
amino acid compostion in relation to bitter tas@value can be calculated from the average
freeenergyforthe r ansf er of the amino acid side chai
where @g is the transfer free energy, and n
cal/mol. According tahe Qrule, all bitter peptides hav@-values above 1400 cal/mol
whereasll nonbitter peptides hava Q-value below 1300 cal/nho There was no
correlation forin-between these 2 valu@3-value of 1300 cal/mel400 cal/mol) The Q

rule holds with many experiments (Shinoda and others 1M&8fmba and Hata 197Ziajka
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and Dzwolak, 1999). Howevespne hydrophobic peptides with highh@lues did not elicit
bitter taste conveying that other parameters also impaetr hétste (Toelstede and Hofmann
2008, Kim and others 2008).

Conformation of the peptide chain also contributes to bitter tasteten
(Toelstede and Hofmar2008; Ishibashand other$988; Kimand other2008). The
conformational change by-Bro is known to influence spatial structure and hydrophobicity
of the chain (Toelstede and Hofma2®08; Ishibashand otherd988). Substitutio of His’’
by Pré’ o n-CIf stand was reported to incredsiéter taste. Proline playsrole in
conformation alteration by folding the peptide skeleton due to the imino ring and nesult
conformation that would fit bitter taste egator (Ishibashirad 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 WR@i8ilysates
andtencedto release hydrophobic peptidesna readily than WH (Ziajka and Dzwolak
1999). ecificity of the proteolytic enzyme used to generate the hydrolgsastlyimpact
bitter taste of peptides such that the products generated by different enzymes differ in degree
of hydrolysis (DH), cleavge sites, peptide sequences, and peptide length (Spelhdan
others 2009; Ziajka and Dzwold©99). Peptide sequences that are composatigh
concentration of hydrophobic amino acids, contain bulky amino acidein@nus, and
hydrophobic branchedhain amincacids with R groupcontaining at least 3 carbons are
predicted to be more bitténan those that have R groups containing less than 3 carbons
(Ishibashiand otherd.987b; Ishibashand others 1988c Ishibashand otherg1987b)

reported a ma intense bitter taste wharPheresiduewas located at the-@rminus
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compared to Nerminus, 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 e and Tyr in the peptides increased, but this was not observed with Leu or lle.
Moreover, Ishibashand other§1988c) demonstratieGly-Val-Val and VatVal-Val were
more bitter than GhGly-Val which conveys that the location and concentration of the
hydrophobic residue at-@rminus contribute to bitterness. The number of carboribe
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 thedsteto be
perceived. The location of the branchalgo impacted bitter tastie was reported to be
more bitter than LeuA hydrolysate generated with a pnot@se which specifically cleaved
after hydrophobic amino acid residues wolkcexpected tde more bitter than a
hydrolysate generated withproteinase that cleavatter charged amino atresidues, as the
formerresuledin fewer long sequences of hydrophobic amino acidscanthired more
peptides with terminal hydrophobic amino adtitfGerald and Cuini2006).

The degree of hydrolysis (DH) plays an important role in predicting bitter taste, with
higher percentage of low molecular weight peggtidentributingo a higher bitter tast
intensity (Ziajka and Dzwolak999). Larger peptidesan block hydrophobic sites by
hydrophobic interactions forming-shaped peptides or clusters of peptides and are thus not
perceived as bitteddler-Nissen1979. Further degradation of these peptides into smaller
peptides increases the bitter taste igitgn Extensive hydrolysis leads to free amino acids or
terminal hydrophobic amino acids, which can result in decreaséeraiss (AdleNissen

1979).
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A guantitative structuractivity relationship (QSAR) technique was used to
demonstrate the correlati of bitter taste and 3 principle properties, referred toascres,
represenng hydrophobicity (z), molecular size/bulkinesszjz and electronic
properties/charge {gof amino acids. QSAR is a technique used as a predictive tool for
functional &tivity of food proteins and peptid€kim and L-Chan 2006) Kim and LFChan
(2006)studied 224 peptides and 5 amino acidsweatpreviously reported to be bitter
using PLSegression analysis to construct @8AR models by using 3scores 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 massgIM) were reported. Bitter taste increased with increased
residue number of peptides (up td@), and beyond-&80 residues, the bitterness potency did
not increase. The molecular masses of bitter amino acids were also 1000M@$&lues)
or less. However, theravere sane highly bitter peptides that weegreater than-80 peptides
where structure may playrole in bitterness. In generalpulky hydrophobic amino acid at
the Gterminal witha bulky amino acid at the Nerminal wasmportant for tle bitterness of
small peptides (B residues). For larger peptides (> tetrapeptides), bulky hydrophobic amino
acids with or without basic properties at thée@minal and bulky basic amino acids at the N
terminal were related with bitterness.

Kim andothers (2008%tudied the taste type and intensity of hydrophobic peptides
synthesized frorthe bitter fraction of soy proteing’S glycinin and proglycinin hydrolysate)
that had hydrophobicity of <1,400 cal/mol. They reported that although theserfsastoe

highly hydrophobic, some of them did not display bitterness. Thus, it is apparent that the
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other factors in addition teydrophobicityinfluence bitterness of peptide$he authors
further selected a peptide that elicited bitter taste {ANsnLeu-Pro-Glu) which containe@
polar amino group d@heN terminus and a hydrophobic region (positied)2 They altered
the amino acids at the-t8rminus with amino acids that possatdifferent property residual
side chais: hydrophobic (Leu), hydrophdi(Ser), basic (Arg), acidic (Asp), folding (Pro)
and bulky amino acids (Trp). By alteritige C-terminus, the spatial conformation of amino
acidswasaltered and was demonstrated with computer stimulated structuresuidiothers
2008). The tastes dii¢ 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 groine Btterminus
and hydrophobicegions. The plangpaceplayed a roleAsn residue and hydrophobic
regiors when facingeach other in the same plane contributed to bitter taste, while when these
amino acid residues were at different plane spaces contributed to soull teste.resust
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@a required to interact wittaste 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 recept@sme alkaloids (nitrogecontaining
base) containing positive isrhadower bitter taste thresholds than othémsii, thus,
suggesting electrostatic interactsdetween positively chargedkaloids and negatively

charged receptor cites or surrounding sf&arihara and other§994). Thus, the

20



electrostatic interaction between a negative charge at or near ¢ipgoresites for bitter
substances and positive chage the bitter tastants contribute to binding of bitter
substances to the receptor sites. For neutral substances, only hydrophobic insextaitteon
receptor contribute to bittéasteperception and 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
receptos was 20mM or 10 mMwhereas ginine hydrochloride required 0.1 mM or 0.2 mM
to stimulatea bitter response (Kurihai@nd otherd.994).

Previously, ertain chemically charged and spditieng featureswere applied to
determine whether a substance tastes sweet, bitter @letast Many taste researchers use a
model similar to the ShallenberglcreeKier sweetness model (sweet molecules bind to the
AH (an electrophile), B (a nucleophile) and X (a hydrophobic group) binding site) to explain
bitterness (Tamurandothers1990ab; Ishibashiand otherd.988)(Figure 4) Past studies
performed via alteration of peptide sequences and tasting demonstrated that a bitter and a
sweet compund bound téhe same receptor in a competitive manner. The chemical
structure of peptides is portant 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 compoundas$rbt directly correlate with bitter
tase but potentiatdit and wa the minimum requirement for bitterness to occur (Shinoda
and otherd987). Only AH and Xvere required in the simple model for bitter receptor
while the third receptor site (Bhibashiandst be f

others(1988)postulated that the binding ahydrophobic regionvas the primary bitter
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determinant siteknown as a binding unit (BU) amedquired bulky hydrophobic group amino
acid residues composed of at least@Boon side chain or imino ring afroline reside

(Figure 4). The electrophilic AH region was proposed to be the secondary determinant site
known as the stimulating unit (SWndrequired a bulky basic group inaling U-amino

group ora hydrophobic group. Thiitter intensity wa determined by bottthe BUand SU

and the distance betwebath units, whictwas proposed to be 4&. Further, the steric
conformation of the peptid@as involved in the binding of th2 units and the optimum
molecular diameter (18) required to fit the receptor complex to produce bitterness (Tamura
and other$990b). Similarly, a different research group demonstrated that a monopolar
electrophile with a hydrophobic substituent wasféigent condition for bitterness

(Schiffman and others1994a,b). Bitter tagtesfavorable when the compoumas

hydrophobic; strongorrelatiors wereobserved between bitter threshold values and the Log
k (octanalwater) partition coefficierst(Schiffmanand otherd 994 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 siteshiitthe 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 repdrthat 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 tastreceptor model (froMlaehashi and Huang 2009) proposed by
Ishibashi and others (1988) and Tamura and others (1990b). Bitter peptides have to be
approximately 19 to fit the proposed bitter taste receptor pocketptighes possess 2 bitter
determinant sites, the binding unit (BU) consists of bulky hydrophobic group and the
stimulating unit ( Stninogup®rhgdtoghobe roup)aBUisc gr o u
the primary site that determines the bitterness of éhgpound 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 4.1A.
Once in contact, the bitter receptoretds 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 gteni2R1
T2R4, T2R14, and AR16(Maehashi and others 2008Althoughthe peptides that we
structurdly different from each other (due to different primary structures), they could
stimulate alfour receptors, with hAR1 to a greater extent. This experiment subivat
peptidesvere perceived byhe bitter receptorsZRs subfamily in the same way aseth
bitter compounds. Three synthetic peptides includingl@ly and GlyPhe whichwere
known to be bitter, and Gl¢ly which is a norbitter peptidewere used for further

invedigation of the stimulation of T2Rs receptor celBly-Gly, lacking hydrophbic amino
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acids, did not stimulate any T2Rs. T2R4, T2R14 &8&16 were greatly activated by
specific ligands denatonium, picrotin, and salicin, respectively, confirthatgtructure of
the ligands playimportant roles in generating bitter perceptignsbmulating various bitter
receptors.This also supports the theory that multiple tastants can activate a single taste
receptor.Gly-Leu and GlyPhe stimulated2R1 most strongly while there were littlerio
response in other receptors T2R4, T2R14, B2R16. Thus, it is likely that other bitter
peptides in the peptide chain stimulated these receptor cells. When stimulation dfyT2R1
the 2 bitter peptides as wel other bitter compoundgnotonium, picrotin, salicin, and
caffeine were tested, tipeptides activated theseceptor cells to a greatextent than other
compounds. This implicates tHB2R1 can be a receptor for bitter peptides.
Recently,Upadhyaya and others (201ébnducted a study on T2R1, the bitter taste
receptor known to bactivated 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 tpeptides) derived from food proteins and a later docking
experiment waperformed 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 poteicy EC
value (the concentration of a compound required to induce the response 50% of the
maxmum). The first group was comprised of high potentB@lues for T2R1 in uM range
while the second group was comprised of medium potency and hadadi@ for T2R1 in
mM ranges. E§pvalue is calculated based on the intracellular calcium changesstaiat
interacts with the synthetic taste receptor, calculated by nonlinear regression analysis. The

first group included the bitter peptide PReePhe and a bitter taste synthetic compound
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dextromethorphan. PHehePhe is highly hydrophobic and cortsist with previous works
and knowledge on bitter tasting peptides that hydrophobicity is required for bitter taste
binding. The second group included someejptides (GlyPhe, Phd_eu, IsePhe) and
tripeptides (GlyLew-Leu, LeuArg-Pro, I1seGlu-Trp). Inthis study, trpeptides were found

to be more potent than theeptides 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 ligandding pocket was located close to the extracellular
surface of T2R1, with TM1, TM2, TM3, and TM7 and residues frorilEnd EL2

contributed to ligand binding. They also demonstrated that different ligands bound in
different orientation but was bound withihe 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 Asnh 66 on TM2 (Hbondwith 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 wemeessing T2RS,
T2R39, and other 23 T2Rs were used to conduct &ase#d bitter assay and similarly the
response was recorded by using calcium imaging analysis. Bitter taste tetrapeptidbePhe
Pro-Arg) was tested and stimulated both T2Rs (T2R8 arii3B2 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 dependenfwith EC

values in the mM range which were reported bydh@gaya and others (2010) to be medium
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potency bitter group. Further investigation of moneadd tripeptides from this

tetrapeptide mixturdJeno and others (201dgported that only Prérg dipeptide activated
T2R39, but not T2R8 suggesting that #héster 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

Thenutritional and functional properties of WPH are the major advaritadieeir
usage in food productsFactors that affect enzymatic hydrolysis of protein are the enzyme
specificity, extent of protein denaturation, substrate and enzyme concenbkjaonic
strength, temperature, and absence or presence of inhibitory subsRargem§ and Kilara
1996. These factorsantribute to the functional antutritional propertiesand bitter taste
intensity of WPH as well ake peptide chains producedettiegree of hydrolysis, exposure
of hydrophobic groups, and increased nhumbeaomit groups (Panyam and Kilat®96).

1) Nutritional Propertiesof Whey Protein Hydrolysate

Many studies havelemonstrated health benefithydrolyzed whey protein or its pein
fractions. Some bioactivities exerted include -@atidiovascular disease activities, ion
binding, antioxidant activities, imnmunomodulataffects, satiety effectantiallergenicity
and glycogen uptake in musclé3tie and other8007 Ahn and otlers2009 Nilsson and
others2004;Morifuji and others 2010Boza and others 200Meisel and FitzGerald 2000
Rui, 2009 Kim and other2007a Cheison and others 200Mernanded_edesma and others

2007; Pend&Ramos and others 200Mlercier and others 2004 Hydrolysates that are used
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for nutritional purposes often contarhigh degree of hydrolysimeaning ayreater amount
of small peptideswith no peptides greatergh 5 lDa and approximately 90 %0% kDa
(Panyam and Kilard996. The hydrophobic and aromatic residues at specific poséi@n
often shown to impart bioactivitiesSome of the sources of peptides from whey protein
fractions with health benefits thiaave been reported are shown in Table 1.

a. ACE Inhibitory Effect

WPH thatexhibit angiotensin-tonverting enzyme (ACE) inhibitory activitieshich
reduce blood pressure and lower the risk for cardiovascular disegseslly have masses
below 0.3 kDgOtte and other2007 Ahn and other2009 LoPez2006) ACE is a
dipeptideliberating exopeptidasendplaysarole in increasing blood pressure by activation
of thevasoconstrictor octopeptide angiotensin Il and inactivation of the Naisogl
nonapeptle bradykinin Peptides that exhibit ACE inhibitory activitigenerallyhave the
C-terminal amino acids made out of either hydrophobic or aromatic residesl. with a
hydrophilic residue athe C-terminal, although less frequerixhibitlower ACE inhbitory
activity compared to sequences with hydrophobic residtte C-terminal (Otteand others
2007;Ahn and other2009. Ahn and others (2009) reported that peptides with ACE had
pentapeptides positioned with Ala at theédminal and had mostly hyaphobic (Pro, Val,
and Leu) or aromatic (Phe) amino acids at tHer@inal (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

Peptdes that are opioidgoniss and antagonisthaveaffinity for opioid receptors.
Opioid receptors in the gastrointestinal (Gl) tract are peripheral nerves that regulate functions
in the Gl tract such as motility, water secretion or absorption. Pefhatdsave affinity for
opioid receptor coulgrolong gastro intestinal transit time Meaanti-diarrheal properties
(Daniel and other$990, aid peptidd@ransportationn small intestingBrandsch and
others199)% and may impact postprand{glostmeal)metabolism by stimulating secretion
of insulin and somatostati®¢husdziarrd 983. The binding site of opioid recepsor
requires specific amino acid residue the peptide chain for binding. Common peptides that
fit those receptors for opioid receptanr® the presence of a tyrosine residub@l terminal
and the presence of another aromatic residtiee third or fouth position(Meisel and
FitzGerald 200Q) A proline residue present in the second position was demonstrated to be
crucial in maintaining proper orientation of the Tyr and Pte shainslierke and othes
1990. Some whey protebd er i ved peptides wit h-lacdophimi d r e c e
andLalkt or phi n flactalbumin sirandsAnfila andotherd 991) (Table 1)
Anotheropioid receptor agonist peptide wasisolated peptide fragmefrom serum
albumin [Tani and others 1994Table 1)

c. Mineral binding properties

WPH exhibits ion binding activitiewhichimpact calcium and iron bindingR(i
2009 Kim and others 2007a)fhe molecular weight at which physiological activity is
evident is below 3.4 kDa (Rui 200Rim and others 2007a)Amino acid sequences and

enzyme specificities wemeportedto impact the ion binding activitie&im and others
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2007a). Absorption of calmim canprevent bone disorders and danapplied in the
treatment of osteoporosis or dses food additives to enhance calcium absorption. Iron
binding capacity can benefit in prevention of aneriian(and other2007a; Kimand others
2007b) The tryptc hydrolysate fractions that have calcium binding abildgiebhetween
1.4-3.4 kDa (Rui, 2009(Kim and Lim 2004) P, L and Kwere the major amino acid
residues that bind to calcium bindisdes (Table 1).For iron binding activityjron

solubility in WPC hydrolysates rged from 8190 % 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 2007ajncoEhe
abundant residuesith iron binding capacityvereA (18.38%) K (17.97%) andr (16.58%)
(Kim and other2007a) Amino acids (except for Tyr) can form complexes with iron
through carboxyl oxygen, wheresR, and Hmaybeinvolved 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 (WPIJCheison and others 2007Hydrophobic an@romatic amino acid
resduesplay an important role in antioxidant activifyjlernanded_edesma and others 2007,
PenaRamos and others 200djable 1) Antioxidant activity was attributed td¢ structural
conformation of peptideshich have been demonstratedrngrove hydrogexonor capacit
of the amino acid residuélernandeZ_edesmaand other2007) Specific peptid size also
dictates antbxidant capacitywith peptideswvith smaller molecular weight (1-35 kDa)

exhibiting higher antbxidant activity,andpeptideswith the highest antbxidant activity
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being as low as 750 D&¢naRamos and othe004). Recenty, Salami and others (2010)
studied camel and bovine whey proteins and reported different antioxidant activities between
the WPH of bovine and camelPenaRamos and Xiong (2001, 2002) also reported that
peptides derived from soy protein isolate (SPI) weoee effective in decreasing the

formation of thiobarbituric acideactive substances in a liposome model systems compared

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

e. Immunomodulatory activities

In WPH hydrolyzedy atrypsin and chymosin mixtur@5 kDa), there was a
stimulation in the in vitro proliferation of murine spleen lymphocytes suggesting
immunomodulatory effect§viercier and others 2004)Unhydrolyzed whey proteihad
greater activity compardd those subjected to hydrolysi$he release of bioactive peptides
in intact whey proteins can occurtime gastrointestinal tract. Diffences in bioactivities
were observedmong different peptideend suggedhat specit peptidesvererequired for
sud activity. Another study demonstrdtidat\WPH hydrolyzed withpancreatic enzyme
impactdthe immune system in mouse spleen by supplying more antibodget-T
dependent antigefBounous and Kongshavn 1982) hypo-allergenic effecwasobserved
in whey protein concentrate hydrolyzed by Corolase T09#ro with human IgE anth
vivo with a mousgBeresteijn and others 1994VPH between & kDaelicited
immunogenicity and hypallerginicity propertiegBeresteijn and others 1994These

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 muselcarbohydrate 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 gycogen synthesi&lip and others 1993 Nilsson and others (2004@ported
that the stimulation of plasma insulin increased after ingestion of whey protein compared to
other dairy protein sources (cheese, milk). Further, studies showed that feediny otbey
increased glycogen content in liver and skeletal muscles in exdreised rats (Morifuji
and others 2005a,Morifuji and others 2010)Whey protein contains high amounts of
branched chain amino acid (BCA&pntaining bioactive peptides whiblave been reported
to activate skeletal muscle glucose uptake (especially ((Benjstrong and others 2001,

Morifuji and others 2009). Ingestion of WPH increased glycogen levels weyeastise rats

more than casein hydrolysate or amawd based diet@orifuji and others 2010Boza and
others 200)) 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 RAkt/PKB) andpro¢ i n ki n a s e , kéy emzgnes thaf regkilaie )
glucose uptake (Morifuji and othe2610) or the stimulation of Akt/PKB and PKC manpt

be necessary to mediggkicose uptake (Peyrollier and others 20B6eiw and others 2001).

2) Functionality Propetiesof Whey Protein Hydrolysate

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

limited to: solubility, interfacial propertse(emulsification and foaming), and gelation
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propertieTurgeonand otherd 992;Gauthier and thers 1993; Singand 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 asagjree ohydrolysis, molecular weight profiles, enzyme selections and
hydrolysis conditions also influence functional properties. Hydrolysastsre intended for
functional purposes are hydrolyzexda lesser extembmpared to hydrolysates intended for
nutritional purposefPanyam and Kilara996.

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 solubilide Solubility of proteins increase when WPC is hydrolyzed
compared to the intact WRCQurgeon and others 1992, Severin and 2086) At pH closer
to pl (pH 4.05.0), solubility improved with hydrolyzed WPC 80 and as the DH increased (5
20%), solubilityincreased (Severin and Xia 2006). The results also showed that changes in
solubility were small at-20% DH and became more noticeable a203% DH. The
increased solubility was due to smaller molecular size peptides obtained via increased DH
(Ziajka ard 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 increakmility (Ziajkaand
others2004; Severin and Xia 2006[Enzyme specificity also impasolubility, with tryptic
hydrolysates more soluble thaeptic hydrolysate(Ziajka and others 2004), and Alcalase®

hydrolysate more soluble comparedirotemax 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 hgieater emulsyfing properties compared tative
wheyprotein at pH 7 and 9, and lower emulsifyrapacity (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 WPHesulted in‘protein solutions with peptide
fractions that had improved EC atidic conditions and were superior to unhydrolyzed WPC.
Fr a c t-lgf92m-40) aind f(4160) were isolated and were shown to improve emulsifying
properties of tryptic WPH. raction 4160 possessed a periodic distribution of polar and
hydrophobic residuewhich are required for emulsification (Turgeon and others 1992a;
Panyam and Kilara 1996). Turgeon and others (1992) also reportetiyhaitryptic
hydrolysis resulted in fractions with lower EC compared to tryptic fractiotiee acidic pH
range. Theg attributed the finding to the high proportion of srslle digestion product of
peptides when hydrolyzed with chymosin compared to trypsin. Tryptic peptides, on the
other hand, have internal hydrophobic residues which enhance interaction wingh.
andDalgleigh (1998) reported better EC in WPH compared to WPC. Emulsion activity
increased with increased protein surface hydrophobicity and decreased ionic strength

(Klemaszewki and others19p2lonic strength and pH had more influence on EC ofigep
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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 proteinghthesient 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) reportediigydrophobic peptides fractions
possessed greater surface activity compared to the other fractionsTasteeduction in
surface tension occurs when protein molecules diffudsgraat the interface, unfold, and
rearrange around the surface of theptiets 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 hydrolysatesvitaa 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 ahéyt 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 othéPHs, 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 oilvater interfae 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 prope(bavis 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 aitdwvanterfaces 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
hydrolysatgvan der Ven and others 2002preater improvement of foam yield stress was
observedilAl cal aseE and plggomaparad tcirypsin hydrolygitids b
and others 2005)The molecular weight of the peptides; 8Da, was reported to be most
strongly related to foam formatiomgn der Ven and others 2002 owever, 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 electrostatiomepulsi
(Zhu and Damodaran 1994fpevein and Xia (2006) also reported WPH generated by
Alcalase® had decreased foaming capacity (FC) at 10% DH, aneR@4®H, they did not
form foams at all. They also reported hydrolysates with a different enzyme (Protemax) also
had low FC for all DHs (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 prgteatein interactions, preventing elastic film

formation at tle airwater 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 therfate, disposition of charged and polar
groups to prevent the close approach of air bubbles, and steric eBeatsapn and Phillips
1994). Other factors such as heat may enhance aggregation in the bulk phase for pepsin and
Alacase hydrolysates and redualdecreased 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 propertiesproteins(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 betweefil5%, 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 ofZD % protein concentration. On the other hand, Doucet
and others (20019bserved a dramatincrease in turbidity and viscosity Alcalas&®
hydrolysates at 20 % protein concentratdtera critical point at DH 18 %and a gel was
formed. At that point, small amount & lg andU-la remained in the hydrolysate suggesting
that native proteindid not play a rgjor role in the gelation process in enzymatic induced
gels. With a snilar gelation mechanismomparedo heatinduced WPI ged enzyme
induced gedtionalso required the formation of aggregates before gelation took place. They

suggestd 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-ihdueEt gels.Otte

and others (1996¢ported thaBacillus licheniformigBLP) induced gelation iWVP | -Ig b

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

intermediate size (BkDa) peptides held together by roovalent bonds (Otte and

others1997). Further, WPH also enhanced the gelation of unhydrolyze(véBsot and

Gruppen 2007)Gelation of BLP hydrolysates was observed in the prgieptide mixtures,

when WPI alone did not form gel€ieusot and Gruppen 2007 ncteasedemperature and

ionic strengtHed to increased amount$ proteinpeptide inéractionsforming morestable

aggregategCreusot and Gruppen 2007). Hydrophobic interactions which formed at

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

in proteinpeptide aggregation (Creusot and Grupp@@7) Three peptides fractions

involved in the aggregates wer-lgf(o0-W&nt i fi ed,

2335. 2gf45)b 4895.6 Da, andla&b0aB3)h7d035ba. i gi nat

Fractions (145) and (96109) were hydrphobic in nature, and f(5013) fromU-la was

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

primary aggregat i nda(Qiteagnddthérs2007j hydr ol yzed U
One of the benefits of proteins is its function properties in food products. The ability

to form a gel, emulsify or foam forming capacityates 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 dag 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 magllow food product developers to achieve optimal functional
properties in food products.

3. Bitter Taste oivheyProtein Hydrolysate

Bitter taste of milk protein peptidesdizeen widely documentg®ingh and others
2005;Pedrosaand other2006; Bereseijn and otherd 994 Leksrisompong and others
2010. Howeverstudies related tthe bitter taste of WPH peptidieactions are limited.
Spellman and others (2009) studied the WPH percent peptide materials hydrolyzed by
different enzymes and their imgammn bitter taste intensity. ydrolyzed WPC 80 by
Alacas® enzyme possessed a much lower percentage of peptide material > 10 kDa (14.0 %)
andwas documented to hatgher bitter taste intensigompared to Prolyve (18.7 %) and
Corolase 7089 (33.3 %WYPH (Spellmanand other2009). The percent total solids in
hydrolyzed whey proteins also impact the degree of hydrolysis, and thus, bitter taste
(Spellmanand other2005). Higher TS had greater amauoit>10 kDa peptide material
and lower amoustof <0.5kDawhich resulted in lower bitter tastempared to low TS.

In whey protein hydrysate, chymotrypsin contributed greater bitterness than
trypsin, followed by pepsin (Ziajka and Dzwoldl®99). Chymostrypsin hydrolyzes bonds
that involve bulky hydropobic amino acids Phe, Trp, and Byrdresuledin terminal
hydrophobic amino acid residutgat were reported to be bittehlcalas&® (a Bacillus
licheniformisproteinasehydrolyzed WPH were more bitter than Corolase 708a@llus
licheniformisproteinaseWPH and Prolyve (8acillus licheniformigroteinaseYWPH due to

the generationfa b i -lg pegtide flaction VAP-Lew®’ (VEELKPTPEGDLEIL) (1681
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Da), that containe# Pro residues in the central position and 2 hydrophobic residues at the C
temminus (lle and Leu) (Spellmand other2009).Chymotrypsin contributéto greater
bitternessn WPHthan trypsin, followd by pepsin (Ziajka and Dzwoldl©99). The degree
of hydrolysis (DH) also plays an important ratepredicting bitter taste, lgher percentage
of low molecular weight peptide materials may contribatBigher bitter taste intensity
Increase in DH was reported to form peptides with high bitter intensity in both WBQI80
Casein (Ziajka and Dzwolak999). The initial amino acidoeposition and primary
structure of the protein substratepacs bitter taste intensity of a peptide. All casein
hydrolysate were more bitter than WPC 80 hydrolysates (Ziajka and DzviSI98).
Casein has Q value of 1450 Kcal/mol whereas WPH has Queat around 1225 Kcal/mol
indicatingthat casein is more hydrophobic (Rb§97). Moreover, casein tends to release
hydrophobic peptides more regdihan WPH (Ziajka and Dzwolak999). Specificity of the
proteolytic enzyme used to generate the hydatéy/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 (Spafichather2009; Ziajka and
Dzwolak, 1999).

Bitter taste isusually 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 lagplied to hydrolyzed proteins to reduster tasste However,
limited studeswere performedo reduce the inherébitter taste of WPH (Cheisand
others2007, Ziajka and others 2004)t is common that removal of hydrophobic peptides,
selection of enzymes for hydrolysis, or altering processingadstbould be performed to
reduce bitter taste in protein hydrolysates (Komai and others 2007; Roy 188vgver, the
majority of amino acids that are essential aadtributeto bioactive properties are
hydrophobicand/or aromatiamino acidsare also sorces of bitter tasteRemoving those
hydrophobic or aromatic side chains may compromise the biogbperties (Morato and
others 2000).Some of the processes used to alter peptides to reduce bitter taste are shown in
Table 3.

Selection of endoprotses, exopeptidasg andor 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 thepeptide chain terminal: carboxypeptidase acts on tter@inal and
aminopeptidases act on thet&minal (Roy 1997Komai and other2007; Umetsu and
others 1983) The presence of prolyl dipeptidyl aminopeptidase which acts on proline
residues, amino @is that affect the steric conformation of peptides (Ishibashi and
others,1988Mierke and others 199&hinoda and others 198&)so 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 hourkydrophobic amino acids we liberated and thieitterness

of soy peptides wasompletely eliminated. Komaind otherg2007)demonstrad that as

the incubation time increased, the amount of liberated Leu, Pheanid/Glu increased

There are some limitations with using exopeptidases such that significant amounts of free
primary hydrophobic amino acids in the hydrolysatesy mdversely affect taste quality
(Komai and others 20QFujimaki and others 197050me serine carboxypeptidases have
similar ability to eliminate bitterness of bitter peptides by cleaving bulky hydtmptamino
acids at @erminus Umetsuand otherg1983) showed that wheat carboxypeptidase had an
ability to eliminate bitter taste in milk casein by releasing hydrophobic amino acids from
bitter peptides.Selectionof endoproteaskad been demonstralte affect the bitter taste
intensity of whey prote hydrolysate (Ziajkand other2004). 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 hydrolysafBise

degee of hydrolysis for peptic hydrolysates iaser than tryptic hydrolysates in all cases
suggesting thatypsin has better specificity f2WPC. b-Ig is resistant to peptic action

(Otani 1981 Konrad and otherg005), since most of its cleavage siteslauried in the
hydrophobic coreReddy and others 1988; Schmidt and others 1991).

Membrane technologies can be applied to reduce bitterness of peptides, i.e. by
peptides and membrane interactiongytdizing distinct membrane pore siz€l{eison and
othas 2007).Cheisonand otherg2007) used macroporous adsorptiosirs (MAR) to
desalt and debitter whey protein hydrolysate. The nature of interaction of the resins with the

hydrolysates is hydrophobic interactiofesjorable at high temperature and Iptt. When
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WPH is adstbed onto the MAR, salt wassed off with deionized watend the retained
hydrolysates werdesorbed using alcohoHydrolysate fractions with different
hydrophobicity can be generated when the retained hydrolysates were desonged
different alcohol concentrations (Cheison and otB86) Fractions obtained are either low
or high hydrophobicity and % molecular weight peptides. Usually, those that are desorbed
with high atoholconcentration contain a high & low moleculamweight (<600 Da)
peptidesand are perceived as more bitter than those wigryalow percentage of higher
molecular weight peptides generated by lower alcohol concentration fractidigher
molecular weight peptides are less hydrophobic and have weygdk@phobic 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 (Gmelszihers
2007). The more hydrophobic fraction (desorbgdhigh alcohol concentratiopntained
thehighest amounts of tryptophan, phenylalanine and tyr@sidshowed superior ACE
inhibition ability compared ttower alcohol concentration desorbed fractiamsile all of
these fractions were significantly betinhibitors of ACE compared to WPHhus, the
losses of bioactivities wemmnsequenceshen WPH were debittered by MARS.
Encapsulation technology could improve the bitter taste of peptides (Barbosa and
other 2004).Papain hydrolysates of casein gogalated in lipospheres accomplished by
homogenization and freeze dryingre reported to be lebgter than frednydrolysates
(Barbosa and others 2004Microencasulation, also accomplished bgmogenization and
freeze dryingof casein hydrolysate by complex coacervation with soy protein isolate and

pedin were reported to be less bitter than free hydrolygdMesdanha and others 2009)o
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mechanisms were proposed in this study. However, another stualyife same group
utilized spray drying technology to encapsulate casein hydrolysate with SRecimdgnd
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 Inhilttors

Bitter taste inhibition can occur at peripheralsifat cellular oepithelial leve) or

thecentral nervous systemiWhen two compounds are mixed (i.e. bitter compound and salt
compound), interactianmay occuat the taste receptor cellsatrthe transductiorpathway
of the other compounds resulting in suppressigmeofeived intensity of the other
compound. This type of suppression or inhibit®ocalled6 t ataste eteractioband
occurs at theellular or epithelial levelperipheral. Onthe other hand, bitter taste inhibition
can occur after the taste qualities are processtxicentral nervous systerihis type of
suppressioniscalledimi xt ur e whichqrours whersuppnedsion happens when
the brain detects the mixture thie taste qualities and ak&he perception and intensity of
each taste quality (i.e. bitter and sweet taste mix{least and Breslin 2002; Breslin 1996).
Bitter tase inhibition can be shown onpagychophysical curve between concentration and
tasteintensity(Keast and Breslin 2002; Breslin 199@istinct terminologies have been used
to describe perceived bitter taste reduction
when the concentration and taste intensity curve right shifted with ngelmaslope. The
maximum bitter taste intensity reached by a bitter tastant may also be suppressed (Breslin

1996) . 6Masking or inhibitiond of bitter ta
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intensity and concentration curve when a composratlded to another compound (Keast

and Breslin 2002)Figure 5)

Bi. Intensity
m

Concentration

Bi. Intensity

Concentration

Figure 5. Bitter taste intensity (Bi. Intensity) and concentration curve for taste suppression,
enhancement and masking

Addition of compounds or alteration of the physical propedfasatrices could
suppress or inhibit the bitter taste of bitter produ@slatin, starch, gelatinized starch,
lecithins, chitosan, cyclodextrins, liposomes, surfactants and other polymeric materials aid in
increased viscosityncreased/iscosity of a poduct decreasettie rate of diffusion of bitter
substances from the food to the taste buds (®8y). Moreover, thdebittering effect of
some pol ysalodextrin and gelatinizet)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 199a).l ar g e -eygladexsis of U
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(greater t ha-syclddexin)avgsineécesaalyéonthe efféct to occur. Food
matrices such as liquid compared to soft gels as well as amount of fat also impact bitter
perception $inghand others 2005 Thethreshold of bitter peptide in water was the lowest,
followed by skim milk and whole milk. The thresd in cheese was the highest compared to
water and milksuggesting thatt 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 bitgeoftas
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 progilets, these applications
will be useful to the health food industry.

F. Conclusion

Whey protein hydrolysates adairy derived ingredients that hahegh functionaland
nutritional properties and are used as vahakled 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 itinglobi
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 abitdns on peptide bitterness.
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H. Tables

Table 1. Bioactive peptide fragments derived from WPH

Benefits Characteristics Fragment Peptide Sequence | Citation
ACE- Peptides with Chiba and Yoshikawa
Inhibitory | hydrophobic or aromatic| b-Ig (f104105) | LF (1986)}from Meisel1998)
residue at @erminal (P, Chiba and Yoshikawa
L, V, W); MW below 3.0 | ala (f5053) YGLF (1986)}from Meisel1998)
kDa Mullally and others 1996
ala (f5051) YG (from Meisel 1996)
Lactorphin
fraction YLLE Belem and othres 1998
b-lg f(102-105) | YLLF
&la f(50-53) YGLF Mullaly and others 1997
b-lg f(146-149) | HIRL
BSA f(208216) | ALKAWSVAR
b-lg f(73-77) AEKTK
b-lg f(34-38) AQSAP
b-lg f(78-82) IPAVF Ahn and others 2009
b-lg f(37-41) APLRV
ala f(106110) | AHKAL
ala f(21-26) VSLPEW
ala f(20-26) GVSLPEW
LKGYGGVSLPE
ala f(15-26) W
ala(fl6-26) KGYGGVSLPEW
b-Ig f(33-42) DAQSAPLRVY Tavares and others 201]
ala f(97-104) DKVGINYW Tavares and others 2011
Opioid Presence of Y at N BSA(399-404) Meisel 1998
agonist terminal and the presen Chiba and Yoshikawa
of another aromatic b-lg (f102105) | YLLF (1986)from Meisel1998)
residue (F or Y) in the _
3rd or 4th position. alactorphin _ _
fraction YGLF Meisel and FitzGerald,
2000, Antila and others
ala fraction YLLE 1991, Tani and others
Serum albumin 1994
fraction YGFNA
Immunom | WPH hydrolyzed by a | ala(f18-19) Meisel 1998
odulatory | trypsin and chymosin
activity mixture. MW below 5.0
kDa (Mercier and others
2004, Beresteijn and
others 1994) YG
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Table 1. Bioactive peptide fragments derived from WPH (continued)

Benefits Characteristics | Fragment Peptide Sequence | Citation
lon binding Calcium:P, L, Kim and Lim 2004
activities andK residues | ala f(7883) NISCDK
ala f(41-47) IVQNNDS
ala f(80-87) SCDKFLDD
ala f(9598) CVDK
Iron: A, K, F Kim and others 2007
residues. MW
below 3.0 kDa | n/a n/a
Antioxidant Hydrophobic Hernandezl.edesma and
activities V,L, A I, M) others 2007PenaRamos
and aomatic and others 2004
(W, Y) and His.
MW below 3.5
kDa n/a n/a
Skeletal muscle| Branched Chain Morifuji and others 2009
glycogen Amino Acids
increase, (BCAA)-
nutritional containing
recovery peptides|(, |,
V) n/a n/a

n/ai not available
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Table 2. Factors that influence bitter taste of peptides

Factors

Effect

Citation

Hydrophibicity (QRule
expressed in cal/mol) (Q=
Epg/ n, g is
energy, and n is the number
of amino acid residues)

Bitter peptids haveQ values > 1.4
cal/mol and nosbitter peptids haveQ
values <1.3 cal/mol

Ney 1979

Conformation

L-Proalters peptide conformation by
folding the peptide skeleton due to the
imino ring and results in a conformatio
that would fit bitter taste receptor

Toelstede and Hoffma2008;
Ishibashi and others 1988im
and others 2008

Initial amino acid
composition

Ability to release hydrophobic peptide
more readilywhen hydrolyzed

Ziajka and Dzwolaki999

Enzyme selection

Proteinase derived hydrolysateleaves
after hy@dophobic amino acid residues
aremore bitter than protease (cleaves
after charged amino acidsidues).
Chymotrypsin > trypsin>
pepsin>Alcalas® > Corolase
7089>Prolyve (>=more bitter)

FitzGerald
Ziajka and Dzwolaki999;
Spellman and others 2009

an

d

Degree of Hydrolysis (DH)

High DH > Low DH

Ziajka and Dzwolakl 999

Total Solids

High total solids prioto
hydrolysis>Low total solids prico
hydrolysis

Spellman and others 2005

Peptide chain length/MW

8-10 amino acid residues, 1.0kDa or
below are bitter

Kim and LFChan2006
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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.

Endoproteasegepsini prefers hydrophobic
amino acids at the-@&rminal and produce
peptides with hydrophobic residueNsterminal.
Trypsin, papain, and bromelain prefars and
Arg, Asp or Glu at @erminal producing
hydrophilic peptides at N terminal with different
degree of bitterness.

Roy, 1997

Endopepteasesrypsin and pepsin hydrolysis of
WPC. Peptic hydrolysateveremore bitter than
tryptic WPC hydrolysate

Ziajka and others 2004

Exopeptidasecarboxypeptidase acts on C
terminal and aminopeptidases acts oteNninal.
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
squidTodarodes pacificysacts on hydrophobic
amino acids at the-&rminus.

Komai and other2007

Serinecarboxypeptidases can eliminate bitterng
of bitter pgtides by cleaving bulky hydrophobic
amino acids at @erminus

Komai and other2007

Membrane Technologly
selection of peptide
hydrophobicity

Macroporous adsorption resins (MAR) desalt a
debitter WPH using different alcohol
concentration

Cheison and ters 2007

Encapsulation
Technology’ Theorized
that low rate of
dissolution in water may
resulted in suppression

Papain hydrolysates of casein encapsulated in
lipospheres accomplished by homogenization &
freeze dried

Barbosa and others 200

Spray dryng 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 thinesds of

b-casein fraction Tyr(193Yal(209)

Singh and others 2005
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Characterization of Flavor of Whey Protein Hydrolysates

PATTARIN P. LEKSRISOMPONG, R. EVAN MIRACLE, AND MARYANNE DRAKE*

Department of Food, Bioprocessing and Nutrition Sciences, Southeast Dairy Foods Research Center,
North Carolina State University, Raleigh, North Carolina 27695

Twenty-two whey protein hydrolysates (WPH) obtained from 8 major global manufacturers were
characterized by instrumental analysis and descriptive sensory analysis. Proximate analysis, size
exclusion chromatography, and two different degrees of hydrolysis (DH) analytical methods were
also conducted. WPH were evaluated by a trained descriptive sensory panel, and volatile com-
pounds were extracted by solid phase microextraction (SPME) followed by gas chromatography—
mass spectrometry (GC-MS) and gas chromatography—olfactometry (GC-O). Eleven representative
WPH were selected, and 15 aroma active compounds were quantified by GC-MS via the generation
of external standard curves. Potato/brothy, malty, and animal flavors and bitter taste were key
distinguishing sensory attributes of WPH. Correlations between bitter taste intensity, degree of
hydrolysis (using both methods), and concentration of different molecular weight peptides were
documented, with high DH samples having high bitter taste intensity and a high concentration
of low molecular weight peptides and vice versa. The four aroma-active compounds out of 40
detected by GC-O present at the highest concentration and with consistently high odor activity
values in WPH were Strecker derived products, dimethyl sulfide (DMS), 3-methyl butanal, 2-methyl
butanal, and methional. Orthonasal thresholds of WPH were lower (p < 0.05) than basic taste
thresholds suggesting that aromatics and bitter taste are both crucial to control in WPH food
applications.

KEYWORDS: Whey protein hydrolysate; enzymatic hydrolysis; degree of hydrolysis; bitter taste; whey

protein flavor

INTRODUCTION

Whey protein hydrolysates (WPH) are a good source of

bioactive peptides, specific protein fragments that positively
influence body functionality and may result in improved human
health (7). Some bioactivities exerted include anticardiovascular
disease activities, ion binding, antioxidant activities, immunomo-
dulatory effects, satiety effects, and antiallergenicity (7). To
obtain bioactive peptides from whey. enzymatic hydrolysis is

usually a method of choice as it can minimize the impact of

extreme pH and temperature on protein strands during chemical
hydrolysis (via acid or base) (/). After hydrolysis to a desired
degree of hydrolysis (DH), the {raction of peptide bonds cleaved
expressed in percentage, the enzymatic process is inactivated
using heat treatment to prevent further breakdown of peptides.
Postprocessing such as clarification/filtration to remove insoluble
residues or fractionation based on peptide size can also be
achieved. Flavor generation steps, where flavor of WPH may
differ from that of WPC or WPI, would primarily include the
enzymatic treatments, additional thermal treatment for inactiva-
tion of enzymes, and final clarification/filtration steps. The
peptide fragments generated may also contribute to basic tastes.
Reducing peptide chain length and exposing hydrophobic pep-
tides can contribute to bitter taste (2), and thermal treatment may

*Corresponding author. Phone: (919) 513-4598. E-mail: mdrake(@
unity.ncsu.edu.

elevate thermally generated f{lavors such as those from the
Maillard reaction, lipid oxidation, saponification (3, 4).

Bitter taste has been associated with WPH, and the degree of
bitterness may depend upon the enzymes used for hydrolysis.
degree of hydrolysis, and specific processing conditions (2, 5).
However, to our knowledge, no studies have characterized the
flavor and flavor chemistry of WPH. Although bitterness is
objectionable, the flavor of WPH can also be objectionable and
has been largely overlooked. The objective of this study was to
characterize flavor and the volatile sources of WPH flavor by
sensory and instrumental analyses. Twenty-two commercial
WPH from 8 major global manufacturers were evaluated.

MATERIALS AND METHODS

Chemicals. Compounds (Table 1) were obtained from Aldrich
(St. Louis, MO) with some exceptions: dimethyl sulfide, Z-4-heptenal,
phenylacetyldehyde, octanal, and o-aminoacetophenone were obtained
from Acros Organic (Morris Plains, NJ); 0-decalactone was obtained from
Alfa Aesar (Ward Hill, MA).

Whey Protein Hydrolysate Samples. Twenty-two spray dried whey
protein hydrolysates (WPH) (approximately 1 kg each) were obtained
from 8§ global manufacturers, with 2 production codes acquired for each
sample. The samples were stored at —20 °C upon receipt and throughout
the experiments.

Proximate Analysis. Moisture content was determined on the basis of
the ISO 5537:2004 method. Total protein content of WPH was determined
using the Kjeldahl method based on ISO 5537:2004 by determining the
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Table 1. Aroma-Active Compounds in WPH by SPME GC-O
RI Rl method

description possible compound ~ (ZB5)® (WAX)® ofID° 19 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
sulfur dimethyl sulfide <600 667 ROMS + + + + + + + + + + + + + + + + + + + + + +
malty 3-methyl butanal <600 757 RLOMS + + + + + 4+ + + + + + + + + + + + + + + + +
buttery diacetyl <600 975 ROMS + + + + + + + + + + + + + + + + + + + + + +
malty/chocolate 2-methyl butanal 637 912 ROMS + + + + + + + ++ + + + + + + + + + + + + +
garbage/garlic unknown 662 + <+ + + + + + + + + + +
cheesy butyric acid® 787 RI,O, MS K + + + +
grassy hexanal 801 1079 ROMS + + + + + 4+ + ++ + + + + + + + + + + + + +
old whey/vomit unknown 832 1154 + + + + + + = 4+ 4+
cheesy/dried fruit ~ 2/3-methylbutyric acid 833 1740 RILOMS + 1+ = 5 ol + + + + + F
fruity isopropyl butanoate® 850 1189 RIO + t + +
cooked nutty 2-methyl-3-furanthiol® 859 1316  RIO + + + + + + + + + + + + + + + + + 4+ +
fatty/fishy Z-4-heptenal 898 1178 RIOMS + + + + + + + + + t 4+ 4+ A+ o+ F
potato methional 907 1465 RIOMS + + + + + + + + + + + + + + + + + + + + + 4
sweet popcom 2-acetyl pyrroline 921 1345 ROMS + + + + + + + + + + + + + + + + + + + + + +
garlic/cabbage dimethyl trisulfide 960 1379  RILOMS + + + el - - S S SR SR SR S S
mushroom 1-octen-3-one 973 1305 RIOMS + + + + +++++ +++++ + 4+ + + + +
citrus/fatty/sweet  octanal 1001 1274  RIL,OMS + + + + + + + 4+ 4+ 4+ + + + =+ F
rosy phenylacetyldehyde 1042 RIOMS + + + + + i il + + + Ik i
phenoli/Band-Aid  p-cresol® 1074 RILO + < } + } + < t
bumt/smoky/coffee guaiacol 1081 RIOMS + + + + + + + + + 4+ + + + + 4+ 4+ 4+ +
fatty/citrus/sweet  nonanal 1096 ROMS + + + + + + + + + + + + + + + + + + + + + +
curry/maple sotolone® 1095 RI,O + + + + + + + +
rosy/fruity 2-phenethanol® 1144 RI,O + + +
fatty/doughy Z-2-nonenal 1146 RIOMS + + + + + + - ol + + =+ + + +
earthy/soil unkown 1148 + + + +
cucumber (E,2)-2,6-nonadienal 1149 RIOMS + + + + 4+ + + + 4+ 4 + + + + t
cucumber/carpets  E-2-nonenal 1160 1536 RIOMS + + + + + i e i B B I S ST S I R S S
bandaid/plastic unknown 1169 + } t + 4 + + 4
cooked nutty methyl-2-methyl-3-furyl 1171 RIO + + + | 4+ + + + + + 4 +

disulfide®

fatty/hay/sweet decanal 1196 RI,OMS + + 1 + + + + + + + + + + +
onion/garlic dimethyl tetra sulfide 1215 RIO + } + +: ik o A A +
fatty/hay/sweet (E,E)-2,4-nonadienal 1217 RI,O + + = oo o
minty/hay 2-octyl furan’ 1237 RI + + + 4+ + 4+ + + + + + + + A + + + + 4
hay E-2-decenal® 1266 1613  RILO + + + + + + + + + + + + + +
grapy/tortilla o-aminoacetophenone® 1306  >2000 RIO Ul ol Sl i S R S S e S R S S R S
Coconut A-decalactone 1473  >2000 RIOMS + + <+ + + + + + +
fruity/floral B-ionone 1499 1975 RIOMS + + + + + + + + sl Sl +
Peach gamma-decalactone® 1669 >2000 RI,O + + + o+
coconut unknown 1884 + + + # ¥ + 4+ + + +

2 Retention indices of the aroma event on the ZB-5 column. © Retention indices of the aroma event on the ZB-WAX column Method of identification by Rl (retention indices), O
(olfactometry), and MS (mass spectrometry) compared with authentic standards. “Sample identification. ® Tentative identification by RI, odor, and the literature. ‘Compound
identified by Rl and aroma from Greenberg (34); (+) indicates the presence of the compound detected by two experienced sniffers, () blank-indicates the absence of compound.

total nitrogen followed by multiplication by a conversion factor of
6.42—6.64 (depending on the degree of protein hydrolysis). Total fat
content was determined using the Rose Gottlieb method based on IDF
standard 16C:1987 (6). Percent ash was determined using a muffle furnace
at 550 °C by dividing the initial weight by the residual (ash) weight. All
analyses were conducted in duplicate on each sample.

Degree of Hydrolysis. Two methods were applied to evaluate the
degree of hydrolysis: the 2.4,6-trinitrobenzene sulfonic acid (TNBS) and
o-phthaldialdehyde (OPA) methods for comparative purposes.

Measurement of Reactive Amino Groups. The method by which reactive
amino groups were measured to determine the extent of protein hydrolysis
was adapted from the methods described by Lillard et al. (7). The soluble
reactive amino groups were measured by the o-phthaldialdehyde assay
method (OPA) (8). Ten percent w/v protein solutions in deionized water
were diluted to 1:10 and microcentrifuged at 13,500g for 5 min (Beckman
Coulter, Fullerton, CA). An aliquot (10—25 L depending on the free
amino acid concentration of the sample) of the sample was reacted with
2 mL of fluoraldehyde o-phthalaldehyde reagent solution (Thermo Scien-
tific, Rockford, IL) for 5 min, and the absorbance was evaluated at Az
nm. All measurements were performed in duplicate. A microbicinchoninic
acid (BCA) assay was used to determine the total soluble protein using
BCA Protein Assay Kit (Thermo scientific, Rockford, IL). The results
were expressed as #M free amino acid/mg of total soluble protein.

TNBS Method. The percent degree of hydrolysis (% DH) was
measured according to the method of Adler-Nissen (9). Sample solutions
were made by diluting 1 mL of 1% (w/v) whey protein hydrolysate
solution with 9 mL of 1% (w/v) sodium dodecyl sulfate (SDS) solution
(Sigma Aldrich, St. Louis, MO) to obtain a concentration of 0.1% (w/v
protein basis). A 0.25 mL aliquot of protein solution was added to test
tubes containing 2 mL of phosphate buffer (pH 8.2) (Sigma Aldrich, St.
Louis, MO) Two milliliters of 0.1% (v/v) 2.4.6 trinitrobenzene sulfonic
acid solution (TNBS) (Sigma Aldrich, St. Louis, MO) was added to each
test tube and vortexed to ensure thorough mixing. The test tubes were
incubated at 50 °C for 60 min. The reaction was stopped by the addition of
4 mL of 0.25 N HCL (Chemicals, Gibbstown, NJ) to each tube. These
samples were measured at 340 nm against 5 mL of 1% (w/v) SDS blank
solution. A leucine standard curve was obtained by diluting 28 mg/L
leucine standard (Sigma Aldrich, St. Louis, MO) in 1% SDS to obtain 5.6,
11.2, 16.8, 22.4, and 28 mg/L amino nitrogen leucine standards, and the
absorbance values (340 nm) obtained for the leucine standards were
plotted.

Gel Permeation High Performance Liquid Chromatography
(GP-HPLC). The molecular weight distribution of each whey protein
hydrolysate was determined by gel permeation high pressure liquid
chromatography (HPLC) using the HPLC system (Varian Inc., Palo Alto,
CA) comprising a Prostar 210 binary pump (Varian Inc., Palo Alto, CA), a
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Model 410 plus autosampler (Varian Inc., Palo Alto, CA), and a model
310 dual wavelength absorbance detector (Varian Inc., Palo Alto, CA).
The column used was a TSK G2000SW separating column (600 x 7.5 mm
1.D.) connected to a TSKGEL SW guard column (75 x 7 0.5 mm i.d.)
(Tosoh Bioscience, Stuttgart, Germany). The elution was isocratic with a
mobile phase composed of 0.1% (v/v) trifluoroacetic acid (T.F.A.) (EMD
Chemicals Inc., Gibbstown, NJ) in 30% acetonitrile (v/v) (EMD Chemi-
cals Inc., Gibbstown, NJ), ata flow rate of 0.038 cm s~ . Each hydrolysate
sample was diluted to 0.75% (w/v) protein equivalent in water and filtered
through a 0.2 um syringe filter (Millipore, Billerica, MA), and 20 uL was
injected on the column. The column was calibrated with protein
and peptides standards (0.25% (w/v) in water): bovine serum albumin
(67,000 Da). fS-lactoglobulin (18362 Da), ribonuclease A (13,700 Da),
cytochrome C (13,000 Da), aprotinin (6,500 Da), and bacitracin
(1,400 Da) obtained from Sigma Aldrich (St. Louis, MO). His-Phe-Arg-
Trp (764.8 Da), Leu-Trp-Met-Arg (604 Da), Arg-Pro-Pro (404.4 Da),
Leu-Phe (2928 Da). Asp-Glu (262.2 Da), and Tyr-Gly (240.1 Da) were
obtained from Bachem (Torrance, CA). The column void volume (V) was
estimated from the elution volume of thyroglobulin (600,000 Da), and the
total column volume (V}) was estimated from the elution volume of
L-tyrosine HCl (218 Da). The HPLC data was processed to give the
percentage of peptides in the molecular weight ranges for 6 different bands:
>10,5-10,2-5,1-2,0.5—1,and <0.5 kDa.

Descriptive Sensory Analysis. WPH were reconstituted at 10%
solids (w/v) in deionized (DI) water and dispensed into 3-digit coded
soufflé cups (Solo Cup, Highland Park, Il) and lidded. Aromatics and
basic taste intensities of reconstituted samples were evaluated in triplicate
by trained panelists (n = 10) at room temperature (22 °C) using an estab-
lished sensory language for dried dairy ingredients (/0). Panelists were
between the ages of 23 and 45 years, with each having more than 80 h of
experience with descriptive analysis of dried dairy ingredients. Because of
the high bitter taste intensity of WPH, no more than 4 samples were
evaluated at any session to prevent panelist fatigue, and basic taste
profiling was conducted in separate sessions with no more than 3 samples
evaluated per session. Panelist expectorated samples and were provided
with room temperature deionized water for palate cleaning. A 3 min
rest was enforced between samples. Compusense five version 4.8
(Compusense, Guelph, Canada) was used for data collection.

Solid Phase Microextraction: Gas Chromatography Olfactome-
try (SPME GC-0). All WPH samples were subjected to SPME GC-Oto
document aroma active compounds and also to capture any occurrence of
compounds that may be unique in individual WPH. Ten percent solids
WPH (w/v) and 10% sodium chloride (w/v) were reconstituted in HPLC
grade water. An aliquot of 20 mL was taken out and placed in two 40 mL
amber vials (28 x 98 mm, Supelco, Bellefonte, PA) with a PTFE/Silicone
Septum (Supelco, Bellefonte, PA) and a stir bar. The vials were heated,
with constant stirring at 40 °C for 30 min before exposure to a SPME fiber
(DVB/CAR/PDMS) at 2 cm for 30 min. The fiber was then injected onto
an Agilent 6850 gas chromatography-flame ionized detector (GC-FID)
equipped with an olfactometer port (Agilent Technologies, Santa Clara,
CA) in the front inlet at 3 cm. The GC method used an initial temperature
0f 40 °C for 3 min. The temperature increased at the rate of 10 °C/min to
150 °C followed by 30 °C/min to 200 °C, and then held for 5 min. Samples
were evaluated on two different columns: ZB-5 ms and ZB-WAX plus
(30-m length x 0.25-mm i.d. x 0.25-um df) (Phenomenex Zebron,
Torrance, CA). Column effluent was split 1:1 between the FID and the
sniffing port using deactivated fused silica capillaries (1-m length x 0.25-
mm i.d.) (Phenomenex Zebron). The FID sniffing port was maintained at
300 °C with helium carrier gas flow at 1018.6 cm s~'. Two highly
experienced sniffers (each with >60 h experience with GC-O of dairy
products) evaluated each sample in duplicate on each column. The aroma
character, retention time, and maximum perceived aroma intensity (0 to 5
point scale) were recorded (/7).

Solid Phase Microextraction: Gas Chromatography—Mass
Spectrometry (SPME GC-MS). All WPH samples were subjected to
SPME GC-MS for the identification of volatile compounds. The SPME
GC-MS method and sample preparation were modified from the method
used by Wright et al. (/0). Ten percent (w/v) of WPH powder and 10%
sodium chloride (w/v) were reconstituted in HPLC grade water (EMD
Chemicals Inc., Gibbstown, NJ). An aliquot of 5 mL was taken out and
placed in three 20 mL SPME vials with steel screw tops containing Teflon-
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faced silicon septa (Microliter Analytical, Sawanee, FL). Ten microliters
of 2-methyl-3-heptanone in methanol (81 ppm) internal standard was
added to each vial for relative abundance calculations. Samples were
injected using a CTC Analytics CombiPal autosampler (Leap Technolo-
gies, Carrboro, NC) attached to an Agilent 6890N GC with 5973 inert
MSD (Agilent Technologies, Santa Clara, CA). Samples were maintained
at 5 °C prior to fiber exposures. Samples were equilibrated at 40 °C for
25 min before exposure to a 3-phase fiber DVB/CAR/PDMS (Supleco,
Bellefonte, PA) at 31 mm for 30 min, with 4 s pulsed agitation at 250 rpm.
Fibers were injected for 5 min at a depth of 50 mm. The initial GC
temperature was set at 40 °C for 3 min with a ramp rate of 10 °C/min to
90 °C, increased at the rate of 5 °C/min to 200 °C, held for 10 min, and
finally increased at the rate of 20 °C/min to 250 °C held for 5 min. SPME
fibers were introduced into the split/splitless injector at 250 °C ata pressure
of 7.06 psi with helium carrier gas, with a purge flow of 1697.7 cm s™".
A ZB-5 ms column (30-m length x 0.25-mm i.d. x 0.25-um df) (Pheno-
menex Zebron) was used for all analyses at a constant flow rate of
34 cm s~ Purge time was set at 1 min. The MS transfer line was main-
tained at 250 °C with the Quad at 150 °C and Source at 250 °C. All samples
were analyzed in triplicate using scan mode from 35 to 350 m/z.

Identification of Odorants. Tentative identifications were based on a
comparison between the odor properties, retention indices (RI), and/or
mass spectra of the unknowns against authentic standards and/or an
evaluation of the literature. A compound that was not commercially
available, 2-octyl furan, was tentatively identified on the basis of odor
properties and a retention index obtained from the literature. An n-alkane
series (Fluka, Buchs, Switzerland) was used for the calculation of RI (12).
For positive identification of aroma active compounds, retention indices
(RI) on both GC-FID columns, GC-MS column, odor properties, and
spectra were compared to those of authentic standard compounds
analyzed under identical conditions and the compound match in the NIST
Mass Spectral Search Program 2.0 library.

Compound Recovery Utilizing Single lon Monitoring Mode
(SIM). Eleven representative samples were re-evaluated by SPME-GC-
MS using the MS set in single ion monitoring (SIM) mode. The SIM mode
allowed for improved detection levels by focusing on the unique ion(s) at a
certain retention time of a compound of interest, ignoring other ions. The
compounds selected were based on GC-O results. Exact retention time on
the GC-MS for each compound was determined by injection of authentic
standard in scan mode or converted from retention indices (for com-
pounds with no authentic standard commercially available). The unique
ions for each compound were selected using spectra acquired from NIST
Mass Spectral Search Program 2.0 and the authentic standards. The most
abundant ion with m/z greater than 50 was selected. Preliminary work
allowed for elimination of some ions that were not detected by the MS
(at certain retention time) to provide better sensitivity for the detection
of other selected ions. The data were analyzed using MS ChemStation
software (Agilent Technologies, Durham, NC).

Quantification of Odorants. Eleven representative samples were
selected for the quantification of selected aroma active compounds.
Selected compounds were quantified using S-point external standard
curves with internal standard calibration. The standard curves were
generated by adding known concentrations of standards to 10% (w/v)
reconstituted whey protein isolate (WPI) with composition similar to that
of WPH samples. The area of compounds originally present in the protein
matrix was served as a baseline prior to the addition of known compound
concentration. Response factors (the area response on the GC-MS of a
known concentration) relative to the internal standard (81 ppm of 2-methyl-
3-heptanone in methanol) of these compounds were obtained and plotted to
build a standard curve for each individual compound. The concentrations of
the selected compounds in the samples were then quantified using the area
ratio of compound to internal standard. Internal standard reproducibility
was achieved with a relative standard deviation of 6.2—6.4%.

Odor Activity Values (OAVs). The odor activity values (OAVs) of
selected compounds were calculated by dividing the concentration of each
compound by the sensory detection threshold in water of each compound
obtained from the literature. As threshold values vary tremendously with
techniques employed. subjects, and temperature, etc., an attempt was
made to keep the source of threshold values from the literature constant
(i.e., all of the threshold values were acquired from the same research
group except for one compound which was not tested by this group).
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Sensory Thresholds. To further demonstrate the high aroma and
basic taste activity of WPH, 3 WPH samples with low, medium, and high
degree of hydrolysis (and distinct flavor profiles and bitter taste intensities)
were selected for orthonasal and basic taste threshold testing. Orthonasal
and basic taste threshold tests were conducted separately on different
days. Testing solutions were made with an increase in concentration by
a factor of 3. Fifteen milliliters of each solution was poured into clean,
black (to prevent visual differences) 50 mL plastic soufflé cups with 3 digit
codes and lidded (Solo cup, Highland Park, I1). Deionized water was the
blank.

Subjects (7 = 25) were instructed prior to testing and participated in at
least three practice orthonasal threshold tests prior to participating in this
study. For orthonasal thresholds, subjects were told to open each souffle
cup from the side and to briefly sniff the headspace of each cup in the series
without completely removing the cup lid. Subjects rested 1 min between
each set of three and were also instructed to sniff their sleeve to assist
clearing their nasal passageways between cups. For basic taste thresholds,
subjects were blind folded to prevent obvious visual difference in samples
and wore nose clips (Mohawk Medical Mall, Utica, NY) in order to
prevent the detection of odd samples orthonasally. Subjects were asked to
choose the one item from the three that they thought different and to givea
certainty judgment (sure/not sure). Panelists were given these concentra-
tions in a series with two appropriate blanks at room temperature.

Seven ascending series were tested for orthonasal thresholds, and 5
ascending series were tested for basic taste thresholds. Series were
presented in ascending concentration, and each series was presented in a
randomized order and evaluated by panelists using the ASTM ascending
forced choice method of limits procedure E679—79 (/3) with the sure/not
sure modification detailed by Lawless et al. (/4). Threshold testing was
conducted in duplicate for each sample on different days. Group thresh-
olds were taken as the geometric mean of the individual best estimate
thresholds. Compusense five, version 4.8 (Compusense, Guelph, Canada)
was used for data collection.

Statistical Analysis. The estimated group BET values were approxi-
mately normally distributed as a result of the Central Limit Theorem.
Hence, pairwise comparisons of the group estimates of the BET values
were formed using Z = (BET, — liETl)u((SEl2 - SEgz)"‘z) as a test stati-
stic that was standard normal under the null hypothesis of common BET
values. The pairs computed were basic taste and orthonasal BETs of each
WPH, the BETs within the basic taste thresholds, and within the
orthonasal thresholds. This pairwise comparison approach was adopted
to reduce the type II error rate, which, if too large in an initial study like
this, may result in failing to find differences that can be subsequently
investigated more thoroughly.

Correlation analysis was conducted using SAS software, version 9.1
(SAS Institute Inc.. Cary, NC). Pearson’s correlation coefficient was
calculated using the Proc Corr procedure. For descriptive sensory analysis,
GC-MS quantitation, % DH (TNBS), and (#M/mg) free amino acids in
total soluble protein, analysis of variance (ANOVA) with Fisher's least
significant difference was used to test significance at p < 0.0S significance
level (XLStat, Addinsoft, New York, NY).

RESULTS AND DISCUSSION

Proximate Analysis. Proximate composition of WPH was vari-
able: protein content ranged between 66.4 and 88.3%: fat content
between 0.00—7.08%: moisture content between 3.37—6.76%,
and ash between 1.94—9.09% (Table 2). Much of the variability in
the composition was due to the initial protein content of the
unhydrolyzed protein sources, i.e., hydrolysis derived from WPC
80% protein vs WPI, which is more than 90% protein, as
previously shown in other studies (/5). The ratio of total nitrogen
to total protein mass changes depended on the degree of hydro-
lysis and was corrected in this study by the application of different
conversion factors (6.42—6.64). The starter culture, cheese ripen-
ing processes, milk composition. processing parameters, and
storage time/condition within each manufacturing facility may
also impact the proximate composition of WPH since they were
obtained from different manufacturers. All values were within
expected ranges.
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Table 2. Proximate Analysis of WPH

sample ID % protein % fat % moisture % ash
1 746 £0.22° 440 + 040 470 £0.04  5.3240.07
2 79.8 +0.89 472 +0.23 511 4042 3.19 4 0.57
3 744 +0.19 4.18 + 0.86 5.97 £+ 0.31 7.46 £ 0.36
4 76.3 +0.23 0.15 + 0.02 4094006  9.09 4 0.06
5 64.4 + 132 7.08 4 3.05 6.06 +023  5.02 4+ 0.57
6 85.7 £ 0.13 0.35 + 0.04 474 £017 287+ 0.05
7 792 £0.13 6.56 + 0.04 5.63 &+ 0.02 2.93 4+ 0.09
8 853 +1.25 0.69 + 0.08 3384057  6.224+0.78
9 778 +£0.25 2.93 + 0.67 5214097  4.65+0.11
10 733 +£0.28 5.50 4 0.75 557 4+ 0.51 4.51 4 0.01
1 798 +1.19 0.30 & 0.1 6.06 +0.33  4.08 + 0.06
12 80.1 + 1.31 5.64 4 1.34 4.88 +0.05 324+0.23
13 87.0 + 0.30 0.25 + 0.02 5.98 + 0.01 2.72 +£0.07
14 75.6 + 3.56 6.19 + 0.74 5.70 £ 0.01 450 +1.75
15 85.1 + 0.81 1.10 £ 1.22 6.76 + 0.23 2.54 +0.14
16 856 + 1.12 2,57 £ 0.12 5.22 +0.08 2.89 +0.28
17 87.1 £0.04 2.97 £ 0.05 485+ 0.11 1.94 £ 0.03
18 86.7 4 1.30 3.23 £+ 0.07 5.00 £ 0.25 2,57 +£0.12
19 773 £1.85 5.47 + 0.61 493 +£093  4.36 +0.23
20 784 1 0.26 4.36 + 0.04 578+013  3.7940.06
21 775 £ 0.69 0.00 + 0.35 4.60 +0.07 7.08 £ 0.02
22 88.3 +0.74 0.33 + 0.04 479 +0.35 6.22 + 1.25

#Each value is the mean of duplicate analyses of 2 separate lots of each WPH +
standard deviation.

Degree of Hydrolysis. Degree of hydrolysis (%), free amino
acids/total soluble proteins values («M/mg), bitter taste intensi-
ties, and molecular weight profiles of WPH are shown in Table 3.
The DH was determined by the TNBS method which is widely
used and reported to be the most suitable for quantification of
DH in WPH (/6). However, another study suggested that the
OPA method was more accurate, simple, and more environmen-
tally friendly compared to TNBS (/7). Thus, the OPA method
was also performed. There was a strong positive correla-
tion between the 2 methods (p < 0.0001, > = 0.77). This implies
that the latter method, which is less complicated and less time-
consuming, may be sufficient to use when determining the extent
of hydrolysis in whey proteins.

The TNBS DH (%) was compared with bitterness and con-
centration of amino acids of distinct molecular weight cut-offs
(Table 3). Samples with high degree of hydrolysis were correlated
with a lower concentration of large to medium chain peptides
(2000—10,000 Da) and high concentration of small peptides
(<500 Da). Using the alternative OPA method of determination
of reactive amino acids in total soluble proteins, similar relation-
ships were documented, with minor differences (Table 3). The
correlations between the degree of hydrolysis determined by both
methods and concentrations of peptide molecular weights were
expected.

The differences in the concentration of peptides with different
molecular weights within a sample contributed to bitter taste
intensity (Table 3). High bitter taste was correlated with low
concentration of larger and medium chain peptides (2.000 to
> 10,000 Da) and high concentration of lower molecular weight
peptides ( <500—1,000 Da) which agreed with previous studies
(2,18). There was no correlation between bitter taste intensity and
concentration of 1,000—2.000 Da peptides. Moreover, the DH
using the TNBS method and bitter taste intensity were correlated
(p < 0.001. ” = 0.32), with WPH with higher degree of hydro-
lysis having higher bitter taste intensity and vice versa. However,
there was no correlation between the OPA DH results and bitter
taste intensity (p > 0.05, > = 0.03). It is unclear, in spite of a
correlation between the TNBS and OPA DH, as to the lack of
correlation between OPA DH and bitter taste. However, previous
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Table 3. Percent Molecular Weight Distribution of Peptides, Average Molecular Weight of Peptides, % Degree of Hydrolysis, and Bitter Taste Intensities of WPH?

FAA/TSP >10,000 Da 5,000 - 10,000 2,000 - 5,000 Da 1,000-2,000 Da 500 — 1000 Da <500 Da
Bl Intensity" (,uM/mg )c % DHd (%)emmn Da (%)6.,".». (% )m.u.n. (%)e (%)en,n- (%)e...mn
1 12.4ab 4390b 33.8¢ 132 1.90 425 8.03 16.4 56.3
2 9.8cde 1230ghij 6.60ij 55.4 5.10 7.68 6.85 8.12 168
3 2.4 974hij 5.10k 517 4.94 7.91 7.87 9.16 18.5
4 13.5a 5030a 46.7a 0.02 0.07 2.36 9.46 185 69.6
5 5.9fg 2060cde 18.6ef 324 3.74 9.59 8.30 123 337
6 11.4abed 912hij 7.30ij 52.6 6.00 8.03 7.04 9.41 16.9
7 11.1bcd 1760def 12.6gh 220 6.99 1.3 106 16.6 328
8 5.6gh 1620efg 16.6ef 21.0 5.84 13.0 13.0 15.0 322
9 3.6ghij 1370fgh 15.2fg 339 6.68 11.4 9.49 134 25.1
10 9.2de 5360a 39.4b 290 0.46 2.01 7.52 17.0 70.6
1 11.7abc 4520b 19.1e 0.00 0.06 4.09 108 26.3 58.7
12 43ghij 1160hij 5.36jk 127 525 118 19.1 279 232
13 3.9ghij 804 2.70kl 61.0 6.49 14.6 4.64 454 8.75
14 13.0ab 2000de 18.7e 9.90 2.99 11.9 155 20.7 39.1
15 13.4a 2020de 18.5ef 209 4.98 14.5 139 16.5 292
16 3.4hij 1250ghij 9.77hi 36.2 7.04 10.6 10.1 124 236
17 2.7 828ij 144 L 49.7 9.01 11.0 8.34 8.44 13.4
18 4.0ghij 995hij 5.66jk 222 4.38 11.9 153 19.7 265
19 8.1ef 2110 od 18.5ef 16.0 3.45 11.0 135 16.5 397
20 4 8ghi 1050hij 4205kl 230 11.55 9.49 151 16.0 249
21 9.3de 2480c 28.5d 0.00 0.15 3.01 112 248 60.8
22 8.2e 1280ghi 16.8ef 194 7.40 14.8 16.4 194 225

@Meansin columns 1,2, and 3 not followed by a common letter are statistically different (p < 0.05). ° Bitter taste intensity determined by descriptive sensory analysis ona 0—15
point scale (Spectrum method) where 0 = absence of bitter taste and 15 = extremely high intensity (32) °Free amino acid («M) in mg soluble proteins determined by the OPA
method. ?Percent degree of hydrolysis determined by the TNBS method. ® Percent of peptides with certain molecular weight >10,000, 5,000-10,000, 2,000-5,000, 1,000-2,000,
500-1,000 and <500 Da, respectively, determined by size exclusion chromatography, * and * correlation between TNBS and peptide with certain molecular weight at p < 0.001 and
p < 0.05, respectively; ** and ** correlation between free amino acid («M) in mg soluble proteins determined by the OPA method and peptide with certain molecular weight at p<
0.001 and p < 0.05, respectively; *** and *** correlation between bitter taste intensity and peptide with certain molecular weight at p < 0.001 and p < 0.05, respectively.

Table 4. Mean Descriptive Sensory Profiles of Selected WPH Rehydrated at 10% (w/v) Solids?

aroma cooked/ cooked/ potato  cheesy grassy/ tortilla/ astringent
sampleID intensity milky sulfur malty cardboard brothy  brothy herbal animal cucumber scorched sour bitter  mouthfeel
1 2.9cde ND® 1.7ab ND 0.8a 1.1bc 1.3a 1.0a ND ND 2.0ab 23a 12.4ab 3.0abc
2 29cd 2a 1.0ab ND ND 0.5¢ ND 0.5a 0.6bc ND ND 25a 10.1c  3.1bcd
3 2.1ef 1.1ab 1.4ab ND ND 1.5bc 0.4a 1.5a 1.1bc ND 09ab ND 24h 2.5cde
8 1.9f ND ND 0.9bc ND 1.3bc 1a ND ND ND 0.8ab ND 5.6e 2.1e
9 3.5bc ND 0.9ab 3.0a 1.0a 2.7ab 1.4a ND 1.1bc ND 0.9ab ND 3.6fg 2.4de
1 2.6def ND ND 0.6bc  0.5a 1.6bc 0.9a ND 0.6bc ND 31a 26a 11.7b  2.3de
14 2.5def ND ND 0.5bc 1.0a 1.6bc 1.5a ND 2.6ab ND ND 08b 13.0a  3.8ab
17 3.7b ND 2.0ab ND ND 23abc ND ND 24ab 0.9b ND ND 2.8gh  3.0bcde
18 3.7b ND 1.2ab ND ND 1.5bc ND 1.3a 2.3b ND ND ND  4.0f 3.4abc
21 4.6a ND ND ND ND 36a ND ND 44a ND 28a 28a 92cd 4.1a
22 3.7b ND 34a 1.8ab  ND 1.5bc ND ND 2.0b 2.4a 24ab ND  4.7ef 2.4de

“Descriptive sensory profiles of selected WPH using a 0—15 point Spectrum scale (32) where 0 = absence of attribute and 15 = extremely high intensity. Most dried ingredient
aromatics fall between 0 and 4 on this scale. Means in a column not followed by a common letter are statistically different (p < 0.05). ?ND: not detected.

research reported weak interactions between OPA and cysteine
which possibly contributed to an underestimation of DH in
WPH (/6). This may impact the concentration of reactive amino
groups obtained from the OPA method in correlation with bitter
taste intensity, as bitter scores take into account not only the
peptide chain length or the % of small MW peptides but also the
physicochemical properties of the peptides.

Peptides containing hydrophobic residues at C terminals were
shown to cause bitterness (2, /8). For bitterness to occur, bitter
molecules must bind to a bitter taste receptor located in the apical
microvilli of taste receptor cells (TRCs). Cheison et al. (/8)
reported that a high hydrophobic WPH containing 71% of
peptides with <600 Da and no greater than 4142 Da were
extremely bitter. Larger peptides (at least above 3000 to 6000
Da) were able to form hydrophobic interactions among them-
selves, blocking hydrophobic groups. Peptides between 3 and 6
amino acids contribute to bitterness; however, almost all peptides
with L-conformation and hydrophobic side chains elicited bitter

taste (/9). Other factors that contribute to bitter taste include the
specific amino acid sequence of the peptide chain (/9). There were
samples in this study acquired from different manufacturers that
had low DH but possessed high bitter taste intensities. Commer-
cially and experimentally, processing steps, enzyme cocktails, and
protein sources are all influencing factors that contribute to levels
of bitterness. Although TNBS and OPA methods were positively
correlated, TNBS results were correlated with bitter taste inten-
sity (p < 0.001, % = 0.32) and may be the method of choice when
determining the DH of WPH as it relates to sensory perception of
bitterness.

Descriptive Analysis. Since bitter taste for some of the WPH
were very high and likely to obscure the contributions of other
attributes, PCA biplots of WPH across all sensory attributes and
with only aromatics (Table 4) were generated (Figures 1 and 2).
From Figure 1, 6 groups of products were observed. Samples with
similar attributes were grouped: intensely bitter samples: samples
that were characterized by malty, scorched, and potato flavors:
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Figure 1. PCA biplot of sensory properties of WPH with all sensory attributes. Numbers 1—22 represent WPH samples, and vectors represent sensory
attributes. This plot contains 6 groups total (group numbers were arbitrarily assigned): group 1 (samples 1, 4, 15, 11, and 14); group 2 (samples 19, 22, 10, and
9); group 3 (samples 2, 7, and 6); group 4 (samples 5 and 8); group 5 (samples 3, 16, and 13); group 6 (samples 12, 17, 18, and 20).

PC2(21 %)

PC1(33%)

Cookeed Sultur

Figure 2. PCA biplot of sensory properties of WPH without basic tastes (bitter and sour) and astringency. Numbers 1—22 represent WPH samples, and
vectors represent sensory attributes. This plot contains 5 groups total (group numbers were arbitrarily assigned): group 1 (samples 9 and 10); group 2
(samples 19, 22, 18, 17, and 20); group 3 (samples 2, 3, 5, 6, 7, 12, and 16); group 4 (samples 1, 4, 8, 13, and 15); group 5 (samples 11 and 14).
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samples that lacked those flavor characteristic; samples with
medium bitterness. low aroma intensity, and low animal flavor:
and samples with medium bitterness and high animal flavor.
Product number 21 was distinct in sensory profile and was
characterized by high aroma intensity, potato/brothy and animal
{lavors, and bitterness. Figure 2 shows the PCA biplot of sensory
flavors excluding basic tastes and astringency to investigate the
groupings of samples due to flavors alone. Five groupings were
observed: samples that were characterized by potato/brothy,
malty, and burnt/scorched flavors; samples that were charac-
terized by cooked/sulfur and animal flavors and high aroma
intensity: samples that were characterized by grassy flavor and
lack of burnt/scorched notes: samples that were discriminated on
the basis of cardboard flavor intensity: and samples that were
characterized by the presence of cheesy, malty, and potato/brothy
flavors and lack of cooked milky, fatty, and grassy flavors.
Sample 21 was once again distinct from other samples, mainly
by high aroma intensity.

Similar groupings were observed between the two biplots.
More variability was explained on the first two principle compo-
nents in Figure 1 compared to that in Figure 2. This confirms that
basic taste, especially bitterness, impacts the groupings of samples
and differentiates the WPH but that aromatics also differentiate
the WPH. There were no correlations between bitter intensity
scores and individual sensory aromatic (flavor) intensities (p >
0.05). meaning that low bitter taste did not equate to low flavor
in other sensory categories or vice versa. However, there was a
positive correlation between bitter intensity scores and sour taste
(p < 0.05: 1% = 0.79). Sour taste was perceived in the samples that
were highly bitter. Specificity of the peptides and extent of
hydrolysis may play roles in sour and bitter tastes perceived.
Acidic amino acid dipeptides (Val-Glu and Val-Asp) were re-
ported to exhibit sour and slight bitter tastes (20).

From examination of sensory biplots and DH results, 11
representative WPH were chosen for instrumental volatile quan-
titation by GC-MS (samples: 1,2,3.8.9.11.14, 17, 18,21, and 22)
(Table 5). Some of the major {lavors of these samples were
cooked/sulfur, potato/brothy, cheesy, tortilla/animal. and malty.
These descriptors are unique to WPH; they are not commonly
reported in unhydrolyzed whey proteins (10, 15,21). Flavors such
as cooked/milky, cardboard, cucumber, cabbage/brothy, and
fatty, which are commonly found in WPC and WPI., were also
present in WPH (/0. 15). Flavors present in many WPH, animal
and potato/brothy, have been documented as major attributes in
rennet caseins (5, 22). Liberated amino acids/peptides due to
protease and thermal treatment generate {lavor compounds in
casein that are similar to those of WPH, probably derived from
the same amino acid precursors.

Gas Chromatography—Olfactometry (GC-0). Forty aroma-
active compounds were detected by solid phase microextraction
(SPME) GC-O of WPH (Table 1), of which, 21 compounds were
positively identified (detected by MS, RI, and odor as compared
to the authentic standards), 14 compounds were tentatively
identified (detected by RI and odor compared to authentic
standards or RI and odor compared with published literature).
and 5 compounds were unknown. Most of these compounds have
previously been documented in dairy products and are generated
by lipid oxidation, lipolysis. protein proteolysis. and glycolysis of
sugars (/5. 21, 23, 24), except for methyl-2-methyl-3-furyl disul-
fide, 2-octyl furan, and E-2-decenal. Eight out of the 40 aroma
active compounds detected by SPME GC-O were present in all
WPH. The presence or absence of these compounds in different
concentrations WPH (Table 1) likely contributes to the differ-
ences in sensory profile of each product (Table 4). All of the com-
pounds quantified except guaiacol were present at concentrations

Table 5. Concentration in Parts Per Billion (ppb) of Selected Compounds in WPH by SPME GC-MS?

EZ-2,6- 1-octen-3-

nonadienal

E-2-

phenylacetylde-

Z-4-
heptenal

FF

one

nonanal nonenal

guaiacol

R

hyde

octanal

R

dimethyl trisulfide

methional

#

hexanal

R

2-methyl butanal

diacetyl

R‘"

dimethyl sulfide  3-methyl butanal

=092

R

=0.88

R

0.96

100 A

098 R

=0.98

R

0.98

=0.98

HZ

091

0.98

0.97

0.93

R2

0.99

=094

R

=0.94

R

samples

1.36f

0.34cde

0.30de

1.22d
0.76d

3.19def
5.78¢

0.05¢

3.98d
1.63d
2.66d
1.50d

33.1b

0.29¢
0.51f

0.04d

56.4 cd
26.0d

1.21de

9.61efg
17.1e

7.26¢ 33.8def

217cde
116de
27.2¢

29.8def

1
2
3
8
9

2.31ef

0.05¢

0.04d

1.73bcd

13.66f
38.9def
20.0def

365a

60.5b

47.1cde

1.76ef
5.90bc
124a

2.31ef

0.91bed
1.674a
0.19%

2.03 cd
421a

2.87def
1.73ef

2.91def
10.9b

2.67def
393 cd
3.21def

22.0a

0.19bc
0.5%

0.30g
0279
0.75¢

0.05 cd
0.06 cd
0.28b

741 cd
224d
525a

0.57efgh
0.171gh
1.03e
0.58efg

11.2efg
17.0e
55.6b

14.1c

56.6bcd
50.0 cd
82.7ab
51.7 cd
15.8fg
2089
1269
61.1bc
23.1efg

3.99c

39.5¢

0.90d

0.18bc
0.10c
0.09¢

29.5¢

1350a

346¢

1.16ab
1.07ab
1.44ab

219 cd

4.08d
2.73d
81.6a
1.06d
30.3b
1.37d

0.06 cd 0.83e

4.45d
33.5d

6.74igh
65.9a

55.0 cd
39.7def
203b

24.5¢

1
14
17
18
21

514 cd
12.3a
3.62de
2.40ef
3.58de

2.60bed
1.35d
1.42d

1.02de
1.32¢
1.11d

2.28b

0.23bc
0.14c

1.40cde
2.73a

91.5a
13.9¢
19.6¢
124a

149cde
1131a
23.1e

0.35b
0.12¢

131be
2.88d
215b

0.00d

39.7¢
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1.06ab

0.09 cd
3.24a

214
0.43gh
0.00h

29.4d

10.6f

91.4c

7.41f

1.19ab
1.16ab

2.97bc
0.856d

0.18bc
0.19bc

14.9e
4.38gh

713b
267e

1.28f

0.159

0.04d

0.381c

22

correlation coefficient of regression line; Means in a column not followed by a common letter are

2Mean concentration of selected compounds in WPH by SPME GC-MS using the SIM mode quantified using five-point extemal standard curves; R?

statistically different (p < 0.05).
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greater than reported sensory detection thresholds, which suggest
that these compounds play roles in WPH flavor. Furthermore,
there were no correlations between the quantified compounds
and bitter taste intensity (p > 0.05).

Major Flavor Compounds

Reaction of Proteins. 3-Methyl butanal and methional were
key volatile compounds present in all WPH samples and had
high odor impact (high OAVs: Table 6). These compounds are
Strecker degradation products and may be derived from further
degradation of amino acids from the initial enzyme mixture used
to produce the WPH or may be formed during the heating step to
inactivate the enzymatic protein hydrolysis process. This heat
treatment can stimulate Maillard reaction-generating intermedi-
ates that react with a-amino acids to form specific aldehydes
including 3-methyl butanal and methional. However, the con-
centration of these compounds was not related to the degree of
hydrolysis of the samples (p > 0.05).

2- and 3-Methyl butanal were present at high concentration in
many WPH samples (Table 5) and were derived from the
degradation of branched chain amino acids: isoleucine and
leucine, respectively (3). This is expected because whey protein
itself contains high concentrations of branched chain amino
acids. These compounds were previously documented in 34%
serum protein concentrate and 34% protein WPC (2/) and
cheese (3)., but not in liquid or dried whey (23, 25, 26). 2- and 3-
methyl butanal are likely the main contributors to malty flavor in
WPH. These compounds were not potent aroma impact com-
pounds in WPC 34 (27). Multiplication of these compounds can
be viewed to be primarily generated from the hydrolysis of WPC or
WPI and thermal treatment. Sample 9 contained the highest con-
centrations of 2- and 3-methyl butanal (p < 0.05, Table 5) and also
had the highest intensity of malty flavor (p < 0.05, Table 4)
documented by descriptive panelists. However, there were other
samples that had 2- and 3-methyl butanal concentrations but did
not have malty flavor by descriptive analysis. The malty flavor may
have been overpowered by other potent aromatics such as cooked/
sulfur or potato/brothy (samples 1. 2, 3, 17, 18, and 21; Table 4).

Methional was detected by SPME GC-O and GC-MS in all
selected WPH (except for sample 22 on GC-MS; Table 5) and
was a key contributor to the flavor of WPH as indicated by its
high OAV (Table 6). The other sulfur containing aroma-active
compounds present in WPH samples were DMS, 2-methyl-
3-furanthiol, methyl 2-methyl-3-furyl disulfide, DMTS, and
dimethyl tetrasulfide. All of these compounds except for methyl
2-methyl-3-furyl disulfide have been documented in sweet whey
powder (23), liquid cheddar whey (25, 26), WPC 80, 34, and
WPI (/5. 21). serum protein (27), and different types of cheese,
i.e., camembert, munster, and cheddar (3). Methyl 2-methyl-3-
furyl disulfide was previously reported in ultrahigh temperature
(UHT) skim milk powder (27). The sources of sulfur compounds
may be derived from the major protein fractions in whey protein,
p-Lg and a-La, which are sulfur-containing molecules. Samples
with higher methional concentration (9, 17, and 21; Table 6) had
high potato/brothy flavor (Table 4), indicating that methional is a
major contributor to potato/brothy flavor. Cooked/sulfur flavor
may be associated with many sulfur containing compounds, and
DMS may be one of the major contributors to this flavor since it
had a relatively high OAV in many WPHs.

Other Strecker degradation derived compounds detected in
some WPH were phenylacetaldehyde, 2-phenethanol, p-cresol,
guaiacol, 2-acetyl pyrroline, and sotolon. These compounds did
not impart their own specific flavor characteristics but may have
enhanced some of the cooked. scorched, or unclean flavors in
WPH. Phenylacetyldehyde and 2-phenethanol contribute to
rosy unclean off-flavors in cheddar cheese (3) and in sweet whey

Table 6. Odor Activity Values (OAV)? Calculated for Selected Compounds in WPH

dimethyl
trisulfide

2-methyl

3-methyl
butanal
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guiaicol nonanal E-2-nonenal EZ26- 1-octen-3-one

phenylacetylde-hyde

octanal

hexanal Z-4-heptenal methio-nal

butanal

diacetyl

DMS

samples

3.0(34) 1.0 (34) 0.08 (34) 0.01 (33) 0.05 (34)

40 (34)

02(34) 30(34) 30(34) 4534 02 (35) 02(34)  0.01(34) 07(34)

0.3(33)

thresholds

(ppb) (refs)

27.2

340

15.3
9.50
25.4

319
578
287
1.73
291
10.9

0.02
0.02
0.06
0.20
0.06
0.03
0.03
0.12
0.04
0.06
0.06

1.00
0.41
0.67
0.38
8.28
1.02
0.68
204

041
073
0.43
0.39
1.07
1.19
1.46
1.89
1.59
326
0.21

4.00
4.00
5.00
6.00
28.0

282
130
3N
112

6.05
8.65
285
0.86
5.15
290
7.00
137

2.14
3.80
2.49
3.78
124

1.3
4.53

2.42
20.2

1090
580
136
198

99.3
157

46.2

30.0

35.2
118
248

91.0

13.0
6.67

4.70
1.33
9.83

8.17

189
167
276

167

52.6

19.0
116

1.3

2630

122

6750

46.2
103
246

274

6.00
23.0

223

1.50
147

1730 18.3
745

172

107
144
106
119
116

325

267
393
321

168
655

13.2
67.7

30.5

52.7

14
17
18
21

16.9

14.0

8.82
6.53
3.31
0.97

4.63
6.53
413

5660
116

6.93
4.20
204

72.4

17.8
37.1

027
7.58
0.34

9.00
324

144

10.7

3.53
30.5

48.0

220

1080
0.00

215
0.00

3570
13.4

71.6

10.7

1.28

4.00

247

0.13

770

22

40AV is the concentration (ppb) quantified in this Table for specific compounds divided by threshold concentrations (ppb) reported in the literature.
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powder (23). p-Cresol has been documented in many dairy
products including sweet whey powder (23). fresh and stored
milk powder (28)., and cheddar cheese (3). Guaiacol has been
found in WPC (/5) and rennet casein (22). 2-Acetyl pyrroline was
documented in sweet whey powder (23), liquid cheddar whey (24),
and stored nonfat dry milk (NFDM) where it has been purported
to contribute sweet/cooked/popcorn-like {lavors (28). Sotolon
has been associated with stored skim milk powder (28) and sweet
whey products (23, 15). The 2 branched chain free fatty acids
(FFA) present in the WPH, 2-methylbutyric and isovaleric acid,
were derived from microbial metabolism of branched-chain
amino acids L-isoleucine and L-leucine, respectively (29). These
compounds were reported in cheese ripening (3), nonfat dried
milk (28). casein (22), and liquid cheddar whey (24). They were
not previously reported in whey powder.

Lipolysis| Hydrolysis and Oxidation of Fats. Lipid oxidation
products were flavor-contributing compounds found in both
WPC and WPI (15, 23). In this study, fat content was related to
the abundance of lipid oxidation products. Samples that had
lower fat content (samples 8, 11, 21, and 22; 0.00—0.69% fat) had
lower concentrations of hexanal compared to samples containing
higher fat (sample 14; 6.19%). although. not significantly lower
than other moderate fat content samples (2.93—4.72% fat).
Sample 22, which had the highest protein content (88%), had
the lowest lipid oxidation products quantified: hexanal, Z-4-
heptenal, octanal, nonanal, E-2-nonenal, and l-octen-3-one.
There were no relationships between [at content with other lipid
oxidation compounds (aldehydes and ketones).

Lipid oxidation had been shown to initiate during whey
production, as an impact of the starter culture fermentation (26).
In samples, 2-nonenal, E,Z-2.6-nonadienal, E,Z-2.4 decadienal,
Z-4-heptenal, Z-2-nonenal, (E,Z)-2.6-nonadienal, £-2-nonenal,
(E,E)-2.4-nonadienal, E-2-decenal, hexanal, octanal, nonanal,
and decanal were detected by SPME GC-MS and GC-O
(Tables 1 and 5). These compounds, except for £-2-decenal, have
been detected in whey proteins, and elevated levels of these
compounds have been documented during storage and agglo-
meration of whey protein (/0). 1-Octen-3-one, Z- and E-2-none-
nal, E.Z-2.6-nonadienal, and E.E-2.4-decadienal were associated
with cardboard flavor in liquid and dried whey (15, 24). E-2-
decenal was reported in fresh chevre-style goat cheese (30). Only
samples 1, 9, 11, and 14 were noted as cardboard by descriptive
analysis (Table 4). However, there was not one single individual
lipid oxidation product (aldehyde or ketone) that gave rise to this
off flavor, and this flavor may be derived {rom a combination of
lipid oxidation products. Moreover, it is possible that other
attributes such as cooked/sulfur, cheesy/brothy, potato/brothy,
or animal may be more potent and may overpower the sensory
perception of cardboard [lavor.

E-2-Nonenal, E.Z-2,6-nonadienal, Z-4-heptenal, and hexanal
display an array of grassy, fatty, cucumber, stale, and [ishy
aromas (Table 1). Hexanal was present at the highest concentra-
tion out of all aldehydes quantified in this study, although it was
not one of the high aroma impact compounds by odor activity
values (Table 6). E.Z-2,6-Nonadienal had a high OAV relative to
that of other aldehydes in many WPH, suggesting that this
compound may play a major role in contributing to lipid oxida-
tion related flavors (Table 6). A furan compound, 2-n-octyl furan,
witha minty/hay aroma, was tentatively identified by comparison
of RI and odor description. This compound has been documen-
ted in meat and bone meal flavor (37) but has not previously been
identified in whey proteins or other dairy products.

Ketones that were detected in WPH samples were l-octen-
3-one, o-aminoacetophenone, and f-ionone. 1-Octen-3-one was
previously associated with cardboard off-flavor in liquid

Leksrisompong et al.

Table 7. Orthonasal and Basic Taste Best Estimate Thresholds (BET) of
Rehydrated WPH in Parts Per Million (ppm) and Their Standard Errors?

orthonasal basic taste
WPH BET (ppm) SE BET (ppm) SE
1 246b 99 3600a 746
3 191b 65 3900a 827
8 519b 150 4910a 1200

#BET values within a row not followed by a common letter are statistically
different (p < 0.05).

whey (24). o-Aminoacetophenone has been identified in WPC
and WPI (15), skim milk powder (28), and rennet casein (22), and
was present in all WPH samples (Table 1). It has a grapy/stale/
tortilla characteristic and was associated with stale flavor in
stored milk powders and casein (22, 28). f-lonone was documen-
ted in dried milk ingredients (28), and to our knowledge, has not
been identified in whey products. 2.3-Butanedione (diacetyl)
contributes to buttery flavors in various dairy products and was
reportedly formed by lactic acid fermentation by oxidative
decarboxylation of a-acetolactic acid (30). It can be generated
as an intermediate during high temperature treatment nonenzy-
matic Maillard browning and can later participate in Strecker
degradation with other free amino acids (37).

Compounds that occur via the reaction of lipolysis in this study
were butyric acid, 0-decalactone, and y-decalactone. Butyric acid
has a cheesy aroma and has previously been documented in dried
WPC and WPI (/5) and contributes to distinctive aroma in
cheddar cheese (3). 0-Decalactone and y-decalactone are lactone
compounds that have been reported in WPC, WPI (/5. 23), and
rennet casein (22). These compounds may contribute. in part, to
cooked/milky flavor in WPH.

Orthonasal and Basic Taste Thresholds of WPH. Bitterness is
usually an objectionable characteristic of WPH, but the (lavor of
WPH should receive the same attention. There were no significant
differences in the orthonasal thresholds between the 3 selected
WPH with different amino acid profiles and bitter taste intensity,
nor were there differences in the basic taste thresholds between
these products (p > 0.05), illustrating a nonvariability in the
detection limits of different samples across the degree of hydro-
lysis range tested and bitter taste intensity (Table 7). However,
there were differences between the basic taste thresholds and
orthonasal thresholds of all 3 WPH tested, with the basic taste
thresholds being approximately 10 times greater than orthonasal
thresholds (p < 0.001). This implies that, the flavor of WPH is
noticeable at a lower WPH concentration than the detection of
bitterness. Many approaches exist for masking or minimizing
bitter taste in food: when the source of the bitter taste is known,
however, masking malty, animal, and potato flavors in nonsa-
vory food applications such as a beverage may be more challenging
(Bastian, E., Glanbia Nutritionals, personal communication).

WPH displayed an array of aromatic flavors. The unique
flavor profile of WPH was mainly composed of protein degrada-
tion compounds. There were lower concentrations of lipid oxida-
tion products present in WPH, and these may not be as
important, depending on the fat content. Flavor contributions
of WPH are undoubtedly a challenge and cannot be overlooked.
Altering processing steps, enzymes, or the use of complementary
ingredients could be applied to lessen if not overcome the strong
objectionable flavor of WPH.
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ABSTRACT

Whey protein hydrolysates (WPH) are known for bioactivity and funciiynalut
WPH also have a distinct bitter taste. ldentification 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 tweifibyir documented bitter $&e inhibtors for WPH Two
spraydried WPH with different levels of hydrolysis (DH) were evaluated with each potential
inhibitor. Quinine hydrochloride (Quininayas presented as a control with each WPH.
Percent bitter taste inhibition was reportedtre¢ato Quinine bitternessEffective bitter taste
inhibitors were subsequently evaluated in WPH model bevevagesanilla and chocolate
flavoring followed by descriptive analysiShe compounds evaluated didt inhibit bitter
taste of Quinineand thetwo WPH in a similar manner (p<0.05). Effective bitter taste
i nhi bitors (p<0.05) of both WPH were sucralo
monophosphate (56AMP), adenosi neg,s&diyumonophosp
acetatemonosodium glutamate (MS@pd sodium gluconateSodium chloride inhibited
bitter taste of WPH with high DH but not WPH with low DH. Amino acidd_{isine, L-
arginine) inhibited bitter taste §iuininebut not WPH. All effective inhibitors in rehydrated
WPH were also effective ithe 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
suppressedanilla and chocolate flavors and potentiated other flavors (i.e. sour aromatic) and

basic tastes (salty, sour).
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PRACTICAL APPLICATIONS
Not all bitter tastantsibd 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 cormtipos 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 fiomal properties. However, usage
limitations lie in the flavor and bitter taste of WREeksrisompon@gnd other201Q Pedrosa
and others200G§ Beresteijn and others1994). Leksrisompongand others(2010)
characterized the flavor of WPH and reported key sensagr attributes in WPH were
potatobrothy, malty, and animal flavors and bitter taste. Off flavors and other dried
ingredient flavors negatively impact consuraeceptability ofproteinfortified foods such as
protein bars andbeveragegChilds and others 2008Evans 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 causebly generation of smaller peptide chains during the enzymatic hydrolysis processes
(Maehashi and Huang 2009)Many parametersmpact bitter taste intensity of a peptide,
from the native protein sequendself, peptide sequences, tbet processing/enzymatic
treatment steps. Hydrophobicity also plays a major role in bitter taste (Ney 1918skshi
and others 1987a; Ishibashi and others 1988a). Other parameters such as degree of
hydrolysis, concentratioand 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
andothers 1988a;bOhyama and others 1988; Shinoda and other§; IR8nura and others

1990).
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Many methods can be applied hgdrolysates to reduce the bitter taste of peptides.
Removal of hydrophobic peptides, the key determinant of bitter taste, by dmzyma
hydrolysis (Komai and others 2007r processing methods reduce bitter taste in protein
hydrolysateqZiajka and otkrs 2004; Roy1997; Cheien and others 200.7 However, the
majority of amino acids that are essential and contribute to bioactive rijespare
hydrophobic amino acids. Thus, bioactivity of the hydrolysate may be compromised when
debitteing of peptidesis accomplished by the removal of bitter hydrophobic side shain
(Morato and others 2000).

Bitter taste inhibitorscan be ugd to eféctively reduce bitter tastef many bitter
conmpounds (Schiffman and others 2005; Kesasd Bresli2002 Miyanaga and others 2003;
Ogawa and others 28D Bitter inhibition can be achieved peripherally or cognitively. At
the peripheral level, bitter t@sinhibitor 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 viadstgenteractions
where different perceived taste qualities and their intensities are altered within the brain (i.e.
sweet taste and bitter taste). This type of inhibitionisknowa s o6 mi xt ure suppr e

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 p@g¢basty
and Breslin 2002; Keast and others 20Ming and others 199%)gawa and others 2005
Sweeteners and volatile compounds can also imipigietr taste cognitively (Keas2008,

Miyanaga and others 2003, Mukai and others 200 here are no studies, to our knowledge,
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that have addressed inhibitioh latter 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 otheeatments

Volatile compounds (vanillin, ethyl vai | | i n, mal t dlecaéethybnega
decalactone, sclareolide, glycyrrhizic acid, guaiacol, heliotropine) and glycerine were
donated from Synergy (Wauconda, IL). Amino acidsAflg and L-Lys) and some salts
(sodium gluconate, sodium chloride,daam acetate trihydrate, zinc sulfate heptahydrate)
were acquired from VWRSuwanee, @). Monosodium glutamate (MSG) was acquired
from B&G Foods 1| nc. ( Ro s e |, averapurchbiséd from 6BHA MP  a
Qingdao Co. LTD (Qingdao, China). For sweetes, 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(O8A Brook,
IL). Sucrose was purchased locally.
Whey protein hydrobatesand Quinine Matrices

Two commercial wey protein hydrolysasg WPH) with 2 hydrolysis levels, 5 % and
32 % degree of hydrolysis (DHyyere acquiredLeksrisompongand others2010) Both
hydrolysateselectechad different molecular weight profilegere hydrolyzed with different

enzyme cocktailsand elicied moderatet 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. WHRIdre rehydratedtd 0 % solidgw/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 afihibitor compounds. This concentration was chosen based on
the range of concentratioappropriatefor the sports and nutrition sector and the bitter
intensity they elicited. Quinine hydrochloride Quinineg (VWR, Suwanee, GA)at the
concentration that elicited the averaged bitter taste intensity of the 2 hydroly3ateisé=
0.029 mM) was used faomparative purposes. Bitteste inhibitionof Quinine has been
studied extensivelyfKeast and Breslin, 2002; Ming and others 1999, Ogawa and others
20(®) ard allowed an established point of comparison for bitter tasiiting effects o
whey proteirhydrolysats.
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 ). Volatiles seleted were commonly used as flavoring agents in beverages and were
proposed to inhibit bitter taste by flavtaste 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 éteratur
(Keast and others 2001, 2004; Ogawa and others 200Bg concentration whiin 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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(56AMP) was selected t o Dbfets badicesalt neluter inghss t h e
study. The concentration of the sweeteners were generated to achieve equal perceived
intensity to an established swekd intensity referencedon the Spectrum™ descriptive
analysisscale (10% w/v sucrose in watek)d€ilgaard and others 1999).
Scale generation

Bitter taste intensity was evaluated on a O tepamt intensity scale generated from
Quinine TheQuininescale was generated using a 15 cm unstructuredstiale anchored
wi t h bittenabald on ®ehe kaedt dextr emel y(Ldwiedstarelr 6 on
Heymann2010. Initially, the Quinine standard solutions were made with the concentration
used byKeast and others (2003). taAf tasting the Quinine standard solutions against the
WPH bitternessthe 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 chos$en scale
geneation. Trained descriptiveapelists(n=11), ages 245 y, males (n=2) and females
(n=9) who were preexposed to Quinine solutions ipreliminary evaluation sessions
participated in scale generatiomhese panelists were familiar with scaling and detecnd
separation of different basic taste qualities and each had at least 20 h of previous training
with basic taste identification and scaling. Durswgle generation sessgipanelists were
instructed to evaluate tlguininesolutions in ascendingaer, use the whole scale,camark
where they perceived each of thes@utiors 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 sext) and rest timesvere enforced torgvent 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 geerated.

After the scale generation sessions were compldiedjistance on the lifeom zero
(left end that was anchored not bitter at allds then measurethdividually for each
concentration for each panelist and replication (total of 33 per coaten). The
measurements in cm were translated directly into numerical intensities. The scores for each
concentration solution were averaged for the 33 measuremeritstheAscores from all
concentrations werknear transformedoased on the score oifghest concentrations where
the highest concentration was assigned a 15, and then all other mean solution scores were
adjusted accordingl{Malhotra 2010) This process was conducted to create more room on
the scale for the samples and bitter taste iitteago be differentiatethile preserving the
properties of the scale
Sensory evaluation protocof rehydrated WPH

Bitter taste perception between each individual is highly variable; one individual may
be sensitiveo a bitter compound class whigaher 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 (biter 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 scofihis allowed theinhibiting effect of each
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compound to vary but still be scientifically assessed by each pafiedast and Breslin
2002). Thesetsps were used in this study to acquire the % inhibition foln é@atment in
each matrix and a detailed structure of the experiment is described below.

Firstly, the control scores for each panelist were generatadeliBts were instructed
to taste thecontrol matrices (2 WPH in water contr@adQuinine in wate control),and to
score them according to the perceived bitterness Quiaine scalegenerated by the same
panelistson 6 occasions with and withonbseclips(Full FurnishingsLewis Center, OH)
Noseclips did notmpact the bitter intensity scores (p85) of thecontrol solutions. Thus,
the mean score across 12 replicatigfsreplications evaluated with nose clips and 6
replications evaluated with no nose clifs) each matrix were used #se reference score
(control) for each matrix throughoutehest.

During evaluation sessions, each panelist was provided @itimine reference
solutions of bittetaste intensity, 5, 10 and 15nda control matrix (WPH high DH, WPH
low DH or Quinine with no treatments addeslith an established score gertedhin 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. Foutest samplesf the same matrix, witbr 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 concentrafidrespanelists were asked to
taste the 4 Iier solutions for calibtson (Quinine bitter 2, 5, 10 and 15), then taste a control

matrix (one of the two WPHs or Quinine) talibrat themselves to the score they had
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generated duringhe preliminary sessias Panelists were then instructedtdsteeachtest
sampleand provie a bitter taste intensity score

Each sample was tasted individually with an enforced rest and rinse procedure. The
rinseprotocol includedieionizedwatermouth rinse, two bites of unsalted cracker and then a
carboxymethyl cellulose (CMC) (Tic Gumé/hite Marsh, MD (0.55% w/v) rinsgBrannan
and others 2001Kelly and others 2010).A 3 min rest period was then enforced between
samples. To further minimize first order carryover effects, orders of presentation were
balanced using Williams Latin Saiare (Schlich 1993) da#gn 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
evaluatedoy each panelist in triplicate. Tastings were conducted with and without noseclips
in order to evaluate the effect of cognitive flataste interactions on bitter taste (24
treatments x 3 matrices x 2 (noseclips/no noseclips) x 3 replications).
Bitter tasteinhibition in beverages

Whey protein hydrolysate with 5 % DH was selectethadVPH base for beverage
models with 2 flavoring systems, chocolate and vanilfais WPH wasselected due to its
wide use in beverage applications. Dmverage mixes fochocolate were composed of
96.1%dry weight basigDW) WPH, 0.66%DW flavoring (Synergy,Wauconda, IL)0.22%
DW aspartamgAjinomoto, Chicago, IL),3.00% DW cocoa powde(Cargill, Lititz, PA);
mixes for vanilla were composed of 99.1PW WPH, 0.66%DW flavoring, 0.22%DW
Aspartame. The protein concentration used in this formulates approximately +20%

higher than the concentrations fouma protein recoverycommercial beverage mixes.
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Moreover, most of the sources of whey protein for athletic regoldeverages 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 scenariBeveragemixes wererehydrated at 15 %w/w) with
deionized water prior to evaluation and/or addiodtitter inhibitingcompounds.Effective
compounds from the previous study with 5% DH WPH were selected for this study.
Calculation of % bitter inhibition

The biter taste inhibition for each treatment in each matrix was calculated from the
mean bitter taste score tme establishe@uininescale and subtracted by the score assigne
for each treatment bgach pan&t. The mean % inhibition foeach treatment waan
average across the % inhibition across panelists. The formula used to calculate the %
inhibition was: % inhibition = ((reference scoré treatment score)/ referenceose)*100
(Keast 2008)
Descriptive sensory analysi$ WPH beverages

WPH beverages werreconstituted at 15 % solids (wW/im deionized (DI) water and
dispensed into -8ligit coded soufflé cups (Solo Cup, Highland Park, Il) and liddétie
aromatics and basic taste intensitedsthe beveragewere evaluated in triplicate by trained
paneligs (n=10) at room temperature (22 C) using a sensory language developeedor
ingredients (Wright and others 2009) adapted for WPH (Leksrisompong and others 2010).
Panelists were between the ages of 23 and 45 y vatitmore than 80 h of experiencathv
descriptive analysis of dried dairy ingredienBanelists evaluated 3 samples in one session

to prevent carryover and fatigue. Panehs&e provided with room temperature deionized
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water, crackers and CMQor palate cleaang and a3 min rest wasenforced between
samples. Compusensdi®e version5.2 (Compusense, Guelph, Canada) was used for data
collection.
Statistical Analysis

Statistical analysis was performeging a threavay (treatment x noseclipsmatrix)
analysis of variance (ANOVA) usg ProcGlimmix in SAS software, version 9.2 (SAS
Institute Inc., Cary, NC) Significance was established p<0.05, with poshoc analysis
performed using Tukéy $or mears separation. The treatment, noseclips, and matrix were
assigned as random effeatdhile panelists were assigned as fixed effed®n the second
studyfor bitter taste inhibition of WPH beverages, two way [treatment X mana]ysis of
variance was performed in SAing ProcGlimmix with treatment and matrix assigned as
fixed effectsand panelists assigned as random effects

Analysis of variance was performed on the means generated by descriptive analysis
of WPH beverages with XLStat (Guel ph, Cana
(LSD) for means seperation. Factor analygisnean scores was also conduct¥tStat,
Guelph, Canada).

RESULTS

|. Percent BitteiT astelnhibition

There was no significant-®ay [matrix, noseclips, treatment] interaction (F=0.82,
p>0.05), [treatment X noseclips] interaction (F=1.10, p>0.05), osddips 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=323).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 resulvere further investigated as some of the treatments
(bitter taste inhibitors) behaved differently in different matrices.
Impact of wlatiles and glycerine

Bitter taste intensity of solutions with added volatile compounds or glycerine were
not differentfrom 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 (BGMyanaga and others
2003 Mukai and others 200hut that was not observed with WPH. Inhibition of bitter taste
of WPH by aromatic compounds was not expected.
Impact of sveeteners

Sweeteners included in the current study were fructose, sucralose, sucrose and stevia.
No [sweeteers 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 te ttontrols (p>0.05). This may beelto the
bitter taste and after taste generated by the stevia itself (Reis and others 2041). N
differences in the % inhibition by sweeteners were observed when applied to two of the three
matrices (WPH 5% DH and Quinine). However, sucralose had thedtigo inhibition in

WPH 32% DH compared to fructose and sucrose (p<0.05) (Table 2, Figure 1).
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Impact of altsand a nucleotide

There were significant [treatment x matrix] interactions for all salts (sodium
gluconate, sodium chloride, sodium acetate,nzc sul fate, MS G, 56 AMP
56 AMP, a nucleotide (p<0.05) (Table 2). For
between the 2 WPH themselves, but interaction effects were observed between both WPH
and Quinine, except for MSG. For MSthere 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 bysalts andthe nucleotide were greater for Quinine compared to
either of the WPH suggestingpat these compounds effectively impacted the bitter taste
elicited by Quinine compared to WPH (Table 2, Figure 2). Within the Quinine matrix, the
effectiveness o$alts 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 previouslyKeast and Breslin 2002)¥-or the 2 WPH, sodium gluconate and sodium
acetate had t he hi ghe sAMP #ucldotidén i Dheré werexnoa |l o n g
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<0.0%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 bitteotaste
peptides, however, both amino acidsAtg and L-Lys, effectively inhibited the bitter taste

of Quinine (p<0.05).

Bitter taste inhibitionn model beveragNPH DH 5%)

The efficacy of effective inhibitors in 5% DH WPH was further investigated in a
bewerage model system with vanilla and chocolate flavoring”H DH 5% was selected
due to its abundant use commercialbeverage applications. Moreover, there were no
[treatment x matrix] interactions between WPH 5% and 32&ept for MSG treatment
suggesing that the majority obitter taste inhibition of bottWPH occurred ina 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 ffests e
observed (p<0.05) indicating that, as expected, all treatments effectively inhibited bitter taste
of both vanilla and chocolate beverages.

There were no signidant [treatment x matrix] interaohs (p>0.05). All treatments
inhibited the bitter tste 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
flavor s, except for the nucleotide (%26AMP)
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 differenetewers 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 sucraloge@pyx This finding may be derived
from the impact of congruent aroma on bitter takieaét, 2008 The sweeteners, although
present at the same sweet taste intensity, varied in sweet taste quality.

DISCUSSION

Impact of Sweeteneos Bitter Taste

Thenhi bition of bitter taste by sweetener s
where both bitter and sweet tastes interact and are mutually suppressed when mixed (Keast
and Breslin20®2; Kroeze and Bartoshuk 1985This type of inhibition occurs dhe central
nervous system and is referred to as cognitive inhibition. In this study, when sweeteners with
equtintensity were added to bitter solutions (no flavoring), similar effects were found in all
bitter solutions. This was expected as this waetfezt 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 asher variables that may interact with the sweeteners leading to
the different inhibition effects found.

Impact of Salt®n Bitter Taste

Keast and others (2004) repext that bitter suppression by salts occurred peripherally
(at a receptor/transductionechanism), rather than due to the perceived salty or umami
tastes In this study, we found significant interaction terms between the salfaiinine
solutions and rehydrated WPRMKith bitter taste ofQuinine solutions inhibitedto a greater

extent corpared to bitter taste inhibition of peptides (WPHSlhis finding agreed with
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Keast and others (200hvho showed that bitter compounds (urea, Quinine, caffeine,
amiloridehydrochloride, magnesium sulfate, and potassium chloride) were suppressed by
different salts (sodium chloride, sodium acetate, sodium gluconate, lithium chloride,
potassium chloride) in a different fashio&uppression of bitter tastas bitter compound
specific Keast and Breslin (2002)s® reported that the cation of salts was imedlin bitter

taste suppression. Changing the anion of salts changed the salty taste intensity, but had no
i mpact on efficacy to suppress bitter taste.
however, inhibited the bitter taste of pharmaceuticalsepdoephedrine, ranitidine,
acetaminophen, Quinine and urea) more thanuroami tasting sodium salts (Keast and
Breslin 2002). They reported that it was not the umami taste that impacted the bitter taste
(Keast and others 20Q4yhich suggested that am® also play roles in bitter taste inhibition.
These findings coincided with our findings. All ramami sodium salts were similar in
bitter taste inhibition efficacy in Quinine solutions. Sodium salts had higher inhibition
efficacy compared to zinc salle, the norsodium salt tested in this study. However, umami
sodium salt, MSG, was not different from the agnami sodium salt. The umami disodium

salt, AMPNa, 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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| mpact of a Nucl eoti de, 56 AMP, on Bitter Tas

50AMP was the most effective inhibitor o
salt count e nr)phMngandOthets A Prepdited thad AMP wasaneffective
inhibitor to denatonium, Quinine, strychnine, and atropimkich are known bitter
compounds to human. The mode of action was not proven, but they postulated that the
compounds may bind to bitter taste receptorst dine Gproteinreceptor coupling.

Impact of Amino Acids on Bitter Taste

Aamino acids wereeffective in bitter taste inhibition of Quiningolution, but not
peptick bitterness. Inhibition dQuinineby amino acids coincided with whass reported in
the literature (Ogawa and others 26 Inhibition of bitter taste ofsingle amino acidgy
other amino acidg¢L-lle and L-Phe) was reported, however, there werergqmortsof the
suppression of amino acid on hydrolyzed protbitierness. Ogawa and other20(b)
podulated that the bitter taste inhibition Qfuinine by amino acidsmay be due to the
interaction at the taste receptor st amino acids may compete with Quinine for the taste
receptors, thus, closing the gate of the cation channel transportato inhibiting the
perception of bitternesslt could very likely be that there were some interactions with the
amino acid andQuinine (i.e. amine groups of4Arg and L:-Lys form amino acid Quinine
complex)which dtered theconformation ofQuinine or ts binding site, making bindingt
the bitter taste receptor binding sitere difficult. Addition of amino acids to hydrolyzed
proteinshad no effecsince amino acids make up proteins. Thus, when adegdrolyzed

proteins, no effect was observed.
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Il . 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 beveragesTables 4a, bfigures 5, 6). Van and chocolate beverages with addition
of the same treatments had similar sensory characteristics. As expected, bipldecfoom
analysisdemonstrated that the controls (both vanilla and chocolate) were characterized by
bitter taste and high aromatensity 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 chocadlte flavor, cooked/milky flavor and sweet teas Previous literature has
established that sweetenershanced congruent aromas (Keast 2008; Brd€86). \anilla
and chocolate beverages were different from each other in that sweeteners in vanilla
beverges (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 evthéd 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. Vanilla beverages, salts (bottmami and nolumami)
were characterized by salgnd umamitastes, astringengysour aromaticgnd cardboard
flavor, with low sweet andbitter tasts and aroma intensity Beverages wittb 6 A MvEre
suppressed in flavor and were characterized by lack wbrflé.e. vanilla). In chocolate

beverages, neomami 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 s a IMP swhich WéreAdidracterined byM S G)
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 tmedwn 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 onigal 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 thislys 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, sodiumcgonat e, 56 AMP,
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 choceldlavors), 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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