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ABSTRACT

Low molecular weight (MW) peptides (1KDa) may act as flavor precursors in the
Maillard reaction andontribute to the overall aronaand flavor formation in meat. The
contribution of carnosine, glutathione (GSH), and cystinylglycine {Gly3 to meat
flavor formation was examined the model systems after heating at 180° C in the
presence of ribose to mimilse meat roasting conditions aplysiological
concentrationstgpH 6.3. The generated volatile organic compounds (VOCs) were
extracted using two different solvent extraction methodsnsmrdanalyzed by gas
chromatgraphymass spectrometry?yrazines and pyridines dominated the reaction
mixtures containing carnosinehile the sulfur-containing VOCs were found in the
model systems containing GSH and &@3ly. The GSH systergenerateayclic
polysulfides, whicthavenot beenpreviously r@orted in the Maillard reactioof
peptides. These results suggest an active catitibof low MW peptides to the overall

aroma and flavor formation in meat systems.
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Chapter 1. Introduction

Analysis ofthevolatile compositiorof heated meds alwaysa topic ofinterest in
the manufacture amitation meat flavorings. Maillard reaction is one of the most
important chemical reactions contributing to the flavor and color development in cooked
foods. The nature and concentrations of reactants, pH, temperature, and water activity are
among important facteraffecting the Maillard reaction which may be controlled to
optimize the desirable sensory characteristics of foodstuffs such as meat. Raw meat has
little or no aroma with metallic and blodite taste (Crocker, 1948), however, when heat
is applied, thousnds ofvolatile organic compound¥QCs) generate and give rise to the
desirable sensory characteristics of the meat products. It is noteworthy that not all of these
VOCs have the same degree of flavor significance, and only those with low odor
thresholdsvere regarded as essential aroma contributors (Van Ba, Touseef, Jeong, &
Hwang, 2012). In postlaughtemuscle a large number of amino acids and low MW
peptides are released durimgataging following the proteolytic activity of enzymes to
degrade musdar proteins (Schreurs, 2000). In the presence of other organic constituents,
such as carbohydrates, lipids, and vitamins, they comprise a pool of flavor precursors
which undergo thermal interactionandevelop characteristic flavors of meat foods.

Dueto the complexity of food matricesimplified model systems containing
known concentrationsf Maillard reactantare generally employed to study the chemistry
of meat flavorformation The mechanismgertinent to the Maillard reaction between
amino acidsnd reducing sugars anell recognizedhowever little is known wherlow
molecular weight (MW) peptides are involved.

Gas Chromatograph(GC) is a common tool used to sepa@iganic compounds in a
givensample When coupled with Mass Spectromei¥S), it is a powerful analyted

1



techniquewith numerous applications various scientific disciplineBased on

retention times eluted in a gas chromatogram as well astorabarge ratios collected

in a mass spectrum, determination and identificaticihe compounds of interest can be
accomplishedin flavor chemistryother complementary techniques, such as Liquid
ChromatograpmMass Spectrometry (L8MS), GGTandem Mass Spectrometry (6C
MS/MS), GGFlame lonization Detection (GEID), GG-Olfactometry(GC-O) and
Nuclear Magnetic Resonance (NMRay also be included in the analytical procedures
based on the objectives of a study

Only a few studiebave been dedicatedttoe Maillard reaction of peptides
Among whichnoneusedconcentrationsf reactant&nd pH valussimilarto those
expectedor meat and meat produci&herefore, thenainobjective of this study was to
investigate th@ature and potential contributiah VOCsgeneratedrom the Maillard
reactionsystems containingaturalconcentratios of selected peptides witnpH value
similar to those expected agingmeas (pH 6.3). CarnosineGSH, and CysGly were
choseras the low MW peptide 1 kDa)to act as potential NHdonoss in thermal
reactonswith ribosein aqueous solutions
Generated VOC&om the model systems were analyzed usingNE%; and their

relative flavor significance wasxaminedbased on previolisreportedflavor studies
related tacooked meaftThe formation of key aroma compounds from Maillard reactions
of low MW peptides in this study can providetical information to assess the potential

contributionof these peptides to overall aroma alastdr of cooked meats.



Chapter 2. Literature Review

2.1. Meat Flavor and Associated Key Aroma Compounds

Flavor is an organoleptic function of foods and is of significance in deterntiméng
ultimate acceptability and glity of food productgMottram, 2007)The flavor formation in
meat and meat productssizeen investigated extensivelyhousands 0¥ OCshave been
reported in foods, among which, over 1000 VOCs werdtiiikshin meat (Mottram, 1998)t is
however important to note that not all of the detble VOCs in a givematrix areactivearoma
compounds. Aroma compounds or odorants are VOCsaindite perceived by the human
olfactory system. It is generally accepted that only odorants with relatively low odor thresholds
andpresent alow concentratins are keyromaconstitutes (Mottram, 1998), and hence
responsible for the overalensory qualityf foods including cooked meat and meat products.

Raw meat has little or no aroma with metallic andthtike taste (Crocker, 1948)pon
heating, the an-volatile compounds presentiiaw meat also called flavgrecursorsvill react
to generate a wide rangedifferent classes 0fOCsand provide th@articularsensory
properties otooked meafThese chemical reactions include the thermal degradation of sugars,
lipids, and thiamin, as well as the Maillard reaction between amino compounds and reducing
sugars. In addition, the generatezhvolatile intermediates andOCs from any of these
chemicalreactions may then interact Wwieach other to produce new VO@ general, the
odorants originated from Maillard reactsandthe Strecker degradatiasr{reactions between-
dicarbonyl compounds and amino acids} mainly responsible for the typicakaty flavor,
while those derived from lipid degradatigive rise tothe speciesspecific flavorgBodrero,
Pearson, & Magee, 1981; Mottram, 2007).

Studies on the flavor formation in meat have been conductetiousanimal species,

which include poulty (chicken, turkey, and duck) (Gasser & Grosch, 1990; Noleau &

3



Toulemonde, 1986; Wu & Liou, 1992), beef (Gasser & Grosch, 1988; Kerscher &
Grosch, 1997; Leod & Ames, 1986), pork (Mottram, 1985; Xie, Sun, Zheng, & Wang,
2008), goat (Madruga, EImor@pdson,& Mottram, 2009), lamb (Roldan, Ruiz, del
Pulgar, PérePalacios, & Antequera, 2015), and fish (Guillén & Errecalde, 2002;
Methven, Tsoukka, Orur@orncha, Parker, & Mottram, 2007Based on their chemical
structures, VOCs derived from cooked maat generallyoundasaldehydes, ketones,
alcohols, esters, hydrocarbons (aliphatic and aromatic), phenols, and heterocyclic
compounds with the elements of sulfur, nitrogen, anakggen in the ring structures. It
was reported thatnaongthetotal volatie constitutessolatedfrom roasted beef, 90% in
volume was from lipid, while around 40% of which in the aqueous fraction were
considered to be heterocyclic compou(Bailey, 1983)

2.1.1. Lipid-derived VOC:s. In view of lipid-derived VOCs, aldehydes, ketones,
alcohols, esters, hydrocarbons, and alkylfurans can all be formed from oxidation of fatty acids in
the lipid fractions of meat (Varlet, Prost, & Serot, 200He aor thresholds of these VOCs are
generaly higher than those of the heterocyclic compounds arising from the-scitdnle
components via the Maillard reaction, hence, their aroma impact is qualitatively less significant
(Mottram, 1998). Nevertheledgid-derived VOCs play a vital role in the enall perceived
sensations of cooked meat. Not omigny of themarequantitatively predominant in the volatile
profile of cooked meatMadruga et al., 200%oleau &Toulemonde, 1986), but also some of

thecompounds are responsible for thehenticflavorsbetweermeat species.

Due to their chemical reactivity and natuoafjanoleptiqropertiesn foods lipid-derived
aldehydesre critical compound® flavor chemiss. Indeed, they impart the typical fatty and

speciesauthentic aromaotesdepending on thiatty acid compositionChicken meat generally



hasa higher content of unsaturatéatty acids tharmeef orpork. After filtering outthefats and

fat solids,thechicken brothwas shown to have distinct flavor qualitywhile little difference

wasdetected fronthe brothof beef, pork, or muttorit was suggested that VO@snerated

from the thermatlegradation and oxidatiasf lipids were responsible f@uchflavor differences

(Rothe Kirova, & Schischkoff, 1981)interestingly, flavor of thebeef broth (with fat filtered

out) coul d be manl iplfte@dgosous shalog withenighfy crtsatucateed n
vegetable oilRothe et al., 1981n the othehand theoccurrence of &igh proportion of

branched chain saturated fatty acids in muttomsfassociated with the characteristic mutton
flavor(alsok nown as fASoo0 i nsiCitslowcensuegr populahitin mdny r e s ul t

placesaround the worldWong, Nixon, & Johnsgnl975).

Aromaattributes of some lipibxidation aldehydes, as well as thatative flavor
significancein meatwerefurther elucidatedh thevolatile analysisComparison of volatile
compoundssolatedfrom boiledbeefand chicken broth suggested thatbayl compounds
stemmedrom unsaturated fatty acidggcountedor the authentic flavoof chicken (Gasser and
Grosch,1988; 1990)In particular,(E, E) 2, 4decadienalvas found to be an important flavor
contributorwhoseflavor dilution (FD) factorin the aroma extract dilution analy$SEDA) was
higher tharthe other aroma constituengsundecenal, anldehydes isolated from tilsame
volatile fraction, also seemed to be a potent odorant due to its relatigkl#Bbivalue.
Moreover, in a revievarticle of poultry meat flavor, hexanal and 2décadienal wereeported
to be two of thanost abundant aldehydes in roasted chicken meat (Shi & Ho, 199%he ddor
threshold of 2, 4lecadienal (0.00007mg/kglasmuchlower than that of hexanal
(0.0045mg/kg) (Van Germert, & Nettenbrijer, 1977), the foraddehyde should be paramount

in chicken flavor development (Shi & Ho, 1998)any of aldehyde compounds identified in the



volatile fractionsof cookedchicken were &lo aroma constituents in duck meat. Such a similarity
might be owing to theomparable fatty acid composititketween twspeciesn which both

meat types contained a high contenpolfyunsaturated fatty acidBlUFA9 (Chen, Song, Ma,
2009; Liu, Xu, Ouyag, & Zhou, 2006Liu, Xu, & Zhou, 2007). Other chenal classes, such as
alcohols, furansketones, and sonaé thehydrocarbons, can be generated fromsiduadipid

decomposition pathway like aldehydasdtogether contribute to the overall

cookedmeat flavor.

2.1.2. VOCs from Maillard reactions and the associated Strecker degradation

Aldehydes and ketonewecompoundsot onlyformedfrom thermal oxidation
of lipids, butalsoproduced byaillard reactionsReductones and dehydroreductoaes
swar degradation produatterived from the Maillard reactiofhe breakdown of these
intermediates can give rise $mallerreactivecarbonyl compounds via retaddo
reactions (Vast et al., 2007)in addition, Strecker degradatioosamino compounds in
the presence aficarbonylscanalsolead to thdormation ofcorresponding Strecker
aldehydesand| -aminoketonesTherefore, henatureof aldehydes and ketongsnerated
canbe attributed to the associatgftemical reactionsSomeimportant aldehydes formed
in the Strecker degradati@ame 3methylbutana({from leucing, 2-methylpropana{from
valing), methionalfrom methioning, acetaldehydérom alaning, and
phenylacetaldehyddgrom phenylalaning(Mottram, 2007)Dueto theiraroma
characteristisand relatively low odor thresholds, Strecker aldehydes generatec
greatdealof interest inflavor researclstudies For instancethe odorof 3-methylbutanal
wasdescribed to be closely related to cheese, malt, and dark deo@d@l & Mottam,

1994; Chen, et al., 2009)herelatively highscores irflavor dilution (FD) factors as



well asin odor activity valuegOAVs) determinedt to be one of the aromactive compounds
roasted duck megChen et al., 20092-methypropanawas found to be the smallest odor
activealdehyde in theolatile extract otooked farmed obscupiffer. Flavorpotencyof this
volatile in fish foods was suggeststhce it could exhibihutty, malty, and brnt-like odor notes
(Tao, Wu, ZhouGu, & Wu, 2014).Additionally, methional was considered as a primary odorant
in both boiled beef and chicken broth as its FD values in these foods were relativelgdsghr
& Grosch, 1988 & 1990Flavor impressions of methional were reported to letato and
meatlike aroma witha low odor thresholdf merely 0.21g/L in water (Buttery, Teranishi,
Ling, & Turnba,1990; Gasser & Grosch, 1988).terms of sugaderived carbonyl volatile2,
3-butanedione and-Bydroxy-2-butanone are two ketones frequently found in cooked meat. With
strong buttery and creanoglors 2, 3butanedione is an importaitévor component ira variety
of heated foodsncludingbeef (RivasCafedo, Jue®@jeda, Nufiez& Fernandezsarcia, 201},
goat meat (Madruget al.,2009), duck (Chen et al., 2009), fish (Tao et al., 2014), and crab
(Chung, & Cadwallader, 1994)sing model systemghe formation of thicompoundhas been
validatedfrom sugar degradationa the Maillard reacton (Yaylayan, & Keyhani, 1999).
Following the same formation pathwayh@droxy-2-butanonas another sugaderived product
which contributes to theuttery and sour aromasthe cooked food&hen et al., 2009; Roldan
et al., 2015)It wasfound to beone of the quantity dominators in the flawvmmpositeof roasted
pork (Xie, et al., 2008). Due tthe nature of carbonyl compounds, 2b@tanedione and-3
hydroxy-2-butanone are highly reactive and nagarticipate insubsequent Maillardeactions
and/orStrecker degradations this process, thegact with ammonia (NkJ, hydrogen sulfide
(H2S), or other intermediate derivativiesgive rise toa wide range of heterocycholatile

compounds as thenal reaction product@Mottram, 2007 Xie, Huang, & Ho, 1999).



Heterocyclic volatile compoundsuch as furans, thiophenes, thiazoles,
pyrazines, pyridines, pyrroles, and oxazolessaeificantcontributorsfor the sensory
impressios of meatand meat product$lain sources athesecompoundsrefrom
Maillard reactionsandStrecker degradation8s previously mentioned acbonyl
compounds produced froMaillard reactiorandlipid degradationcan further react with
amino compoundsr other reactive intermediatesform a myriad of claracter impact
heterocyclic compounds (Mottram, 2007). It has been recognized that Strecker
degradations are imperatiurethis caseastheyprovidea pathwayor the introduction of
sulfur and nitrogemtoms intaheterocydk ring structuresThereforethe nature of amino
acids partly determines the ultimate presence of heteroatoms in these volatile compounds
(Farmer, 1994; Mottram, 2007).

Furan and furan derivativeare a class of volatile compods present in all
heated foodsThey can be the produaté solely sugar degradatidgoaramelizationpr of
Maillard reactioms after a series of rearrangement and dehydration of sugars (Mottram,
2007; Umano, Hagi, Nakahara, Shyoji, & Shibamoto, 1995). This class ofagiem
compounds generally impartaramellike, fruity, nutty, and sweet odors with their
flavor threslolds higher than those siilfur- and nitrogercontaining heterocyic
volatiles (Mottram, 2007)Although they cannot contributetoh e i me aibhther f | av or
own right,theyare importanintermediate precurso heterocyclicaromacompounds,
such as thiophenes, furanthiophenes, and furantbiolghich odor properties are of
prime importance to the overall sensgoality of meat.

Sulfurcontaining volatile compoundbgpth aliphatic and herocyclic, are

essential flagr constituents in meat food&ccording toa reviewof Maarse (1991),



aliphatic sulfur compounds are more related to boiled meat andafjgriave low odor
thresholdsH>S, dimethyl sulfide, dimethyl disulfide, methanethiol, and methionatanee of
some of theexamplesand theyhave beemeportedn thearoma extracts afookedmeat.Odors
of these volatilehave been described adfarous, cabbage, onion, garlike, pungentand
diffusive (Fors, 1983)Sulfur heterocyclic volatd compounds are known for thegnsory
properties by havingavory, meaty, roasted, and boildmasand t is a class o€hemical
constituentsvith particular flavor importancewing to theidow odor thresholds.

From a standpoint of flavor developmeS has beenvell accepteds amajor source
of heterocyclic sulfur compound®riginsof hydrogen sultle in chicken meat are primar
glutathione in muscle neprotein, and cysteine/cystine in miesprotein (MecchiPippen, &
Lineweaver, 1964)When meats subjected to heal-S is releasedrom Strecker degradation or
thermaldecomposition of cysteina accompany witlthe liberation of mercaptoacetaldehyde,
acetaldehyde, 1-@thanediol, an®Hs (Glntert et al., 1990). These products are highly reactive
and can interact with each other or with dicarbonyl compounds to form sulfur heterocyclic
compounds (Glintert et al., 1990; Lee, Jo, & Kim, 2010).

A large amount of flavor studies cooked meandmodel systems have beftused
on the identification of VOCandthe determination of their individuflvor significances2-
methyl3-furanthiol (meadike, sweet), Zurfurylthiol (roasted), 2, 4, &rimethylthiazole
(earthy) and methional (cookeotatclike) were found to be the primary odorant compounds
chicken brothGasser & Grosch, 1990)hile 22methyt3-furanthiol and its disulfide bis¢2
methyt3-furyl)disulfide (meatlike), methional, and-acetylthiazole (roasted) were the potent
sulfur containing volatiles in cooked be@asser & Grosch, 1988pdor thresholds of these

compounds are exceptionally low, and some/loich were reportectthe concentrations of



0.00250.001ng/Lin air of 2methyl3-furanthiol (Gasser & Grosch, 1990), 0.604
0.002ng/Lin air of 2furfurylthiol (Gasser & Grosch, 1990), 0.02ng/kgwater of bis(2
methyl3-furyl)disulfide (Buttery, Haddon, Seifert, & Turnbaugh, 1984), 0.2ugikg
water of methional (Guadagni, Buttery, & Turnbaugh, 1972), and 10ugikgterof 2-
acetylthiazole (Schutte & Teranishi, 1974).

Nitrogencontaining heterocyclic compoundeeassociated with the roasted
flavors of cooked meat, and they are frequergpyortedn meat processed bhygh-heat
thermal treatments, such as grilling (Madruga et al., 2009; Mottram, 1985), roasting
(Noleau & Toulemonde, 1986; Wu & Liou, 1992; Xie et al., 2008), pressaoking
(Farkag et al ., 1997; Mus sifrying (Tang,dvii Shendn& & Kat
Chang, 1983)This class of VOCs comprise$ mainly thiazoles, pyrazines, pyridines, pyrroles,
oxazoles, and their derivativa3yrazines generallgontribute tahe pleasant and desirable
sensory attributes of meat foodsgrpvidingnutty and roasted aromd3yrazines identified in
roasted pork we described as popcalike of 2-methylpyrazineroasted and popcotike of 2,
5-dimethylpyrazine, ash nutty and roastedf 3-ethyt2, 5-dimethylpyrazine (Xie et al., 2008).
Pyridines areanother class of nitrogdreterocyclic volatiiewhose odors wenesually reported
as green, burnt, and astringent (Fors, 1983; Van Baséled, Jeong, & Hwang, 2013lthough
they havenotreceivedmnuchattention due to thiewer flavor significancethey still contribute to
theoverallsensory impressioof roastel foods In particular,somealkylpyridines isolated from
the basic fraction of roasted lamb #aepartly responsible for thew acceptance of this kind of
meat (ButteryLing, Teranishi, & Mon, 1977)Thiazoleswhich contain both sulfur and ndagen
in the cyclic structurg areone of the mjar clasgsof aromacompoundg in meat flavor

composition.They affordthe characteristic nutty, roadtemeaty, and sulfurous notescooked

10



meatand related produc{&ors, 1983)Discrepancy itheodor desriptions ofthiazoles

betwee studies can be attributed ttee particularconcentrations and food matrices in which
they occured For instancebenzothiazolédentifiedin cooked beef was reportéal haveburnt
and meatyaromas byachiels, Van Ruth, Posthumus, & Istasse (2003)dbstribed as
pyridine-like and metallic g Gasser & Grosch (1988pdorsof this compandin roased pork
alsowerefoundto beroasted, nutty, musty, and swékte et al., 2008)but rubbery and musty
in roasted duck (Chen et al., 2009}acetylthiazolas known for its roasted, nutty, and popcorn
like aroma. The odor thresholaf this compound waseported abnly 3ug/L in water
(Marchand, de Revel, & Bertrand, 2000).

From the point of view ofhemical propertythe odor thresholds and associated
organoleptic qualitiesf heterocyclic volatile compoundse determined by a cple of
parameters, such as volatility, polarity, molecular structure (functional groups; number or
position of double bonds), and molecular size l{sag chain length) (Boelens, &w Gemert,
1986; Teranish Buttery, & Guadagni, 1974)t has been demonsted that furans with a thiol
group in thg -positiongenerallyelicit strong meaty aroma and taste characteristics (Evers,
Heinsom, Mayers, & Sanderson, 1978he degree of unsaturation and the position of the
methyl group are also of significance tbeflavor impactof some of the thiofuran derivatives
(Van den Ouwelash Demole, & Enggist, 1989¥an den Ouweland et al. (1988 monstrated
that thosewith at least one double bond and a methyl group on the ortho position adjacent to the
thiol groupgive a strong meaty flavom addition, athe length of side chains increasise
odorthresholds of alkylthiazoles and alkylpyrazimesreases, artie organoleptic qualities of
pyrazines becommore intensivéTeranishi et al., 1974)n general, mong di-, tri-, and

tetramethylpyrazines have higher odor threshold values in comparison tevitiosabstitution
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by one or more ethyl group(s) (Guadagni, Buttery, & Turnbaugh, 1B&eover the
presence odnalkoxyl group appears to have an essentialr thresholdowering effect
on thecorrespondingyrazine compound$Shibamoto, 1986; Teranishi et al., 1974).
2.2. Main Chanical Reactions in Meat Cooking

Thereis a widerangeof flavor sensationthat can be perceivad meat.

Depending on types ofieat and cooking methods employed, flavors of cooked meat can
range from being relatively bland and brditte, to flavorswith a strong meaty aroma

and distinct roasted odors. Primary chemical reactions contributthg fl@avor

formation in meat includpyrolysis of amino acids and peptides, carbohydrate
caramelization, Maillard reactions of sugars and amino compounds, thermal oxidation
and degradation of lipids, as well as thiamin degradation (Mottram, 1991). Thermal
decomposition of carbohydrates (qaedization) and amino acids and peptides
(pyrolysis)generallyrequire much higher temperatures than the other reactions. These
reactions occur only on the surface of meat subjected to high heat treatments, and
therefore, play a minor role in flavor formation of meat (Mottram, 1991).

2.2.1. Lipid Degradation. The thernmally induced oxidation and degradation of
lipids is an important route to introduce aroma volatile compounds during meat cooking.
Fatty acids, both saturated and unsaturated, in adiposestsgugtramuscular fat of
meat are capable of being oxidizedlaransformed into respective hydroperoxides
intermediates, which cahendecompose tgive a complex mixture of odorant
constituents upoheating (Van Ba et al., 2012). Theidation of unsaturated fatty acids
is initiated by an attack of molecular oxygen the double bonds of the acids with the

abstraction of hydrogen atoms and therfation of lipid radicals. @sequent self

12



rearrangement and further reaction with oxygen of these radicals yield different ranges of
hydroperoxides (Mottram, 1991heseintermediates are very active and readily break down
down into alkoxy and hydroxyl radicalecompositiorof the alkoxy radicalg (-scission)
generates a vast number of odorant compounds, such as aldehydes, ketones, alcohols, acids,
hydrocarbons, lactonefsirans, and esters (Varlet et al., 20@iven the facthat fatty acids
with methylene groups (R=ClHadjacent to double bonds are the most susceptible to the
oxidative attack, oleic, linoleic, linenic, and arachidonic acids, which are the main sources of
unsaturated fatty acids in meat, are therefore the most vulnerable fatty acids to thermal
degradatioauponcooking(Baines & Mlotkiewicz, 1984; Mottram, 1991).

Compared tahe heterocyclic volate compounds formeddm watersoluble precursors
in Maillard reactios, lipid-derived odorants are more importantlistinguishingdifferent
species flavordn meat carcasses, intramuscular fat contents (marbling) and membrane lipids are
the mainsources of lipiederived volatile compounds (Van Ba et al., 2012). Therefore, lipid
contents and degrees of oxidation octym these fractions are strongly related to the ultimate
sensoy quality of the cooked mea®ther considerations of flavor impecom lipid degradation
include the interactions with otherarhical reactions during cooking, as welltlas development
of ranadity throughout meat storageindings fromthe previous model studies and cooked meat
systemsshowed that an involvement lgiids can both quantitatively and qualitatively change
the volatile compositions of Maillard reaction mixturasd itwas presumably due to the
competition for flavor intermediates betwe®etwo chemical reactions (Mottram, 1985; Tang
et al., 1983; Whfield, Mottram, Bock, Puckey, & Salter, 1988nfluences of lipids omthe
overall meat flavor can be in pathievedy inhibiting the formatiorof some of the Maillard

heterocyclic compounds, such as alkylpyrazines, while facilitating the produttnoany other
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long-chain alkyl substituted heterocyclic odorants thatea@usivelyderived from
Maillard-lipid interactions (Mottram & Edward4983; Whitfield et al., 1988}-ollowing
the same formation mechanism of desirable flavor compoupakpkidation also leads
to off-flavor or rancidity during refrigerated storage which can adversely affect the
sensory quality of meat (Brunton, Cronin, & Monahan, 200@ttram, 199).
2.2.2. Maillard Reaction and the Associated Strecker DegradatioMaillard
reaction is one of the most important remzymatic chemical reactions responsible for
the flavor and color (browning) formation in foods (Mottram, 2007). This thermally
induced reaction was firstly recognizedlbyuis-Camille Maillard in his pronmentwork
onthe sugalamino acid reaction in 1912. However, it was 40 ya#tes this discovery
thatJohn Edward Hodge proposed a coherent scheme of the reaction in 1953.
According to Hodgeo0s susetquenevwews (Maithrg, e, 195 3)
1991& 2007; Varlet et al., 2007)eactionmechanisms associated with the Maillard
reaction can be divided into three stages. Tit&al stage involvethe condensatioof
the carbonyl group of a reducing sugar with the amino group of an amino compound,
suchasanamino acid, peptide, or protein. The product is unstable in the aqueous solution
and readily forrs a Schiff base by elimingg a molecule of wateBubsequent nen
reversible isomerization of the Schiff base gives rise to a more stetlbstituted
glycosyamine. If an aldose, an aldosyamine is formed and then rearranged to the
corresponding Amadori product-éiminc1-deoxy-2-ketone)by the acidcatalysis
(Hodge, 1953). If a ketose, the generation of ketosyamine undergoes rearrangement to
give a Heyngroduct (2amino-2-deoxaldose) (Mottram, 1991). In the intermediate stage,

thereactiveAmadorior Heyns rearrangement prodspbntaneously underge
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enolization, deamination, fragmentation, and dehydration to form a wide range cbrestuand
dehydroyreductonesSpecifically, the dehydration of@oxysones resiutg from 1, 2
enolization of the Amadori products leads to furfurals from pentosesmettaylfurfurals and 5
hydroxymethylfurfurals from hexoses (Mottram, 1991). Alternativelgc@tylfuran and
furanones of aldosugars are the dehydration productslebtysones via the route of 2, 3
enolization (Mottram, 1991; Tressl, Grunewal d
aldolizations of reductones and dehydroxyreductones also leagteéataumber of smaller
carbonyl compounds, such as diacetyl, acet@nd hydroxyacetone (Varlet et al., 2007). Many
of the aforementioned products are not only flavor constituents, but more importantly, they can
readily react with amino acids in Streckimgradatioato generate crucial heterocyclic flavor
compounds. The final stage of Maillard reacti
condensation, aldehydaninepolymerization and formation of nitrogenous heterolkiyc
compounds, which involve a celition of previously formed breakdown products. In this stage,
the condensati@of carbonyl compounds with each other, or with amino compounds are
necessities for thisrmationof character impact odorants and brown nitrogenous polymers
(melanoidins).

Strecke degradation is generally considered as a concomitant reaction ocaluring
the Maillard reactionlf the Maillard reaction is viewed as the degradation of reducing sugars
catalyzed by the amino acids, Strecker degradation is then, per se¢omepdsition of amino
acids initiated by thdicarbonyl compound$ertinent mechanisms of this reactiondbeen
comprehensively illustrated by Rizzi (20G8)d Yaylayar(2003).Based on theeviewof Rizzi
(2008) Strecker degradation of an amino acgjinms with the nucleophilic attack of an

unprotonated amino group to a carbonyl group with the formation of an unsésbigminal
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condensation producthe removal of a water from this intermediate yields a Schiff base
( -iminocarbonyl) which can readilyndergo decarboxylation to liberate a molecule of
carbon dioxide rad give azallylic zwitteriondt is by the hydrolysis of these

intermediates tht the formation of a Strecker aldehyde and aamino carbonyl

compound can be finally achievedlthough| -dicarbonyl compounds derived from
Maillard reactions are usually considered as the primary reagents in the associated
Strecker degradations, in fact, any activearbonyl compounds can act as Strecker
reagents provided they are capable of induokigative deamination of the amino
compounds via the formation of Schiff bag®&lottram, 2007; Rizzi, 2008n this case,
thecarbonyls required may not be necessarily obtained from a carbohydrate source as
Maillard intermediatesOtherorganic constituentsdigenously present in meat, such as
lipids, can alsanvolve in the Strecker degradatiday contributing -unsaturated

carbonyl compound® the reactiorthrough thermal oxidative degradation (Rizzi, 2008).
Strecker degradations provide a rich sourceteirmediates for the formation of many
classes of heterocyclic compounds that are essential for meat flavor.

Maillard reactios and Strecker degradati®haveimplications other than flavor
formationin foods.During food processing and storage, thieractions between reactive
carbonyls ad amino compounds could leadtte loss of essential amino acids and
functional peptideandproteins which in turn lover the nutritional values of food#t
the biological levelsuch interactions result in the foationof low molecular weight
advanced glycation end products (AGBgan Nguyen, 2006)The physiologicaimpact
of AGEs related to ageing and complications in some of the chronic diseases, such as

diabetes, atherosclerosis, amelirodegenerative diseases, Ib@sn extensively discussed
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in multiple studies (Baynes, & Thorpe, 2000; Vlassara & Palace, 2002; Sasaki et al., 1998).
Meanwhile, potential mutagenic or carcinogeniaillard reaction produstMRPs) such as
acrylamide, fuans, and heterocyclic amines, are of particular concerns regarding tterabed
foods (Bakhiya & Appel, 2010; Mottram, Wedzicha, & Dodson, 2002; Skog, Johansson, &
Jagerstad, 1998; Surh, Liem, Miller, & Tannenbaum, 1994). Nevertheless, antioxidatiesctiv
exerted by certain MRPs have received much attention as one of the advantages of Maillard

reactions (Manzocco, Calligaris, Mastrocola, Nicoli, & Lerici, 2000).

2.3. Flavor Precursors in Raw Meat

Flavor is a perception comprisefimainly taste andrama (ASTM International, 2009).
Taste sensatiorege triggered when taste compounds bind to the specialized taste buds located in
the mouth, stimulating the basic sensations thapareeived asweet, sour, salty, bitter, and
umami.Olfactory perceptios are initiated by a mixture @blatile componentsransportedo the
olfactory receptor cellthroudh nares and nasopharybhe combination stimulates sensory
signalswhich after being processed by the brain fzanilitate odor discrimination (Stevensé&n
Wilson, 2007).

Flavor precursors in raw meat can be categorized into lipids and soédidie
compounds (Mottram, 1998)atural concentrations of these precursors differ both between
animal species and muscle types. Diets, breeds, and sexaviinieds, as well as pitaughter
handlingproceduresind postslaughterstorage conditions are some of the determinants of the
differences (Van Ba et al., 2013p far, biochemical and physiochemichbhnges in post
mortem muscleas well agheunderlying mechanisms have been substantially reviewed
(Bechtel,1986; Schreurs, 2000)he reative importance of individugdrecursors for cooked

meat flavorsvas alsaaddressed ithe previous studies.
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2.3.1. Lipid precursors Intramuscular triglycericeand structural phospholipids
arethemainsources bfatty acids in meat muscleNaturally, the proportion of PUFAs
in phospholipids is much higher than that in neutral lipid triglycerides (Fogerty,
Whitfield, Svoronos, & Ford, 199Mottram, 1998). Spxfically, thelevels of linoleic
acid as well as its synthetic PUFAs, such as arachidonic acid, are much greater in muscle
phospholipidsas compared twiglycerides (Wood et al., 2008). In vieat heat liability,
meat phospholipids were thmally susceptibléo hydrolysis Researchers found that
there was aemarkable loss of PUFAs and fatty aldehyddsam meats after cooking,
whereas, onlyslight release of fatty acidgasobservedrom intranuscular
triglycerides(Fogerty et al., 1998onsdering thatPUFAs are exceptionallyulnerable
to thermaloxidationand degradatigrhigher levels oPUFAs in raw meat conceivably
give rise to a larger amount of lipakerived VOCs during meat cooking. Elmore,
Mottram, Enser, & Wood (1999¢poredthata higher levebf lipid oxidationproducts,
especiallysaturated and unsaated aliphati@ldehydeswasreleased fronthe cooked
beef contaimg a greater amount of PUFAs.

The typeof musclefibersis closely related ttheir fatty acid compositions. For
example, aw chicken meat Isa higher content of intramuscular PUFAs compared to
beef and pork (Rhee, Anderson, & Sams, 19B6jticularly the quantities of linoleic
acid(18:2n6) andthe relatedonger chain PUFAsipork muscles were more notable
than those in ruminant meats whiohturn contairedrelatively higher levels of linolenic
acid (18:3r3) andits synthesized PUFAs (Enser, Hallett, Hewitt, Fursey, & Wood,
1996). Compared to beef, podadchicken, fish leshhasa richer profile of PUFAs,

particularl the n3 PUFAs (Lovell, 1980)When heats applied, these fatty acids are

18



readilysubjected to autoxidation, leading toesies of decompositioproducts, whicttontribute
to the authenti c dofcooked fish (VarletdtaliZ0@7).t y 0 ar oma

In meat,features of flavor profiles from lipidsreaffected byseveral factors, which
include butarenot limited to the variationsf fatty acid compositios; the ligbility of PUFAS to
autoxidationas well as the setiwnedflavor properties othe lipid breakdown products

2.3.2. Watersoluble Flavor Precursors.This class of organic compounds in meat
consiss of free sugars, sugar phosphates, nucleotide/nucleosides, free amino acids, peptides, and
thiamin (Mottram, 1998). Sugar and sugar related cowpis are glycogederived products
while proteolytic degradation in pestortem muscles accounts for the gatien of small
molecular weght amino acids and peptid€3ontributions ofwatersoluble flavorprecursors to
the overallsensory qualitpf meat have been studiediomerousnodel systems and raw meat
with certain amounts of theseropounds added prido cooking.The subsequenésultsare
usually analyzed by both sensory and instrumental assessments.

Nucleotides and related compounds.n o s rmorephbsphate (IMP), inosine, and
hypoxanthinen meatcarcassre all originated from\TP. After the death of an animal,
glycogen stored in the muscle is the main eneeggrvoir, whictupon glycogenolysis and
glycolysis carbreak down intATP. The simultaneous degradation of AM&mingfrom ATP
gives IMP(Tikk et al., 2006). As a resultie concentration of IMRncreass at the early stages
postslaughter, buit progressivelydegradsinto inosing andfurther ribose antlypoxanthineoy
the corresponding enzymdaring ageing (Aliani, FarmeKennedy, Moss, & Gordon, 2013;
Tikk et al., 2006 Williamson, Ryland, Suh, & Aliani, 2014).

Previous studies have indicated the importance of IMP in meat quatitttas taste

enhancer (Kato & Nishimura, 198@&nda flavor precursof~romaflavor aspect, itan undergo
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Maillard reactions with other amino acids to generate desik&b{@s giving off the
characteristic cooked meat flavors (FarpHagan, & Paraskevas, 199Bhe aste
property of IMP is clear and can be explained by its chemical structure -@msieleotide
with a hydroxyl group in the-position(Reineccius, 2005)his watersoluble compound
holdsanumami tasteand in combination with monosodium glutamate (MSGgives a
synergistic flaor-enhancing effect on food8ccording to the previas literatureeffects
of IMP on the aroma formation in meat seem to be concentrdéipandent and species
spedfic. Farmer, Hagan& Paraskevas (1999) found thatfour times the natural
concentration (340mg/100g), IMP added in raw meats resultedgniicant increase in
meaty and roasted arosia both pork ad beefHowever,when the addition of IMP was
two fold the reported concentration (170mg/10Qe increase of meaty aromasonly
observed in porkAliani & Farmer (2005b) reported thtitere was no significant effect
of IMP on the flavors of cooked chicken with the concentration acdioedce
(150mg/100g) the natural levels. addition tosensory analysishe identificatiorof
volatile compounds from raw meat with IMP added providesraplementargvidence
of potential flavor impact of this compound on meat studietieef treated with-4old
the natural concentration tWIP, the roasted arongiven off appeared to be intensified
and the greeodor was suppressed. At the same tinegracomitanthange in the
guantitiesof 2-methyl3-(methyltrithio)furan and hexanalas also detectgérarmer et
al., 1996 & 1999). At a higher concentration of 10 times as much as the natural levels
added to beef, IMP was shown to be a precwssamumber otlicarbonyl, sulfur
substituted furan, and disulfide compoumdsvhich many of them possess part of the

representative beef flavors (Mottram & Madruga, 1994).
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Reducing sugars and related phosphorylated su@drs influence of carbohydratea o
the generation of aroma volatilass been explored in various types of meat at differentdime
postslaughterln most cases, the determinat@fmatural concentrations of flavor precursiors
fresh meat, as well as their changes during conditioniagtisal in regard to evaluatinghe
flavor-generating potentiabf these compoundRibose, glucose, and their phosphorylated
sugars are some of th@nosaccharidethat have been intensively studied. Tla¢unal
concentrations of thesmmpoundsnd their respective flavor contributionary betweermeat
species andnder differenstorage conditions.

Based ortheprevious study, the natural concentrationsnohosaccharideis pork after
6 days of ageing a4 were followed by the order fronrgatest to least agucose (4.0umol/g)
glucose6-phosphat€G6P)(2.6umol/g) ribose (0.3umol/g)and no detection afbose5-
phosphat€éR5P)(Meinert, Schéafer, Bjergegaard, Aaslyng, & Bredie, 2088jilarly, the
guantity of glucosé4.6umol/g)in pork after conditiomg for 22 days at2 was found to be
greater than the amount bose (0.1umol/gpr G6P(2.6umol/g)(Meinert, Andersen, Bredie,
Bjergegaard, & Aaslyng, 2007)he variatiorbetween two studies wasiggested to beaused
by thedifferent muscle types and ageing conditions employed in the s{isasert et al.,
2009). Besides porkheaverage concentrations of ribose were significantly lower ghasose
andG6Pin bison muscle over 21 days chilled storage conditioning atAgain, no ribose
phosphates asdetected in this studimilary, the much greater level of glucose found in red
meat was also observedpoultry muscle As reported by Aliani & Farmer (2002heaverage
guantity of glucose was mutiigher than that o6G6P, ribose, andR5Pin fresh chicken breast
muscle.Other than the inherent differences between meat species, variationsohviurial

study designssuch asneat cuts, storage temperat@med duration, as well as extraction
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methods and analyatapprachesare all factors influencing the eventual amounts of
carbohydratedetected in postnortemmuscles

Effects of time postslaughter on sugaoncentrationsn meathavebeen
investigatedIn chicken meatthe concentratiorof ribose was low at early stages post
slaughter, but increased remarkably and linearly with time during ckiibedge (Aliani
et al., 2013)In contrastR5Pfirstly increased during eartoragestages, but decreased
with time after 28h posslaughterThe anounts ofbothglucase ands6Pdeclined ©
some degreeafterstorage Similarly, ribose in bison muscle increased substantieitly
time acrossneatconditioning butno significant differenceswereobservedn the case of
glucose and>6Pat the end of conditionin@Villiamson et al., 2014)n generalthe
postmortemduration required for ageing asdncomitanmusculatenderizations
shorte in poultry than in red megDransfield & Sosnicki, 1999%chreurs, 2000)
Variations inthe naturatoncentrations of sugars in meat may reflect the dynamic
interchangdetweersugars and their breakdown products byatigon of endogenous
enzymesHowever, it is difficult to pinpmt the actual contribution of particular
pathways to the fomation ofsugas, as there are generally several of themning
parallel during ageing.

Ribosepresenin postslaughtemuscleis mainly from IMP by
dephosphorylation, and there could be more than one potential breakdown pathway
leading to the releasd nbose(Lee & Newbold,1963) The generation dR5Pcanbe
achieved byhelIMP degradatioror by the pentose phosphapathway (Lee & Newbold,
1963).R5Pappears to be reactivendit was shown to be readibponvertednto G6Pand

ribose inpork samples (Meinegt al 2009).Glucose ands6Pare weltknownglycogen
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metabolitesThe interchange of these compoumdth other sugars and related sugar
compounds contribute to the rise or faltl@r respectiveconcentations in musclepost
slaughter.

Thecontent ofribose in meais relatively low,however,a slight change in its
concentration may lead ssignificant alteationin thesensory quality of cooked meat
Aliani & Farmer (2005b) reported thabose added &-4 times thenatural concentration
in chicken meatwhich correspondei the naturalariations between commercial
sources, resulted in a marked increase of meaty, roasteédhicken flavors in cooked
meat samplegzarmer etl. (1996 & 1999 found that the additioof ribose at twice the
natural leve(600mg/100gin pork meatonsiderably increaddoththe meaty and
roasted aronsafter cookingln comparison to ribose, glucose appears to be more
important in the flavor formatioaf pork foods(Aliani & Farmer, 2002; Meinert et al.,
2009). However, a significant effect of glucose on tHavor of cookedchicken was
detected even more tharfeld the natural concentration wadded prior to the thermal
treatment (Aliani & Farmer, 2005bF.ompared to ribose anduglose, their
phosphorylated sugars seem to play a minor ralleafiavor development of meat
(Aliani & Farmer, 20056; Meinert et al., 2009).

In the Maillard reaction hte higher reactivity of ribose over glucose is known for
its propensityto the reactin as a pentosé&he less bulky skeleton amdigher
proportion oftheoperchain form inthe solution render the proceedings of a reaction
easier in ribose than glucose (Hayward & Angyal, 1977; Laroque et al., 2008).
model systems, R5P was foundo® more reactive than ribose, thouigheffect onthe

flavor formationof meat was less significarih the reaction with cysteine, R5P yielded a
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larger quantity of volatile compounds, especially mercaptoketones and their oxidized
disulfides, thanhiiosefrom ribose (Mottram & Nobrega, 2002)he plausible mechanism
leans toward a neMaillard typebreakdowrof R5P.Instead of forming Amadori
intermediates, R5P may be directly converted inbydroxy-5-methyl3(2H) furanone

via the dephosphorylatietlehydation reactionThis reactive furanonean readily form
VOCs with meaty aromas, suchfasanthiols andhiophenes, in the presence ofSH
(Farmer et al., 1993 ottram & Nobrega, 2002; Van Den Ouweland & Peer, 1975).

Free amino acids andmall molecular weight peptidetrespective of animal
species, protein degradatioccuring in the conversion frormuscle to meat ia prime
factordetermininghe postmortem tenderization, as well as the flavor and texture
developmenin cooked meaflhe degradation of key myofibrillar and associated proteins
is believed to be enzymradependentin other words, itelieson the pH and ambient
temperatures fohe optimal activity of enzymes in meat during ageing (Niewiarowicz,
Pikul, Trojan,& Thomson, 1978; Quali, 1992).

Free amino acids and smaller MW peptides are the rpegolucts of protein
degradation. fiey possessiultifunctional properties in foahndbiological sysems.In
terms ofmeat palatabilityfree amino acids and peptides can serve asdatte
compounds by providing the flavor background of meat products (D&nkelfmann,
2009; Solms, 1969). In Maillard reactio@snino acidsire essentidlavor precursorn
the formation oflesirable volatile compoundBrevious studies on meat flavor have been
focused on the facet of free amino acids as taste and aroma contributorsedguch
attention was paid on the role of peptides, espgdiatise with low MW, as flavor

precursors in meat.
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Effects of ageing othe generatiorof proteolytic products are of great interest in meat
processing. In general, there is a substantial incriease concentrations of free amino aid
and peptides witiime postslaughter. Based on antend postmortem factors, the degree of
incremens varies between animal speci®&on-proteinnitrogen (NPN), which corresponds to
the mus | e 0-solulleoccompoundsontainng nitrogen (BruasReignier & BrunBellut, 1996,
is frequently used as an idkor of meat proteolysi®uring the postrigor period the NPN
contentincreasedignificantly, but atdifferentratesin chicken (Khan & Berg, 1964), beef
(BruasReignier & BrunBellut, 1996), goat (Feidt, BruBellut, & Dransfield, 1998), and lamb
(Sylveste, Feidt, & BrunBellut, 2001).Ilt suggestshatfree amino acids and peptide®
liberatedin this processDirect measurements tiie contents diree amino acid and peptide
have beemeported, and a general agreetm@mtheir significant increasegth time post
slaughteduringmeatageingis obtained(Feidt, et al., 1998; Williamson, et al., 201¥pariations
in the concentrations of amino ac@sdpeptidesarecommonbetweeranimal speciesr meat
cuts (Cornet &ousset, 1999; Niewiarowicz, et al978).Thesedifferences may not only
indicatethe extent of enzymatic activities working on the muscular proteins during ageing
(Moya, Flores, Aristoy, & Toldra, 2001; Nishimura, Rhue, Okitani, & Kato, 198&) also
contribute to the flavor quality of individuaboked meat samples.

During meat storage, the release of peptides from proteins is catalyzed by proteinases,
such as cathepsins and calpains, while smaller peptides and free amino acids are thip¢inate
action of peptideses and aminopeptidgsesdt et al., 1998; Moya et al., 2001; Nishimura,
Rhyu, & Tajima, & Kato, 1996)The increase in the level of smaller sized peptides seems to be a
trend with time posslaughterNishimura et al. (1988) ported thain beef, pork, and chicken

thelevelsof oligopeptidesncreased after storage, whitbe risesvere significat only in
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chicken and porkSimilarly, the proteolytic activitiegh goat meat were also studied.

After storage o5 daysat 23 , the amount of larger peptides (> 4KDa) reduced to 20%
of its initial level,while small MW peptides (< 2KDa) elevated algout 50% with

storage timeThe change in the quantity of intermediate MW peptides (1.9 to 4KDa) was
shown to be more pidependent (Rdt et al., 1998). Resuleforementioned were in
accordance witlobservation®btained from other meat types (Bauchart et al., 2006;
Claeys, De Smet, Balcaen, Raes, & Deme3@04; Sylvestre et al., 2001), which all
suggest alterations in the peptidedisvduring meat ageing are closely relateth&

nature of postnortem muscles.

Contributions of free amino acids to tthevelopment ofmeat taste and aroma
have been elaborated by many researchimwever few studiedhave investigatethe
roles of smdlpeptidesas proteolytic productsom meat ageing, in thermation of
flavor volatilesinduced bythe Maillard reactionAmong the peptides isolated from meat
carnosinel(-alanytL-histidine), ansering (alanytN(A)-methylhistidine), and
glutathione[( -L-glutanytL-cysteinyglycine) are three endogenous peptides that have
gainedpatrticular interestdueto their multifunctional properties in foedndbiological
systens.

Carnosine and its methylated derivative ansedrehistidinecontaining peptideshey
arepresenin an appreciable amount in thkeletalmuscles of most ofthevertebrate species
(Boldyrev & Severin, 1990)These peptides hawtrong antioxidant and bufferirgapacities
and therebyrovide benefitdor meat quaty and shelf lifemaintenancéKohen, Yamamoto,
Cundy, & Ames, 1988). Carnosine appears to be effective in inhibiting lipid oxidatiar by

inactivating free radicals or by forming complexes with metals to decrease their prooxidant
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activities(Decker,Crum, & Calvert, 1992; Quinn, Boldyrev, & Formazuyk, 1992)vdis
reported that the addition of carnosine together with ascorbic acid and riboseeaubison
meat synergisticallincreasd the aroma intensity and the color acceptabditgrilled patties
(Aliani, Ryland,Williamson, & Rempel, 2013)[he antioxidant activityof carnosine ants
attributed tahe imidaole moiety of histidine in the peptiddowever, methylation of one or
two of the nitrogen atoms in the imidazole ring cotdaserve or impede tlantioxidant
propery as in the case of anserine and other histidéfeted compounds likerhethytL-
histidine(Kohen et al., 1988).

Although carnosine and anserine exhibit slightly sour and astringentitastgsire
(Dunkel & Hofmann, 2009)they were found to be key molecutiging the typical thicksour
and whitemeaty charactsiof doubleboiled chicken broth (Dunkel & éfmann, 2009)On the
other hand, Pereiaima, Ordofiez, de Fernando, & Cambero (20fi)gestedhat thee was a
significant correlation betwedhe levels otarnosine and anserine and the development of
characteristic beef broth flavdn their study, ayreater impact was found froam increase of
anserine compared carnosineAside from diredy contributing tomeat flavos, these skeletal
peptides can also interact with key flavor compounds to affect the sensory peroejptmssie
foods(Gianelli, Flores, & Toldra, 2003Compared to anserine, carnosirasa higheraffinity
for hexanal, 2nethylbutanal, 3methylbutanal, and mettmal which are aroma compounds
generated from lipid degradation or Strecker degradation of amino(&sai®elli, Flores, &
Toldra, 2003. The selectiventeractionsof these peptidesith certainflavor compoundsvere
considered as a result of their chemical structures and subsequent binding p¢@atials,

Flores, & Told&, 2003; Zhou & Decker, 1999).
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The ontents of carnosine and anserine \@@pendingnthetypes of musck In
general, glycolytic musclesontain higher concentrations of carnosine than those in
oxidative muscleg¢Cornet & Bousset, 199%aikhunthod & Intarapichet, 200Peiretti,
Medana, Visentin, Dal Bello, &eineri, 2012) Whereas, the trend for anserine contents
in regards to muscligpes is vagueGornet & Bousset, 1999In individual meat
samples, there is a seemingly inverse relationship between the levels of carnosine and
anserine (Aliani & Farmer, 2005a; Mora, Sentandreu, & Toldra, 2007; Peiretti et al.,
2011).Carnosine predomates in mammalian species, whilst anserine is much more
abundant in nomammalian species (Aliani & Farmer, 2005a; Mora et al., 2007; Peiretti
et al., 2011).

Due to the absence of aminoacylhistidine dipeptidasieeiskeletal muscleshe
levels of carnosine and anserneenaired stableover meat storag@auchart et al2006;
Cornet & Bousset, 1999 owever theyarelost toa certain extenin meataftercooking
Compared to microwaveookingand broiling, wateboiling caused the most significant
loss of carnosine and anserine in beef and turkey after codkangiti et al., 2012 In
addition, cooking temperaturgmore important than heating time in determining the
depletion of these pédes in cooked meaPgreiraLima et al., 2000). Researchers
suggested that the greater loss of carnosine and ansebioiéetimeat could be
attributed to theihigh solubility and ease of liberatioR¢iretti et al., 201;2PereiraLima
et al., 2000).

To dateresearchattempting to elucidate the role of carnosine and ansasine
flavor precursors in thelaillard reaction is sparsén a recent studyWOC prdiles

formed from the reaction mixturesntaininganequimolar ofribose, cysteine, withro
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without carnosine, heated 18® for 2 hours at pH 5.0r 8.5 were investigated (Chen & Ho,
2002).Results showethatthe addition otarnosineappeared to inhibit the formation of sowfe
the prominent sulfuflavor compounds, such as thiophenes andriiniols, whilst increasing the
yields of other nitrogeicontaining heterocyclicdike thiazoles and pyrazinelsnder the
identical conditionseveral pyrazine compounds wetentified from the reaction between
carnosineandribose, suggesting the rolé@arnosine as a nitrogenous source in the Maillard
reaction (Chen & Ho, 2002).

GSH andcysteineglycine (CysGly). GSHis an endogenous peptide present virtually in
all living cells (Meister, 1974)The sulfhydryl group in the cysteine residue of G&idounts for
its multifaceted physiological functions, including antioxidant defense, metal chelation,
detoxification, and cell metabolic regulation (Liu & Eady, 2005; Sen, 1997; Wu, Fang,
Lupton, & Turner, 2004)in contrast to the physiological sifjcance much less information
wasacquired for the direct impact of GSH as a+voratile constituent on cooked meat flavor.
With no effect on the basic tast€sSH eliciteda characteristikokumiflavor by enhancing the
continuity, mouthfulness, anditkness in model beef extracts (Ueda, Yonemitsu, Tsubuku,
Sakaguchi, & Miyajima, 1997)urthermorepeef soups containing &fllard reaction produst
(MRPs)of GSHhada stronger beef flavor than the control or soups with MSG added, and they
had acomparale sensory qualityo the samples with GSH added at a similar concentration
(Hong, Jung, Kim, Lee, & Kim, 2010).

In terms of aroma perceptionSSH is believed to be a crucial precursbsulfur-
containingflavor compoundsn meatuponcooking Sensorycharacteristicexhibited by this
peptide inthethermal degradati@with/without sugarfiave beeshown to béighly associated

with cooked meat flavors (Lee, Kwon, Kim, & Kim, 2011) combination with other
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constituentsit has beerrommercially used to produce imitation meat flavorthefood
industry(Rhee, 1989)Within the studies focusing on the Maillard reactions of GSH
Farouk, & EtGhorab (2003joundthat by refluxing an equal molar ratio rithose and
GSH constuted amino acids fd hours at pH 7.1, a pronounced boileéat flavor with
low intensiy of roastedand burnt notes wasbtainedldentification of VOCs from the
model system showed thaulfur-containing odorantaere predominarit the product
mixture whilstpyrazines or oxazolesasabsentThese observatioreyree with the fact
that the release of43 is much faster thadHs in thethermal degradatioof GSH
(Zheng & Ho, 1994)Because of this, gnables S to react faster wh carbonyl
compoundslerived from sugardeading to a greater yield of heterocyclic compounds
containingsulfur than those with nitrogen (Lee et al., 2010).

In order to demonstrate the role of G&htlits related peptides ithe production omeat
flavors,mechanisms underlying GSH degradatigere also investigatetlleda et al. (1997)
reported thathethermal degradation of GSH in aqueous solutions &t 88dat pH 5.0 or
higher producedlutathione disulfite (GSSG), pyroglutamic acid (PCAYlayclic CysGly, in
which PCA was deriveddm the glutamic residue of GSHo, Lu, Wang, Raghavan, & ipae
(2008) found a more complex degradation mixture from GSH heatedatfb8Q.hr at pH 7.5.
It was proposed thauding the Maillard reaction, GShhight split in the positiof glutamyl
and cysteinylgivingrise to PCA, cysteine and G@&ly dipeptices (Wang, Yang, & Song,
2012).TheCys-Gly dipeptide cold later form cyclic (CysGly) [aso krown as
diketopiperazines (DKPs)], whilde straight chaikysGly may serve as a Maillard reactant in
the subsequémeactions (Ho et al., 2008tudies of the Maillard volatile generation of GSH

and its related peptidatiowed thavolatile products formettom CysGly werequalitatively
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compaable to those from GSHHo et al., 2008; Wang et al., 2012). When heated with glueose,
greater amount of volatile compoundasgeneratedrom CysGly as compared tiis reverse
sequence GKCys(Ho et al., 2008; Lu, Hao, Payne, & Ho, 2005).

Currently,the biological functions of dipeptide G{ly in living organisms are
still a field of much unknowrEarly studies on the natural occurrenc&gt-Gly as well
as GSHrelatedmetabolisns mayprovide some indications of the potential physiologica
importanceof this peptideBased on thg-glutamyl cycle proposed by Meister (1974),
Cys-Gly is endogenouslyriginatedfrom the breakdown of GSH by the actiorn’ of
glutamyl peptidase (EC 2.3.2.2)ithin the cyclethehomeostasisf GSHis rigorously
regulated by a series of enzytatalyzed reactionshich involve a dynamic breakdown
andsynthesis of the related compoun@sSH deficiency caused ®ther nutritional and
diseasedhssociated factors, dysunctionsof one or more of the enmes inthey -
glutamyl cyclemaylead to an abnormal content of G8sy in cells (Meister1974; Perry
& Hansen, 1981)The egular concentration of CyGly in human plasma was reported as
9-11' mol, or approximately ongfth thatof cysteine (Armstrondgl979; Perry &
Hansen, 1981)lhis peptide waalso found in the plasma frobovine, rat and rabbit
blood (Armstrong, 1979and it was isolated froriine watersoluble metabolite fraction
of chicken extractgAliani, unpublished datafComprehensivenvestigation othis
dipeptideis worthysinceit is not onlymetabolically signitant toGSH homeostasibut
also potentially important ithe thermal formation of flavor compoundise to the

presence of a thiol group.
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2.4. Peptides irMaillard R eactions and Associate Flavor Formation Mechanisms
Peptides, as one of the most common nutrient constituents, have been reported in
a wide range of food systems, such as meat extracts (Mabrouk, 1976; Ryan, Ross, Bolton,
Fitzgerald, & Stanton, 2011) and hydrpéd vegetable proteins (MagleMcCann, &
Swaine Jr, 1981)hey are compounds gfeatinterestnot only because thgyovide
multiple nutritional and biological functions (Udenigwe & Howard, 2013) disathey
modify sensory quality of foodsy affectng thear taste(Dashdorj, Amna, & Hwang,
2015; Wang, Maga, & Bechtel, 1996) and aroma sensation<dhaZhang, & Shu,
1992).Chemical modifications of peptideas well agheirinfluence on food properties
have been comprehensively reviewed by Lankdams, & De Kimpe (2011).
It is well established thdhe omissionsof peptides fronMaillard reactions can
have a direct effect on the final organolepfility of foodswhich cannot be
compensated bine addition of amino aciqsle Kok & Rosing, 1994Mohr, Rohrle, &
Severin, 1971)Maillard reactios betweerfree amino acids and sugars haeen
thoroughly reviewed in previous studiétowever reactions opeptidesand sugars with
respect tdlavor formation arestill less understood.
2.4.1.Peptides reactivity in Maillard reactions. The reactivityof peptides in Maillad
reactions habeen measurdahsed on the nature of peptides at issue, sucheasicalstructure,
chain length, amino acid compositiand sequenc¢@nd hydrolysis sceptibility of peptide
bonds.The majority of studies focusing dine thermal reaction qfeptides and carbonyl
compounds were performegingmodel systems to yield @gively welldefined mechanisms

(Yang, Wang, & Song, 2012).
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In order toexplore the effect of peptide chain lengthtbavolatile formationof
peptides in Maillard reactionglycine and its homopolymers wefrequently usedue to
their simple structureKim & Lee, 2009).0h, Shu, & Ho (1991) reported thatthe
reactionswith glucose at 180 at pH 45 for 2hr, glycine and triglycine generatéager
amouns of pyrazineghan those from diglycine arndtraglycine The quantities of
furfural and 5(hydroxymethyl)furfural obtained frondiglycine and tetraglycineere
otherwisegreater thathe amourg formedfrom glycine andtriglycine. Reasos for the
similaritiesof the relative abundance of pyrazineghfcine with triglycine and
diglycine with tetraglycineveresuggestedin whichtriglycine could be cleaved into
glycine and diglycine via DKPs, whilggtraglycine was primarily degraded into
diglycinein the browning reaction®©h et al., 1991)Lu et al. (2005) also fountthat the
reactivity of triglycine inthe formation of pyrazinesas similar tahat ofglycine but
greater than diglycinm the Maillard reactionSuch a differencevaspossibly caused by
the higher availability of free glycine from triglycine due to the lower ed@ctiensity of
the peptide bondn the case of dior tetraglycine, the hindrance of peptidend
cleavage rendered these amino compoumai® efficient in catalyzing the formation of
sugar derivatives rather than contributing to the backbones of pyrazine compothels
Maillard reaction(Lu et al., 20051zzo & Ho, 1992. By quantifyingthe nonvolatile
component$ormedfrom the heatedeaction mixturesf di-and triglycine with glucose
triglycine wasmainly degrade into cyclic Gly-Gly and glycinewhile cyclic Gly-Gly
and diglycine weréghe majomontvolatile compoundsf diglycineg/glucose reaction
mixture (Lu et al., 2005)Theseresuls werein agreement witthe observations ¢dined

by Kim & Lee (2009) in their similar model systems.
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According tothe previousliterature, results from the use of differg@atrameters
in the evaluation of peptide reactiviyd the rates d¥laillard reactiors were not
consistentde Kok & Rosing (1994) considered that the rate of sugar convevsisa
better parameter for éisepurpose. In their studythe reactivityof peptides was
increased from glycine to diglycine, but decreased to triglyiaitiee reactions with
glucose under both buffered and HAauffered conditionsThe much higher reactivity of
diglycine was possibly caused by the intramolecular protonation of the COOH terminus
on the imine nitrogen of the dipeptigiucose adduct (de Kok & Rosing, 1994).
However,decreasing or increasitige chain length tglycineor triglycine could
otherwise reduce the reactivity of the peptide, since the proximity of COOH terminus to
its imine groupof the adduct was inhibited (de Kok & Rosing, 1994).

Amino acidsequencés another important factanfluencing the reactivity of
peptides. In this caseoplatile profilesisolatedfrom the Maillard reactions of peptides
and their reverse sequencespbpeptideswith the same amino acids at thedd C-
terminusare frequentystudied Lu, Payne, Hao, & H§2008) investigated thieydrolysis
susceptiblity of GlySer andSerGly heatedat 163 for 1hr at pH 7.5 without sugars.
Identification of volatile compounds from the reactions of-Sér,SerGly, andther
constituted amino acid mixtu@ly + Ser with glucosender the same cdition (pH not
mentioned)vasalso conducted. The researchiensnd that GlySeruponheatingwas
moreliable to cleavagecompared tats reverse sequenda the Maillard reactionSGly-
Ser generated more pymes than SeGly, whilst theyields of furfual and 5
methylfurfuralweregreaterin the case o6erGly. The higher hydrolysisateof Gly-Ser

was attributed to the amino acid seratéhe Gterminal positionThe hydroxyl group of
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Sercan intramolecularlattack the carbonyl carbon of the peptide bond, which facilitates the
breakdown of GlySer.However theself-catalysis of SeGly was hindered due to the
unfavorable fouimembered ring transition state (Lu et aD08; Yashiro et al., 2003}ince the
peptide bond of GlySer is more susceptible to hydrolysis, the higher availability of free amino
acids from this peptide could render the Maillard formation of pyrazines easwthe case of
triglycine.

Effects of amino acid composition on the reactiatyeptides also involve the
intramolecular catalysis of peptideigar adducts or Maillard reaction intermediates. These
phenomena have been observed in the dipeptiiese GCterminal amino acisl beaan extra
carboxylicside chainde Kok & Rosing (199%compared the reactivity of dipeptides (®het)-

X (X=Gly, Val, Thr, Pro, Phe, Glu, Lys, Asp, and His)the reactions witlglucose at 108 at
pH56.They f ound aaciGe@fatingtbefrdteeotcréacttonh e n  &sX6udbstituted
by glutamatewhereas, such an effect was absetite PreX systems. Due tthe fact that
prolinecontainsa secondary amine, the positivehargel amino group (iminium cation) itme
Pro-X/sugarSchiff basantermediateesistsacid hydrolysisand hence, itannad be
deprontonated to yield neat glycosylamine derivatives ¢dKok & Rosing,1994). However,

the presence afbasic group-NH: at the Gterminus appeared to facilitate the intramolecular
deprotonation of the intermediate as seen in thd_lgsaeaction (de Kok & Rosing, 1994; Oh,
Hartman, & Ho, 1992).

2.4.2.The VOC formation from peptide/sugar reaction model systemslhe role of
peptides aflavor precursorsn thermal reactionkas beelnvestigatedo alimited extent.
Peptides appedo have complex effects on flavor formatidnwasconsidered thahe volatile

compounds produced Ipeptides were qualitatively similtw thosefrom free amino adls in the
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Maillard reaction(Van Lancker et al., 2011)Moreover,Maillard reactions opeptides
were shown to generate specific volatile compounds which could not beifotnatase
of free amino acigl(Oh, Shu, & Ho, 1992)With regard tovolatile productsStrecker
aldehydesvere also detected in thigermalreactionsof dipeptides andugars.
Considering that peptides canmwidergatypical Streckedegradations due to the
blocking of amino groups, the identification of Strecker aldehydes may sutdpgest
hydrolysis of peptidet acertainextentduring the reaction€h, Hartman, & Ho1992;
Van Lan&er, Adams, & De Kimpe, 2012ror peptides with more than two amino acids,
it is postulated that they tend to hydrolyze first to dipeptides which preferably react with
sugarderivativesto generatélavor compoundsnstead ofurther breakng down into
amino aals (Oh, Hartman, & Ho, 1992t agrees witlthe mechanistimterpretation
proposed by Steinberg & Bada (1983) who validated the decomposition of larger peptides
in neutral pH region to the corresponding cyclic dipeptides.

Pyrazinesare one of the moshportantclasses o¥olatile compound$ormed
from Maillard reactios. Recent work on the interactisnf peptides and carbonyl
compounds has disclosed some of the formation patwémgazinesorrelated to
peptide reactivitylt leads to a conclusion that each peptide may serve as a unique flavor
precursoiin the overall sensorgevelopmenof foods (Rizzi, 1989)Recently, Van
Lancker, Adams& De Kimpe (2010yeported that more pyrazines were produced from
dipeptides, as comparéa the corresponding amino acid mixtures, in the reactions with
glucose, methylglyoxal, or glyoxat 13®& for 2hr at pH 8.0Theyieldsof 2, 5(6)
dimethylpyrazine and trimethylpyrazineeveparticularly high in the case of the

dipeptides, whilstheamountsof unsubstituted pyrazine and amino acid specific
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pyrazines were greater in theactions witHfree amino acidsAs Strecker aldehydese required
in the formation of amino acid specific pyrazinée detection of these pyrazirfesm the
dipeptde systemsdicatedpeptide bond cleavaghiring the reactios(Van Lancker et al.,
2010).0ther tharthe unsubstituted and methglbstituted pyrazines, ethguibstituted pyrazines
were alsdMaillard products of peptides.( et al., 2005Van Lancker eal., 2010,2012).In
general pyrazines with one or more ethyl side chains have lower odor thresholds than those
substituted only by the methyl grougsuadagni et al., 1972These compounds are more
important for roasted meat aromas, and their formatierefavored in the Maillard reaction of
glycine or triglycine as compared to that of diglycine (Lu et al., 20085yhey protein isolat
peptides generated upon hydrolysis wietend to significantly increase the formation of
pyrazinesvhen heatedvith glucose, vinereas free amino acidsiginally presenin hydrolyzed
whey proteirappeared to play a minor rgl8calone, Cucu, De Kimpe, & De Meulenaer, 2015).
Pyrazinones are peptigpecific Mallard reaction products whiotannot be
formedfrom free amino acidsVan Chuyen, Kurata, & Fujimaki (1978}ported thaa
series of pyrazinone derivativEs( 3akkyl-2 -@xopyrazinel -§1) alkanoic acidgwere
formedfrom the reactiosof various dipeptides with glyoxal at 1®0for 30min at pH
5.0.Althoughthedipeptide GlyLeu has a very bitter tastés correspondingyrazinone
product[2-( 2o0&opyrazinl {yl) isocaproic aciflhadan astringent, a little sour and later
amild taste.The production oR-pyrazinone compounds frodipeptides with reverse
seqiences (GhLeu & LeuGly), or frompeptides with different chain lengtfdiglycine,
triglycine, and tetraglycinayas also observed in the reactions with glucose (Oh, Shu, &
Ho, 1992). Specifically, pyrazinones generated by the dipeptidekdsland LetGly

were qualitatively similar, but slightly different in quant{tph, Shu, & Ho, 1992). The
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production of pyrazinones was proposed throiinghreactios of | -dicarbonyl
compoundsnddipeptideqOh, Shu, &Ho, 1992). It seems that the kinds of pyrazinones
formed by a peptide in the Maillard reaction are specific to the nature of its amino acid
residues (Oh, Shu, & Ho, 1992; Van Chuyen et al., 1973).

In addition topyrazines and pyrazinones, some of theeh®trecker aldehydes
were alsaeported as the major volatile productseveral peptide model systemssich
as formaldehyde and isovaleraldehyde from-Bdy/glyoxal (Van Chuyen et al., 1973),
phenylacetaldehyde from LyBhe/glucose (Van Lancker et &Q010), 2methylpropaal
from Va-Gly/fructose, and 3nethylbutanal frondipeptideLeu-Gly or tripeptides Ala
Leu-Gly with fructose (Rizzi, 1989More complex condensation products of Strecker
aldehydes were also identifieBor example, the aldo condeneatof 3methylbutanal
from the reaction ofeu-Gly/glucose gives-2sopropyl-5-methyt2-hexenal which haa
sharp cocodike aroma (Hartman, Scheide, &H1983; Oh, Shu, & Ho, 1992)lthough
the generationf Strecker aldehydes froMaillard reactios of peptides is much less
efficient than that from the correspondimgd amino acidév/an Lanker et al., 2010,
2012) these reactivearbonylcompounds arparamount for the Maillard flavor

formation of peptides foods uporthermal treatments
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Chapter 3. Hypothesis and bjective
3.1. Hypothesis

The protein hydrolysis of muscles pasbrtem can generate considerable amotint
peptides including low moletar peptides that may react as Ntdnnors in the Maillrad
reaction with reducing sugarBherefore, we hypothesized that:

Model systems containirthe expectedaturalconcentrationsf ribose and selected low
MW peptides (MW < 1KDajn aging meat magenerate important volatile organic compounds

(VOCs)with known contribution tahe overall aoma and flavor of cooked meat.

3.2. Objective

Themainobjective of this study was to identify atalquantify VOCs formed fronthe
Maillard reaction model systems containing ribose and selected low MW peptides (carnosine,
glutathione, and cysteirglycine) attheir expecteahaturalconcentrationgn raw meatnd at
their expecteghhysiological pH (6.30vhenheated at 180 or 2173 for 2hr. The selection of
peptides was based on their biological significance and figeperating potential (e.g. by
contaning sulfur) inmeat as previously mentiondgiibose was chosen as the sugar for its high

reactivity in the Maillard reaction.
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Chapter 4. Materials and Methods
4.1. Chemicals

D-(-)-ribose, Ll-carnosine, tglutathione reduced, CySly (TLC),
dichloromethane of HPLC grade 09.8%), internal standard 1;dchlorobenzene
(40023SupelcoON, Canadp anhydrous sodium sulfide, ang-Cyo alkane standards
(~40mg/L for each in hexan@4070Sigma) were all pwhased from Sigmaldrich Ltd.
Sodiumphosphate buffer (1M, pH @Bwas prepared from the stock solutions of sodium
phosphate monobasic anhydrous (MNa€k) and sodium phosphate dibasic anhydrous
(NaeHPQy) in the laloratory In-house MiliQ water wa used to dissolve reactants of the

model sytems.

4.2. Buffer Preparation

Sodium phosphate buffétM, pH 6.3) was prepared as foll@vStock solution
A: 12g of sodium phosphate monobasic anhydrous §R&kJ was dissolved in 100mL
deionized waterStock solutionB: 14.2g of sodium phosphadéasic anhydrous
(NaeHPQy) was dissolved in 100mL deionized wat&mmixture of 77.5mL of stock
solutionA and 22.5mL of stock solutidd were thoroughlynixedto make 100mL 1M
sodium phosphate buffer. The pH value of the buffer was adjusted with Na®Hi (10
solution. Due to the strong buffering capacity of carnosine, no buffeashsto the

model systemsontaining thigpeptide

4.3 Model Maillard Reaction Systems
Ribose and one of tHellowing peptidescarnosine, glutathione, or G@ly,
weredissolved in 116L or 150mL of deionized watéTable 1). Prior to thethermal

reactiors, pH of thereaction mixturegontainingcarnosinevere adjusted with NaOH
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(1M) and/or HCI (1M)solutions, whilehe reaction mixture(s) of GSH Qys-Gly were adjusted
with sodium phosphate buffer (1M, pH 6)3o the same pH value of ®.3The mixture solution
was then transferradto a 50mL-Hoke cylinder (Hoke, In¢.SC USA) and heated in a
conventional oven at 180 or 2173 for 2hrs(Table 2). After the reaction, the cylinder was
immediately cooledindercold running water before the cap was opened. Model systems with
eitherribosealoneor water under the same experimental condstiweresenedas controls for
peptide model systemEach mdel system was performed in triplicate. Volumes and pH values
of the mixtures were recorded before and after heatingVUtes were extracted fromeaction
mixturesby eithera Liquid/Liquid (L/L) extractionmethodor using asimultaneous steam

distillation and solvent extraction (SDE) methddble 2).

Figure 1. The Hoke cylinder andthe extraction methods applied in the model systems

Hoke cylinder L/L Extraction SDE

4.4. Extraction M ethods for VOCs

Liquid/Liquid (L/L) e xtraction. Upon completion, the reaction mixture wsgskedwith
100° L of internal standardlfngl, 2-dichlorobenzen& mL in methanol)land extracted with
dichloromethan€50 mL 3 times)using a separatory funnel. The mixture was thoroughly
shaken for at least 5 mio achievecomplete extractioniVhenthe solvent and water were
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clearly separatedhéldfor ~20 min), the solverlayer was collected into a flask and dried
with anhydrous sodium sulfide.

Simultaneous steam distillation and solventxdraction (SDE). Volatile
compoundgormedfrom the thermal reactions were extracted using a modified Likens
Nickerson apparatus. Theation mixturevas spikedvith 1, 2dichlorobenzene (100
‘ L) andwas transferred intoféat bottomflask (250mL) andheatedo the boiling
temperature (5Ppm at 380C). Uponboiling, the solvent flaskontaining 50mLof
dichloromethanevasheated in avater bathat403 . In general, aen steams from
sample and solvent reach the cold finger of the appatausondensation occurs and
water and solvent are separated based on their density amtoetheir corresponding
flasks. A this stage, thequilibrium is achieved and theOCsextractionstarts SDE
extractionswverecontinuously run for 2hr and the final distillateeredried with
anhydrous sodium sulfidendkept at 4 overnight Final dried extracts from eithene
L/L or SDE extraction methodere concentrated to a final volume of-QBL under a
gentle stream of nitrogen gas, and store@@tC until analysis by GB/S.

45. GasChromatography-Mass Spectrometry (GGMS) Analysis

The analysis of volatile compounds was performed on a Vabé&iGés
Chromatography (Agilent Technologies, Walnut Creek, California, USA) equipped with
a low speed fusesllica capillary column (%-Pahenylmethylpolysiloxane30m
0.25mm i.d. 0.25um film thickness, DBms, Agilent XW GC Columns, USA) and a
Varian 240MS/4000 Mass Speameter (Agilent Technologiesin aliquot (1° L) of
extract was injected into the GC with a split ratio of 20:1. The columpdgeature was

held at 48 for 5 min, therrampedto 10® at 23 /min, followedby 2008 at 8 /min,

42



andfinally to 258 at 4B /min and held for 5 min. The total nimgtime was 61.25 min with
the filament delay time programmed to 3 min. The GC was operatedmvitilector temperature
of 278 and a detector temperature of 200Helium (Ultra high purity ®) was used as carrier
gas with a constant flow of 1 ml/min. The mass spectrometer was operated in full scan electron
impact (El) mode with an ionizing voltage of 70 eV, and it was scannednfrad0 to 650.

4.5.1.Identification of VOCs. The collected wlatile compounds were analyzed based
on the calculated linear retention indices (LRIs) and the mass spectral data rétoevtok
GSMS analysis. Gmpound from the isolate was identified by comparingitierls and the
mass spectra to those of authentic compounds available in the NIST Search v. 2.0 and other
authorized sources as reported in the LRI & Odor Datalbdige/{www.odour.org.ukand the
National Instituteof Standards and Technologies (NIST) Chemistry WebBook
(http://webbook.nist.gov/chemis)ryand other previous publications. Personal interpretations
were applied when there were more than teference empounds of which LRIs and mass
spectra provided by the NIST database were closely related to the unknown compadreh or
only themass specat datawasavailablefor the reference compouna these cases, a tentative
identification wasnade

4.5.2.Calculation of Linear Retention Index (LRI) . A standard mixture of-alkanes
(Cs-C20, ~40mgL each in hexane) was added to the extract isolate at a ratio of 1:9 before GC
MS analysisThese alkanes were used as external stasttadetermine th&RI of each vadtile
compound in the sampl&he following equation was used to calculate the corresponding LRI

(Van den Dool & Kratz, 1963): LRI(x) = [n + (RRc1)/(RcRc1)] 100, wher e ARO

S

retention time of a peak-loAikéfessthe tthknalhka
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unknown and fAco is the alkane after the
atoms of alkane before the unknown.

4.5.3.Semiquantification of VOCs. Thedetected volatile compounds were
semtquantified using théase ion peak of the IS. The calculation was done by
multiplying the ratio of the base ion peak area of the compound of interest to that of the
IS (1, 2dichlorobenzene, m/z=146) by the amount of IS applied in the extract ()00
The quantity of each vatile compound was then converted into mg of volatiles produced
from 1mol of the selected peptide (carnos@&H, or CysGly).
4.6. Statistical Analysis

Pairedsampled test was used to examitiee mean pH change$ model
solutions with heating (comped to pH 6.30). Onevay analysis of variance (ANOVA)
was conducted) to evaluatehe differences of pHetween model systems before and
afterreactiors, as well aghedifferences of pH changé&tween model systeragter
heating 2) to evaluate the effectf model systems on the quantitafssdected volatile
compounds Tukeyds multiple comparison test
treatment differences when significant (F.05). All statistical analyses were carried

out usingSPSS &tistics Software Version 22(BM, USA).
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Chapter 5. Results andDiscussion

5.1. Rationaledor the Choice ofModel Systems
5.1.1. Concentrations of reactantsThechoice of concentratiors thereactants used in
this studywasselecteased on their known natuminountsn raw chickenmeat. Due to
various factors such as storage time and temperature, a high coefficiariatbn (CV %) for
meat flava precursors is expected (Aliani & Farm2002; Aliani & Farmer, 2005aJ.he
concentrations used in our study were mainly based on known reported concentrations in the
literature and those obtained from oecent resultfor chicken meat extracts (n#édividual
chickens. In this experiment,licken breast and thigh samp(ester soluble extracts) were
analyzed from 4hrs pestaughteruptoays of st orage at 4eC using

guadrupole timef-flight-mass pectrometry (LEQTORMS) approach (Unpublished data).

Model system®f ribosetarnosingRC), ribose/carnosine, heated at 21{RCH), and
ribose/GSHRG) werestudedat the early stages otir study where the choice of
concentrations used for riboaad peptides were based on tbported natural concentratioims
100gof raw meats. As the studyqgressed, adjustments were mamlensure &etter accuracy.
Considering that 150g raw me#téapproximate weight ad chicken breast) is the portion size
normally consumed by the population igigsenmeal (United States Department of Agriculture
[USDA], 2015), and muscle meatrttains ~75% water (USDA, 2013)nmfounts of peptides and
thevolume of water weree-adjustedn the model systems obosetarnosineadjustedRCA),

riboseGSH, adjustedRGA), andriboseCys-Gly (RCG) (Table 1).

Ribose Natural concentration of ribose in raw dken breast was reported as 25bh@§/g

wet weight(Aliani & Farmer, 2002)which was equivalent to 37.5md0g
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Carnosine.Natural concentration of carnosinetire non-protein fraction of raw
chicken breast waseported as ~350mbyd0g(Aliani & Farmer, 2005g)and it was
equivalent to ~530m@#60g.

GSH. Theconcentratiorof GSH ugd in the RG model systewas based on the
naturalconcentratiorof this peptide in chicken meat (per 100gpesviouslyreported
(Jones et al., 1992; Jones, 1995he natural concentration of GSH in fresh pork (loin, fat
trimmed) which was reported as 630nngpMet weight (equivalent to 30myb0g), was
chosen to represent the maximum amount of GSH that can be obtained from a portion of
raw meat (Wierzbicka, Hagen, & Jones, 19894 it wasappliedin the RGA system

CysGly. The raturalconcentration of this dipeptide in raw meat has not been
previouslyreported. Therefore, results obtained fromQTOFRMS of water soluble

compaundsin chicken extracts (7.5mt0g) wereused.

5.1.2.Parametersusedin the model systems

pH value.All reaction mixtures were adjusted to a final pélue 0f6.30 using
NaOH and HCI solution®r sodium phosphate buffer as showdables2 & 3. It was
themean value of the duplicate pH measurements framdi¢idual chicken breast and
thigh samples kept as4for 7hr, 1, 2, 4, and 8ays(Aliani et al, 2016unpublished
data), whichwasin agreement with the reported values under similar condi(rani,
Farmer, Kennedy, Moss, & Gordon, 2013

Temperature and heating durationhe use ofémperature (180) and reaction
time (2hr)wasbased orthe work of Chen & Ho (2002With an attempt to investigate

theeffect ofahigher temperature on the formation of nitrogemtaining volatile
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compounds, 21¥ (the maximum temperature held by the owreour laloratory) was applied in
the RCH modesystem

Extraction methods for VOC4/L extraction methoevas usedt the first stage of the
study (inthe RC & RCH model systemaccording to Chen & Ho (2002). After realizitige
SDE methodwas a more frequentlyited sample preparation methodle volatile analysis, it

was used for the rest of the model systéRGA, RGA, & RCG).
5.2. Some Changes of the Model Solutions after Heating

Due to the complexity of Maillard reactignaodel systems are the preferred tools to
investigate the reaction. A model system is ideal to control the reaction conditions and to
investigatedifferent steps of the VOC generation.our current study, model systems containing
ribose and the selected low MW peptidatpH 6.3) were heated at either 180or 213 for
2hr. A summary of all model systems used in this Thesis is prdwdEables1 & 2. A
summary of the changebtained fopH, aroma, and color of individual model solutions after
the thermal treatment is providedTables 3 & 4.

pH. The initial pH values obtainddom themodel systems used in our study ranged
betwea 3.55 and 8.19 fo6SH RGA) andcarnosine RCA), respectively Table 3). Given the
factthatpH has a major influence on the nature of V@€seratdfrom the Maillard reacton
(Madruga & Mottram, 1995)it was critical to adjust the pH ofl@hodelsolutions to a
expectedhysiological pH value imeat.Reaction mixtures containing carnosine weasic
with pH values greater than®8Table 3). In contrastmixtures containing GSH hate lowest
pH valuesThe natural pH ofthe RCG model solutiorwasclose to those of the blank controls.

The relatively low pH levels of the GStdaction mixturebefore pH adjustment is due to the
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acidic natureof this peptide.In general, the average meclineof the model systems was

significant after heatingq< 0.001). Particularlythe pH decreases the model systems

Table 1. Summary of the model systems containing ribose and a selected peptide used in this
Thesis.

Amount (mg)

RCH RCA RG RGA RCG R W
Ribose 25 35 25 35 35 25 --
Carnosine 350 530 10 30
GSH
CysGly 7.5
Concentration (mol/L)
RC &
RCH RCA RG RGA RCG R W
Ribose 0.001 0.002 0.001 0.002 0.002 0.001 --
Carnosine 0.01 0.02
GSH 0.0002 0.0009
CysGly 0.0004
Mili -Q 150 110 150 110 110 150 150
water (mL)
Abbreviations:

RC: ribosetarnosineRCH: ribosetarnosine at 2B7; RCA: ribosetarnosine adjuste@RG: ribose(GSH;
RGA: riboselGSH adjustedRCG: riboseCys-Gly; R: ribose only\W: water only.

Table 2. Parameters used for the modekactions.

Model Temperature Buffer Extraction
Systems method
RC 180 -- L/L
RC 2173 -- L/L
RCA 18 -- SDE
RG 180 Yes SDE
RGA 180 Yes SDE
RCG 1808 Yes SDE
R 1808 Yes SDE
W 180 Yes SDE

Note: sodium phosphate buffer (1M, pH 6.30) wasdto adjust the pH ofeaction mixtures before heating.
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Table 3. Summary of changes in pH for the Maillard reaction mixtures before vs. after thermal
reactions.

Model RCA RC RCH RGA RG RCG R W

systems

Initial pH 8.19 824 8.20° 3.55 3.89 532 5.80 5.89
(0.02) (0.02) (0.03) (0.03) (0.01) (0.01) (0.20)  (0.10)

Adjusted pH  6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30

Final pH 5920 613 5.89 417 4.06 3.61 4.15 5.85

(0.07) (0.01) (0.11) (0.05) (0.08) (0.15)  (0.07)  (0.03)

pH decliné 038!  0.17 0.42 213 2.24 2.6% 2.19 0.45
(0.07) (0.01) (0.11) (0.05) (0.08)  (0.15)  (0.07)  (0.03)

Notes:each pH value was an average of triplicate measurements.

1pH decline: all data was calculated based on the formula (adjusteidfivtdl pH).

ab.c.d Mean values (n=3, followed by standard derivations reported in the brackets) in the same line with
the same superscript do not differ significarftyp 0.0 . 0 5)

of carnosine (RCA, RC, RCH) wesggnificantly less than the systermmntainingGSH (RGA,
RG) or CysGly (RCG) P < 0.05), albeit buffer was applied before heatimgse peptides. &an
pH reduction in the model system of @g$y was significantly grater than that in the GSH
systemgP < 0.05).For the controlspH value of the model sigsn containing only ribose or
water was decreased at the same degree as in the case of GSH or carnosine redpectively (
0.05. Due to the presence of an imidazole moiety carnosine has a very strong pH buffering
capacity (Crush, 1970ybwhich the pH de@ase during ththermal reactiosof carnosine and a
reducing sugar can be imped&skasons for pH decrease after Maillard reactions of peptides
could be partly explained by the fact that the amino termini of pei@esnverted in the
reactiors with sugars, whereas, the carbosggiduesemain intact (de Kok & Rosing, 1994). On
the other hand, the liberation of carboxylic acids from sugar degradation during the Maillard
reactionmay also contribute

After condensing with an amino residue, the Schiff base of an aldose can uhadrgo

2- or 2, 3enolization route to form-3r 1-deoxyosones (Mottram, 2007hese dicarbonyl
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intermediates are veryaetive andaresusceptible tdurtherdecomposition to lowW
aldehydes and organic acids. Brandga% Boekel(2001)reportedthatglucose can be

into formic acid and acetic acid through different breakdown pathways. Davidek,
Devaud, Robert, & Blank (2006pnsidered the hydrolytic-dicarboryl cleavage as the
major pathway in the generationadeticacid duringMaillard reactioss. In line with
theseobservationsribose in our case mightso be capable of producing carboxylic acids
from the corresponding dicarbonyl intermediatethe thermal reaction with peges,
which eventually increasdtle acidity of the model solutions.

Aroma & Color . The colorand aromalevelopment of model solutioaster
heatingwerepersonallyevaluated by the researcher. Moselutionscontaining higher
concentrations of reactants (RCA, RGA) showed a higher degree of browning compared
to the reaction mixtures with lower concentrations (RC, RCH, & RG). Alththugtinal
color of the ribose control could not be clearly differentiatethfrehat was seen before
the treatment, slightly fruity and sweet aroma elicited from the solutions manifested the
decomposition of ribose to some of the odorant components. The model solutions of RC
and RCH possessadnild sweet and boiled meat aroma, dolibwing an increase of the
reactant concentrations, a strong sweet and slightly burnt odor was perceived in the RCA
modelsolution As expected, the reaction mixtures with GSH or-Gjghad a sulfurous
note that could not bestected in the carnosine dwls.In addition model solutions
containing GSHafter reactions possessaglaroma closely relateithat ofchickerrbroth
The thiol residue of GSH ar@ys-Gly could bea source ofolatile compounds of which
flavor impressionsveredistinctfrom thoseproduced by the systems without sulfur in

their reactants.
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Table 4. Summary of changes in aroma and color for the Maillard reaction mixutres after
heating at 18@ or 2173 for 2hr.

Model Systems Aroma Color
RCA Strong sweet, and slightly Yellow darkbrown
burnt

RC Mild sweet and boiled meat Light yellow
brown

RCH Mild sweet and boiled meat Light yellow
brown

RGA Strong sweet and sulfurous Yellow

(chicken brotHike)
RG Sweet ad sulfurous boiled Light yellow
chicken

RCG Sweet and sulfurous Light yellow

R Slightly fruity and sweet May have color

W None detected No color

Note: aroma & color of the model sdlans werepersonallyevaluated by the researcher after heating.

RC RCA RGA RCG

5.3. General Characteristics of VOCs Formed from the Peptide Model Systems

The major VOCs isolated from modglstems containing ribose ati three low
molecular weight peptides (carnosine/GSHAGJg) usedare summarized ifable 6. These
VOCs were extracteduring 2hr of reaction at either 180 or 213 . The selected VOCs (n=70)

were clustered ininedifferent chemical group3.he identified VOG were classified into
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hydrocarbons (n=9), aldehydes (n=5), ketones (n=8), phenols (n=4), furansafn=3),
alcohols as well as sulfur(n=22) and nitrogn-containing(n=13)heterocyclc
compoundsFive othercompoundsverenot classified aanyof the previougight
groups.

The identitieof forty-four VOCs havéeen determined by comparing their mass
spectra data and LRI values with those of referencgpounds available in the NIST
library. Elevenidentities were assigned to the compounds whose mass spectra were in
agreement with the reference compounds in the library, butltRéimeasurmentswere
beyond the alkanstandardange Fifteenidentities were tentatively suggested by the
comparison of the mass spectra (and LRIs) with those of related compounds. Chemical
structures of some of the heterocyclic VOCs Hasenprovided inAppendix I, Table 7.

Sulfur-containing compounds werdentified in the model systemsf GSH and
CysGly, whereas, the majority oftrogencontaining volatiles, espechalpyrazines and
pyridines,were onlydetectedn thecarnosine reaction systems. The identified sulfur
volatile compounds includatiiophenesmercaptoketones, furanthiols, thiophemnat)
and cyclic polysulfides. Some of these compounds have been previously reported from
the Maillard reaction of a reducing sugar with cysteine or GSH (Hofmann & Schieberle,
1995; Madruga & Mtiram, 1998; Zhang &lo, 1991ab), as well as fronthe thermal
degradation of cysteine and/or G&léne(Shu, Hagedorn, Mookherjee, & Ho, 1985;
Umano et al., 1995pulfur-containing volatiles can influence thensery perception of
cooked meaby mainly affecting the medike, sulfurous, and roasted notes. Given their
low odor thresholds, they are generally acceptathpertant flavor constitutes imeat

foods. With respect tthe nitrogerrcontaining compounds, the overtmation
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tendency showin our carnosine model systems was aligned with whatolasrvedy Chen &
Ho (2002), and this albeit the much lower concentration of reactants used in our study. In both
studies, the majority of nitrogecontaining volatile products were pyrazines agddines, and
most of them were alkydubstituted. The importance of this group of heterocyclic volatiles is
generally attributed to their aroma properties of being roasted, nutty, and burnt in cooked foods.
Other products, such asaZetylpyrido [3, 4d] imidazole 3-methyl2, 5-piperazinedione
(tentative),and a methykubstituted pyrimidinone (compou@, Appendix I, Figure 10)
which appeared to be reactapiecific products, could be of value for further investigation in
regard taheir formationpathwaysn the Maillard reaction.

5.3.1. Compaison of GSH and CysGly in the Maillard reaction. There have
been several model studies investigating the VOC formation from Maidaadions of
GSH and CysGly. However, none of them has bemmnductedn reactions related to the
natural physiological condition in medtable 5). Among the totatwenty-two reaction
products identified in the GSH and C§y model systems, onlareewere thiazoles,
and no pyrazines asdetectedAfter the thermal degradation of cysteine and GSiHH
7.5, Zhang, Chien, & Ho (1988) reported that more than 90% of the-solfitaining
volatiles from cysteine contained nitrogen atoms, while only 9% of the heterocyclic
compounds from GSH contained bothfgsubnd nitrogen atoms, and all of them were
thiazoles. In additiorthe nitrogerrcontaining cyclic sulfides formed from cysteine
degradation were not found in the case of GSH in their sAglproposed by the
authors the formation o much less numbeaf both sulfur and nitrogercontaining

volatilesfrom GSHwas owing to the fact that GSH evolved3more rapidly than N
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For pyrazines, they are predély formed athigh pH (Meynier & Mottram, 1995
In this study, pH decreases in the model solgtimhGSH and Cy&ly were more
prominent than those of carnosine after the reaction, which could further suppress the
formation of pyrazines in these systemsntassry et al. (2003) considered mode of GSH
reactivity in the Maillard reaction might inhilithe formation of pyrazines. As both sulfur
derivatives and pyrazines requitiee same dicarbonyl precursors, the preferential
formation of sulfur volatiles could disadvantage pyrazine synthesis frompeigle.In
addition, the rapid release ob&lfrom GSH or CysGly duringthe Maillard reaction may
reduce the reactive dicarbonyl compounds into less reactiwalroxycarbonyls.
Therefore Strecker degradatiommdsubsequent pyrazine formationthe cases of these
peptidesvould become less favable (Ho et al., 2008).

As mentioned in the literature review, G8Hhe Maillard reactiorould cleave
into 5-oxoproline andhedipeptide CysGly which then forms cyclic (Cy&ly) (Wang et
al., 2012). Additionally, Steinberg & Bada (1983) proposedupan heating peptides
would undergo internal aminolysis reaction by which thegomposeto
diketopiperazineslThe hydrolysis of these cyclic dipeptidasuld giverise to the
corresponding dipeptides and free amino acids. If the same decompositiomisracha
can be applied in the Maillard reaction of GSH, the formation of cyclic-(&y}¥(which
has been observed in the previous literature), as well as the dipeptiByCysd free
amino acid cysteine is plausible.the presence @ugars or sugar deatives products
from peptide degradatiazan serve as Maillard reactants and participate in the formation

of sulfur-containing volatile compounds.
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5.3.2. CysGly in the Maillard reaction. Cys-Gly gave limited volatilgoroducts(n=24)
compared to other peptides used. In addition, the generated volatiles were also found in the

model systemsf GSH.Ho et al. (2008) compared the volatile profile of

Table 5: Comparison of reactant concentraions used in the current RGA model systéno those
in the previous literature.

Literature Maillard model Reactant
systems concentrations
Zhang & Ho Glucose + GSH Glucose:50 EECEAO
(1991a) pH 7.5 GSH: 250 higher
Zhang & Ho IMP + GSH IMP: 25 higher
(1991b) pH 2.2 GSH: 55.6 higher
Ho, Oh, Zhang, Glucose + GSH Eqiumolar of the
& Shu (1992) pH 7.5 reactants

Tai & Ho (1998)

Glucose + GSH
pH 3.0, 6.0, and 8.0

Glucose: not mentioned
GSH: 120 higher

El-massry, Ribose + GSH Equimolar of the
Farouk, & El - pH 7.1 reactants

Ghorab (2003)

Ho, Wang, Glucose + GSH Glucose: 20 higher
Raghavan, & pH 5.5 GSH: 44 higher
Payne (2008)

Lee, Jo, & Kim Fructose/glucose + Sugar: 5 higher
(2010) GSH GSH: 11 higher

pH 7.5

Lee, Kwon, Kim,

Ribose/xylose/glucose +

Sugar: 5 higher

& Kim (2011) GSH GSH: 5.6 higher
pH 7.0 0r11.0
Wang, Yang, Xylose + xylose Xylose (unlabeled): 6.7

Song (2012)

(labeled) + GSH
thiamine
pH 4.8

higher
GSH: 3.8 higher

'RGA: reactant corentrations of this model systeane ribosed.002M, GSH0.0009M.

Cys-Gly tothatof GSH in the reaction with glucose (36Gor 1hr at pH 5.5). fiey found that
except the absence of pyrazines, classes of aroma compounds were quantitatively and
gualitatively comparable between the two reaction syststode ofpeptide fragmentation is
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another subjeatf interest in regard to the Maillard volatile formatidie hiol side chain of

cysteine or cysteinreontaining peptides is considered to be reactive and can act as both
intermolecular and intramolecular nucleophile in reactions (FrétasHa i r & Wi | | i ams,
Reid, Simpson, & OO0OHair, 1998; OO0OHair, Rei d,
fragmentation reactions of cystetnentaining peptide@vhere other amino acid residues were

glycine), a release of Nfwas observed wimecysteine was positioned in thet&rminus of
peptides, whereas, water was |Whenttwasmppliecthie ot he
the case of Cy&ly, the thermal degradation tife peptideinitiated bythe presence of reducing

sugars or diarbonyl compoundsiight give off NHs. Based orthe previous literature, it is likely

that the interactiagbetween HS, NH, and other reactive intermediate derivatives generated

from the Maillard reaction/Strecker degradatmf peptides giveise to mag important

heterocyclic volatile compounds.

5.4. Classes of VOCs Identified in th@eptide Model Systems

5.4.1. Hydrocarbons.Most of thehydrocarbons found in the peptide model
systems were aromatic, and they were atesgnt in the control systentsxcept styrene
(compounds) and Dlimonene ¢compound), the yields of theecompounds were not
significantly different between the reaction syst€fms 0.5) Aromatic hydrocarbons are
common volatile compounds in meat flavor profilapgendix I, Table 1), but their
origin from the related products is Biguous.Comparison othevolatile components
from cooked duck showeddt both cooking methods (boiling/roasiiraand retention
matrices (meat/fat/gravyffluencedthe final amounts of hydrocarbons isolatexin the
systemgWu & Liou, 1992. Whereas irsousvide cooked lamb, neither temperature nor

time wasshown to havanimpact on their almdance (Roldan et al., 201%)javor
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contribution of this chemical familp meat is minorhowever limonene identified in roasted

pork was described to ha¥loral, green, and sweet od¢¥se et al., 2008

5.4.2. Aldehydes & ketones.

Heptanal (compound20) was more frequently reported abpad degradation
productin food systems. Its flavor characteristics wgeaerally demonstrateabnutty,
burnt, fatty, and greerAppendix |, Table 2). Effect of cooking methods on the presence
of this aldehyde was negligiblsince it was found in meat exposed to boiling, liogst
or grilling treatments (Mottram, 1983lentification of this compound in our peptide
model systemsAppendix Il , Chart 2) indicates that sugar degradation in the presence
of amino groups could bepmtentialpathway for it§ormation.Also, its alsence from
the carnosine systemsay suggest the importance of types of amino compounds as for
heptanal formation.

3-Hydroxy-2-butanone(compoundll), also known as acetoin, is the most
prevalent ketonalentified in this studyexaeptthe control modelsComparison othe
guantitybetween systems showed titatias dominated in the carnosimedel systems
(Appendix Il , Chart 1). As an| -hydroxycarbonyl compound;Bydroxy-2-butanone is
a known sugar degradatignoduct which can contribute to the overall sensory
perception of cooked meat (Buttery et al., 1990; Xie et al., 2@B&8)des thait can act
as a flavor precursor by providing the carlb@ackbondor the formation oheterocyclic
aroma volatiles (Huand-u,& Ho, 1996; Xi et al., 1999). Based ¢me literature, digh
cooking tempeature is preferred in tHermationof this compoundAppendix I, Table

2).
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The origin of3-hydroxy-2-butanondrom Maillard reactions via the direct
reduction of 2 3-butanedione has been proposed by Wnorowski & Yaylayan (2000). In
general, retraldolization and - andf -dicarbonyl cleavage are major reaction routes for
the formation of -hydroxylcarbonyl and -dicarbonyl compounds in sugar
fragmentation (Novimy, Cejpek, & Velisek, 2007). It is well accepted that sugar
decompositionn the Maillard reaction is catalyzed by the alkaline environmarere
more reducing sugars are in open chain gad the basic strength of amino acids is
retained It is conclued that at low pH, Amadori intermediates favorably underge 1, 2
enolization to give dleoxyosones which are then transformed the corresponding
furfurals. Whereas, at high pH, Amadori products undergoen@ization to produce-1
deoxyosones that cdre converted into furanones and/or further degraded into reactive
small carbonyl compounds (Chen & Kitts, 2011; Hodge, 1953; Mottram, 2007; Nursten,
1981). The reactions of ribose and selective peptides in the slightly acidic aqueous
solutions (pH 6.3) &led to a decrease in pH after heating, and the decline in the model
systems of GSH and Cy@ly was more significarthan that of carnosindhe much
greater yield of furfural as compared td$droxy-2-butanone from the current models
could be explainebly the relatively low pH condition where sugar transformation via the
route of 1, 2enolization was favored. Results from our study also showed some
agreement witlobservations obtainddom the similar reaction systems. Tai & Ho
(1998)suggested that tHagher levelof furan derivativesn accompany with theeduced
amount of carbonyls from the reactions of glucose and G@Hoat pH could be
attributed to the cyclization reaction which stabilized the deoxyglucosones from further

demmposing into smallarbonyls.In addition, dicarbonyl compounds (like glyoxal and
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2, 3butanedione) that are commomgcountered in the sugar degradationing the
Maillard reactiorwere not found in our case, and it could be possibly owing to their high
volatility and/or svift reactions with other compountts produce secondary products.
Phenylglyoxal or benzaldehyd@&he identity of compoun@l was suggested to legther
phenylglyoxal or benzaldehyd@gpendix Il , Figure 1a & b) in the GCGMS analysis.
According to the NIST library, both candidates have a alzelistribution pattern, however,
the definite identification could not be made due to the lack of LRI reference to phenylglyoxal.
In this study, compoun#l was identifed in the carnosine model systems and it was one of the
dominant compounds in quantigpendix Il , Chart 3). Benzaldehyde is known for its stigpn
sensory propertipy giving bitter, nutty, almond, and burnt aromas (Tao et al., 2014arous
cooked meat system8gpendix I, Table 8). The formation of benzaldehyde has been observed
from the pyrolysis of phenylalanine, wom the Maillard reactionsf phenylalaninendits
anal ogous compounds ( Adami ec 200IRChs & Yaglayan, Vel 2 ge
2008). Varlet et al. (2007) pointed out that the oxidation of toluene or other hydrocarbons, like
styrene or methylstyrene, could contribute to the formation of benzaldehyde in a weak part.
However, this possibility, if itvasinvolved in our case, should only play a negligible role, since
aromatichydrocarbons identified in the thermal reactions between ribose and carnosine were
also observed in other model systems includivegontrols. Further investigations should be
carried out to finalize the identity of compou2d, and to clarify the pertinent Maillard
formation mechanism in which carnosine is one of the starting materials.
5.4.3. Furans.Furfural 28), 2-furanmethanolZ9), and 2acetylfuran 80) were furans
identified in the currenstudy. Furans are weknown productgormedfrom the thermal

degradation of carbohydrates (caramelizationjtan the Maillard reactions involving an
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amino compound. Besides the#lf-own flavor characteristics, they are also building
blocks for heterocyclic aroma compounds, such as thiophenes, furanthiols, and pyrroles.
Furfural (compound8) possesses sweet, carattied, and almond odor
properties, and it is formed fromdoxyosone with a loss of water (Cerny & Davidek,
2003).Furfural was identified in all model systems except the water bkapbendix
lll , Chart 4). The higher yieldof furfural (P < 0.001)n the model systems of RG and
RCG haveébeen previously explained by theevbrable formation of 1,-2naminol at
relatively low pH in the section ofBydroxy-2-butanoneAs reactions progressed, the
exhaustion of peptideuld in turn lead to furfural accumulation in the reaction
mixtures, sincdurfural can further interaatith the amino compound and its Strecker
intermediate available in the system. However, it should be addressed that the decision
of reactant concentrations in the current study was not made to optimize the volatile
compounds but instead it was an attetophimic the natural presence of flavor
precursors in fresh meat through which to investigate their potential impact in the

Maillard-type flavor formation.
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Table 6. The list of VOCs generated from the model sysims containirg ribose and selective peptides.

No. Compounds Formula RT LRI! MW Identification Relative xzccighiﬁifrgs(mg/moﬁ F(-%/,alluze)s Cor(llt?r/olv\?;
RCA RC RCH RGA RG RCG
Hydrocarbons
3-Methylhexane 1.12 4.93 5.90 27.97 208.76 41.14 2.13
! (tentatize) Crbhe 33 <800 100 MS 0.49) (1.17) (1.83) (16.19) (232.17) (7.63) NS R, W
2  Methylcyclohexane CrHia 3.9 <800 98 0.07 0.19 ND 2.05 8.19 2.31 2.23
MS (0.02)  (0.06) (1.02) (8.86) (0.00 NS R, W
3 Toluene Cote 51 <800 92 0.90 0.45 0.06 4.78 15.35 11.08 203
MS (0.67) (0.17) (0.00  (0.59)  (18.67)  (3.63) NS R, W
0.01 0.30 0.03 0.58 1.33 0.55 1.67
4  Ethylbenzene CeH10 8.7 858 106 MS, LRI 000 (0.04) (0.03) 0.39) (151) 0.36) NS R W
5 o/m/p-Xylene CsH1o 9.1 867 106 0.04 0.28 0.02 1.02 3.99 1.50 191
MS, LRI (0.00 (0.04) (0.01) (0.00 (4.58) (0.76) NS R, W
6 Styrene Cate 100 890 104 014 020 0524 3.4 10.23 7.9 23.13
MS, LRI (0.02) (0.22) (0.04) (0.59) (3.54) (1.37) o R, W
7  3-Propylcyclohexene CoH1e 128 954 124 , 0.10 ND ND ND ND ND 49.00
Tentative (0.02) *okk
%_2,3/#3',8/1'2,4 ND ND 0.05 0.58 1.02 1.11 o7
rnm nzen r .
8 1—Etf$y|—)£/36/4-e °° CoHaz 144 992 120 MS, LRI (0.02)  (0.39) (1.77) (1.10) NS R, W
methylbenzene
9  D-Limonene CiHis 159 1028 136 004 017 ND 1020 338 237 5.21
MS, LRI (0.00  (0.10) (0.00 (2.62) (0.00 ** R, W
Alcohol
10 2-Hexanol CaHuO 67 811 102 0.13 1.29 0.24 2.73 10.23 5.54 275
MS, LRI (0.00 (0.93) (0.16)  (0.59) (9.87) (1.37) NS R, W
Ketones
11 3hydroxy-2- 206 2124 4527  5.4F ND ND 82.49
butanone CiHsO;, 3.6 <800 88 MS (1.82) (2.13) (7.77)  (1.56)
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e Model Systems F-values  Controls®
1
No. Compounds Formula RT LRI MW  Identification Relative concentrations (mg/mof) (5, 12) (RIW)
_ - 0.1¢ 0.2Z ND 2.73% 8.19 4.75%
12 3-Hydroxy-3-methyt CeHiOs 41 <800 102 4.7*6
2-butanone MS (0.02) (0.04) (0.59) (6.39) (0.00
13 2,4Pentanedi CHiO: 55 <800 100 ND 004 ND 1023 ND ND 297.92
,4Pentanedione 5HsO2 . Tentative 0.07) (1.02) -
ND 058 017 ND ND ND 12.18
14 1,2Cyclopentanedione CsHgO: 115 924 98 Tentative (0.28) (0.04) *kk
2,5Hexanedi CeH 118 929 114 ND 050 ND ND ND ND 7.90
15 ,>-Hexanedione 6H1002 . MS, LRI (0.31) o
3-Methyl-1,2- ND 0.32 ND ND ND ND 75.00
16 cyclopentanedione CeHs0z 145 991 112 Tentative (0.06) Aok
4.,4-Dimethyl2- 0.06 ND 0.06 ND ND ND 3.63
1 cyclohexenel-one CHi O 156 1018 124 MS, LRI (0.07) (0.01) *
18 Benzophenone CiHicO  36.6 1628 182 ND 0.09 0.08 ND ND ND 20.20
P 13 : MS, LRI (0.04)  (0.00 -
Aldehydes
19 Pentanedial CHsO, 106 903 100 NDo ND o 084 ND ND ND 507.0
entanedia 5HsO2 . MS, LRI 0.06) -
20 Heptanal CHLO 106 904 114 N NDo RD o 085256 063 1.83
p e - MS, LRI (0.30)  (3.11) (0.14) NS
21.6% 2432 26.7P ND ND ND
21 Phenylglyoxal/ CiHO 132 962 106 . 431.70
Benzaldehyde Tentative (1.02) (1.48) (2.05) *xk
2,5 8.6% 3.09 7.66 ND ND ND 20.06
22 Furandicarboxaldehyd H4O 16.5 1041 124 .
f yd  GeHaOs MS, LRI (272) (0.59) (2.59) =
i-tert -4- 0.0 0.17b 0.0@ 0.44 2.25 0.24
g3 3SDi-tertbutyl-4 CisHzO, 401 1754 234 . 6.05
hydroxybenzaldehyde Tentative (0.00 (0.07)  (0.00 (0.41) (1.42) (0.00
Phenols
ND 0.13  0.043 ND ND ND 140.80
24 Phenol CeHeO 141 982 94 MS, LRI (0.00 (0.02) *kk
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e Model Systems F-values  Controls®
1
No. Compounds Formula RT LRI MW  Identification Relative concentrations (mg/mof) (5, 12) (RIW)
25 2/3/4Methylphenol CHO  17.1 1054 108 ND ND 026 ND ND ND 16.00
5 2/3/4Methylpheno 7Hs : MS, LRI (0.11) .
26 o/miptertButylphenol CiHuO  26.1 1295 150 0.07  ND ND ND ND ND 2.08
o/m/ptert-Butylpheno 10H 14 . MS, LRI (0.09) NS
2, 4bis(1, 1 00 024 008  ND 225 059 6.74
27 2 : CuH:O 330 1506 204
Dimethylethyl)phenol % MS, LRI (0.02) (0.07) (0.00 (1.42)  (0.14) *
Furans
18068 1989.1 29154 9578.40 15199.57 22056.1
3(: 2¢ 2¢ c ab 8a 14.21
28 Furfural CHO, 7.7 834 96 MS, LRI 55580 (1372) (508.6) (2118.6) (7355.09) (5378.8) R
29 2.F hanol C:HO2 86 856 98 ND 01 ND ND ND ND 25.00
-Furanmethano sHe . MS, LRI (0.04) kx
30 2-Acetylf CeHO: 109 910 110 04# 037 019 ND ND ND 53.26
-ACe uran . *kk
y 62 MS,LRI  (0.09) (0.07) (0.00
S compounds
. ND ND ND  13.684 819  12.66 13.236
31 Thiazole CHNS 43 <800 85
MS (2.13)  (6.39)  (3.63)
Tetrahydre2-/3- ND ND ND 0.47 ND 2.37 1550.31
32 methylthiophene CoHioS 48 <800 102 MS (0.10) (0.00 ek
33  2-/3-Methylthiophene ~ CsHeS 5.2 <800 98 ND ND ND 1.02 ND ND NS
-/3- i .
yiEniop oo MS (0.00
34 Mercaptoacet CHOS 59 <800 90 ND ND ND- 3104 ND ND 295.75
ercaptoacetone He : MS (3.13) .
2-Methyl-3- ND ND ND 1.02 ND ND
35 e CHOS 90 866 114 o o 009 NS
_ ND ND ND  25.24 ND 0.79 848.55
36 2-Furfurylthiol CH8OS 108 911 164
MS, LRI (0.59) (1.37)
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e Model Systems F-values  Controls®
1
No. Compounds Formula RT LRI MW  Identification Relative concentrations (mg/mof) (5, 12) (RIW)
i - - ND ND ND 1.72 ND 0.95®
37 Dihydro-3(2H) CHOS 128 987 102 . 5.07
thiophenone Tentative (0.59) (1.23)
, , ND ND ND 0.58 ND ND 6.72
38 2-/3-Thiophenethiol CiHsS, 13.6 973 116 MS, LRI (0.39) ok
Dihydro -2-methyl- ND ND ND 177 ND ND 25.00
39 3(2H)-thiophenone GHOS 142105 116 Tentative (0.59) ok
2-13- ND ND ND  109.5¢  9.2F 27.69 130.96
40 Thiophenecarboxalde  CsHsOS 14.8 1002 112 MS. LRI or
hyde , (14.22) (5.32) (4.94)
41  2-Acetylthiazol CH:NOS 156 1020 127 ND ND o ND 716 239 135 aL.37
-Acetylthiazole .
y oS MS, LRI (1.02)  (124)  (0.90) ok
a2 > CHsS2  17.0 1056 130 NDo ND D102 ND ND NS
(Methylthio)thiophene > : Tentative (0.00
ND ND ND 1.02 ND ND
43  2-Methyl-1,3-dithiane CsH10S 17.9 1077 134 MS, LRI (0.00 NS
2/3- ND ND ND 1.02 ND ND
44 . CsHeOS 19.2 1107 114 . NS
Thiophenemethanol Tentative (0.00
[1,3]-/[1,4]- Dithian-2- CsHs0S 21.7 1174 134 ND ND ND 1.78 ND ND 25.00
45 one MS, LRI il
(0.59)
4-Methyl-3H-1,2- ND ND ND 1.36 ND ND 16.00
46 Githiole-3-thione CH.S3 231 1211 148 g (R (0.59) i
ND ND ND ND 11.268 ND
47 Benzothiazole C/HsNS 23.7 1227 135 3.90
e MS, LRI (9.87) R
1,2,3,4]T hi CoH 275 1338 156 ND ND ND 0.41 ND ND NS
48 [1,2,3,4]Tetrathiane oHaSy . MS, LRI (0.00
_ 0.24 ND ND 11.26 13.61 ND 1.70
49 Hexathiane S 33.0 1508 192
MS, LRI (0.42) (5.70)  (20.15) NS
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- 3
Compounds Formula RT LRI' MW Identification Model Systems F-values  Controls

Relative concentrations (mg/mof (5,12) (RIW)
Lenthionine ND ND ND 0.7 ND ND
(1,2,3,5,6 CoHsS 37.0 1545 188 MS, LRI 10.80
pentathiepane) (0.41) *kk
Hexathiepane 0.0 ND ND 5.46 ND ND 9.13
(1,2,3,45,6 CHxSe 39.3 1629 206 o
hexathiepane) MS, LRI (0.02) (3.13)
Cyclic octaatomic >200 0.69 ND ND 56.97 10.23®b 3.1@ 4.84
S 47.4 256 *
sulfur 0 MS, LRI (1.07) (41.45) (12.41)  (1.37)
N compounds
, 0.38 ND 0.24 ND ND ND 35.49
53 Pyrazine CsHaN> 43 <800 80 e
MS (0.11) (0.04)
. 0.24 0.47 0.30 ND ND ND 95.87
54  Pyridine CsH5N 48 <800 79 kk
MS (0.02) (0.04) (0.07)
55  2/3/4Methylpyrid CHN 70 817 93 L7z 118 039 ND ND ND 268.01
e ridine .
Yipy 7 MS,LRI  (0.15) (0.10) (0.06) wrk
56  2-Methylpyrazine CHN, 7.4 828 94 033 022° 0.09°  ND ND ND 15.08
yipy orie2 ' MS,LRI  (0.11) (0.10) (0.04) wrk
57  2/3/4Ethylpyridi CHN 106 902 107 009 ND 022 ND ND ND 99.85
ridine .
ylpy 7Ho MS, LRI (0.00 (0.04) -
2,56 ND ND 1.27 ND ND ND 267.77
58 Dimethylpyrazine GeHgNz  11.1 913 108 MS, LRI (0.13) b
2,312,4/3,413,5/3,4
12.512.6 0.1 ND 0.9¢¢ ND ND ND 1995.00
59 Dimethylpyridine C7HoN 119 928 107 MS, LRI (0.04) (0.00 o
1-/5-Methyl-2(1H)- ND 0.09 0.37 ND ND ND
pyrimidinone or
60 1-/2-16-Methyl-4(1H) CsHeN> 142 985 110 MS, LRI 0.04)  (0.04) 13%30
pyrimidinone
2-Ethyl-3/5/6- ND ND 0.22 ND ND ND 25.00
61 | ethylpyrazine CHioN2 149 1002 122 MS. LRI ©.07) o
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e Model Systems F-values  Controls®
1
No. Compounds Formula RT LRI MW  Identification Relative concentrations (mg/mof) (5, 12) (RIW)
1-(3H-imidazoF4yl)- 0.7# 0.7 0.06° ND ND ND 7.14
62 Ethanone CsHsN20O 17,5 1065 110 Tentative (0.57) (0.13) (0.00 *x
) - ND ND ND 1.02 ND ND
63 S Methyl25 CoHeN:  19.8 1125 128 . NS
piperazinedione Tentative (0.00
64  1H-Indok-4/50l CoHNO 318 1466 133 NDo NDo 047 ND ND ND 4.99
-Indol-4/50 gH7 . MS, LRI 037) N
2-acetylpyrido[3,4- ND 0.67# 0.84 ND ND ND 46.47
65 Glimidazole CeH:Ns 341 1541 161 VS, LRI 007 (023 >4
Others
2,56 , 03¢  ND 0.24 ND ND ND 11.39
66 Dimethylhydroquinone CeH1002 20.3 1137 138 Tentative (0.11) (0.13) okk
Di-tert: 0.004 0.1 0.0 ND 1.64 0.12b
67 2>/6-Ditert CuHaO: 315 1460 220  Tentative 3.92 R, W
butylbenzoquinone (0.001) (0.07) (0.03) (1.38) (0.12)
68 - CuHNO: 395 1731 203 NDo 023018 ND ND ND 14.45
Acetonylphthalimide 1IHoINs : MS, LRI (0.1)  (0.08 ok
69 Isobutyl phthalate CiHzOs 42.8 1859 278 01# 088 01 239 174G 3.9¢ 32.67 R, W
VP 1oriz2 ' Tentative  (0.07) (0.41) (0.04) (0.59)  (4.69)  (1.37) sk !
70 Dibutyl phthalate CieH220 452 1954 278 057 1690 3.1 1364 391.94 24.52 10.45 R, W
yip 1612254 ' MS,LRI  (022) (7.37) (0.54) (2.13) (203.83) (3.63) sk !

Notes: VOCs in boldwere previously reported in the cooked meat sys{sees Appendix)l

ab.c.d Mean values (n=3, followed by standaietivations reported in the brackets) in the same line with the same superscript do not differ significantly.

NS: not statistically significanP  0.05, * P 0.05, *P  0.01, *** P 0.00QL.

ND: not detectedh the samples

ILRI: Linear Retention Index (Calculated for each VOC using a mixture of Alkages@Go analyzed by the same @@S method).

2Amount of VOCs: all VOCs were semjuantified using an internal standard (idi2hlorobenzene, 10Qg) added in the models; each alagpresented the mean of tripli
measurements.

3Controls (R/W): VOCs also found in the ribose andivater control model systeniR; ribose controlW: water control.
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2-Furanmethanol (compound29) was only identifiedn the RC system. Howevedhe
prominent abundance of furfural eluted in gas chromatograms might be at the expbase of
detection oR-furamethanoin the other systen(#s peak could be possibly masked by that of
furfural due to a close retention tiln@-furanmetholwasdescribed to have a burnt and mild
odor in meat (Chen et al., 2009), and it can be directly converted from furfural in the Maillard
reaction (Chen, Chin, & Ho, 2004).

2-Acetylfuran (compound30) was described to have sweet and balsaaar notes (Lee
et al., 2010). Cooking methotisatrequirehigh-heat treatrants and low water content tetod
favor the formation of this odorampendix |, Table 4). In our study, Zacetylfuran was
exclusively identified in the carnosine systepgendix Ill, Chart 5 ). The brmation of this
compound was considered to be affected by both sugars and amino acids (Wang & Ho, 2008;
Wang, Juliani, Simon, & Ho, 2009 terms of sugarsibose was found to be more reactive
than glucose in the productian 2-acetylfuran (Wang & Ho, 2008). Depending on tyygesof
amino acids, ribose can be either converted indedxypentosone which reacts with
formaldehyde to generateazetylfuran, or selflegraded into formaldehyde form the furan
compounadafter he reaction with ribose. However, when the amino acid was cysteine, ribose
fragmentation and the subsequent formation-atétylfuran were inhibited (Wang & Ho, 2008).
Results of our studyere in agreementith these observationsvhichagainindicatedthat the
formation of 2acetylfuran was catalyzed by the Maillard reac{@as it was absent in the ribose
control),whereas it could be discouraged in peptides with cysteine attéerfihus.

5.4.4. Sulfur-containing VOCs. Many sulfurcontaining volatile compounds
generated from our current model systems are kriavar constituents of cooked meat

subjected to a range of thermal treatmehtgwhole fractionof these compounds
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believed tocontribute to the overall meatnd sulfurous flavor impressisonf meat
foods. Based on the summary siilfur-containing VOCgselated to cooked meat
(Appendix |, Table 5), the formation of some of theselatileswas more favorable than
the othersunder certain cooking conditions, icdting their relative importange meat
associated with cooking methods.

Mercaptoacetonécompound34) (Appendix Il , Figure 3) was the only sulfur
containing ketoneamong the identified volatilegndit wasfoundin the RGA system
Mercaptoacetonbas been captured the flavor profile ofpressureprocessegork meat
(Uchman & Jennings, 197.70he odor threshold of thodorant was relatively high when
compared to that d&-methyl3-furanthiolor furfurylthiol, butit is still within the range
of ng/L in air(Hofmann & Schieberle, 19939n Maillard reactionsmercaptoketones
weresuggested to be forméabm the reactios betweeralkanedionsandH.S (Madruga
& Mottram, 1998) Hofmann & Schieberl€1998) showedhat the mteraction of
pyruvaldehyde and ¥ gaverise tomercaptoad®ene which in turn acted agpaecursor
of 2-methyl3-furanthiol

Furanthiols and thiophenesThis class of volatilesicluded two furanthiols?-
furfurythiol (compound36) and 2methyl3-furanthiol (compoun®5); six thiophenes,
tetrohydre2/3-methylthiophene (compourg®), 2/3methylthiophene (compourgs),
2/3-thiophenecarboxaldehyde (compoutd), dihydro-3(2H)-thiophene ¢ompound3?),
dihydro-2-methyt3(2H)-thiophengcompound39), 2/3-thiophenemethanol (compound
44); and twothiol-substituted thiophene®/3-thiophenethiol (compoung88) and 3

(methylthio}thiophene (compound?). The compounds &7, 39, 42and44 were
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tentatively identified. In the modelstemof Cys-Gly, only compound2, 36, 37 and40
were found.

2-methyt3-furanthiol (MFT) and 2-furfurylthiol (FFT ) have beemdentifiedas
character impact compounds in meat flavor with exceptional low odor thregGalsser &
Grosh, 1988 & 1990; Hofmann &chieberle, 1995MFT possesssdesirable sulfurous, meaty
and boiled odor notes while FFT has distinctive roasted and diéaroma. Sensory studies
on theMaillard reaction productsf ribose and GSH revealed that flavor properties of MFT and
FFT were highly related to beef flav@reeet al.,2011) The occurrence of MFT and FFT in
cooked meat and meat products heaen summarized ilppendix |, Table 5.

Hofmann & Schieberle (1998¢portecthat ribose was the most effective carbohydrate
precursor for both MFT and FRaithin theinvestigatededucing suga: They found thatn
reactions with HS, FFT wagrefeally formed from furfural than frombose or 3
deoxyribosuloseWhereasn another reactios with H>S, 4hydroxy-5-methyl3(2H)-furanone
(NF) was more efficient in the production of MFT than ribose. Bede@xyribosulose and NF
are pentose degradation intermediatesved fromthe Maillard reactiorthrough different
pathwaysThe authors also proposed that the formation of FFTashevedy thedirect
sulfurylation of furfural with HS, while the formation of MFTomprisedf several reaction
stepsIn contrast, Cerny & Davidek (2003) obsenthdtthe majority of MFT produceftom
the reaction oNF, [*3Cs] ribose, and cysteinrgemmed from riboseHowever, t should be noted
thatin their study the two carbonyl sources, NF and ribossemixedto reactwith HaS for
which they might compete in the generation of MBihercarbonylintermediatescould also
contribute to the formation of MF@epending on the source of reducing sugarsspedific

parameters applied in the reacsg¢@erny & Davidek, 2003; Hofmann & Schieberle, 1998)
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Under the studied conditipanonsignificantamount of MFT(P > 0.5)was
identifiedin the RGA modelsystemwhile FFT was detecteith boththe RGA and RCG
systemsin light of the similar chemical structures skadby MFT and FFTdifferent
efficaciesin the production o€orrespondingearranged Amadori products could be a
factor affectinghe ultimatedistributiors of the two odorantsAdditionally, thecourse of
MFT formation requiregurther reation with a reducing agefiiofmann & Schieberle
1998),which mightbe moreenergyconsuminghan the onetep substitutiomi thecase
of FFT.Furthermorenature of the model systemsyaffecttheretentionof MFT, since
thiscompounds unstable and can leasilyoxidized or interact with other components
present irthe system¢Tang, Jiang, Yuan, & Ho, 2013)

Dihydro-3(2H)-thiophenone(compound37) and dihydre2-methyt3(2H)-
thiophenone(compound39). Identification ofthe two volatilecompoundsvas
tentativelyestablishedn our study Compound37 was observed iboththe RGA and
RCG systerg whilst compound39was only detected in the RGAstem.The natural
presence of dihydr8-(2H)-thiophenone and its methyl analogneneathas been
previouslyreported Methven et al., 2007; Mottram, 198&filson, Mussinan, Katz, &
Sandersonl973. Dihydro-3-(2H)-thiophenone was identified as aromaactive
compoundin thereaction mixture®f GSH with glucose and fructadé hasbeen
described to haveasted and meatyors inthe GC-O analysiqLee etal., 2010; Xu et
al., 2013).Using carbohydrate maotk labelingtechnigug CAMOLA), the origin of
dihydro-3-(2H)-thiophenonegeneratedrom reactios of GSH and glucose was traced

back to the sugar byloss of two carbon aton{gee et al., 2010)This compound was
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also found irnthethermal degradation of cysteimgthout carbohydrates (Shu et al., 1985)
indicating the potential involvement of oth@8armationmechanisms.

2/3-thiophenecarboxaldehydécompound0) wasfoundin themodel systemsf GSH
and CysGly. It was one of the most dominant composiachongsthe detected sulfur
containing volatilesConcentratios of thiscompoundn thecorrespondingnodelsystemsare
providedin Appendix Il , Chart 7. Possessing eharacteristic sulfurous odaote,2-and3-
thiophenecarboxaldehy@eea novelaromaconstituens of meatflavor, and2-
thiophenecarboxaldehyaeasidentified asaflavor-active compound in chicken broth (Gasser &
Grosch, 1990 The formation of Zzhiophenecarboxaldehydem an aqueous reaction mixture
of furfural, HS, and NH under cooking conditiohas been observed by Shibamoto (19Hg)
suggestedhatthe exchange of the oxygen atom of the furan ring in furfural43/cbluld leadto
theodorant In Maillard reactions2/3-thiophenecarboxaldehydea&knownproduct of GSHHo
et al.,1992; Tai & Ho, 1998; Zhang & Ho, 198b), however it was notfoundin themodel
systemof GSH or CysGly established bydo et al. (2008).The cetection otthis compound
together with other essential sultwntainingheterocyclic constituentia the currenRCG
systemindicates thatthe mannerof dipeptde CysGly couldbe similar to that of GSlkh the
Maillard volatileformation

2/3-methylthiophenglcompound33) is a volatile constituerdistributedin a wide range
of meat systemsAppendix |, Table 5). Sensory impressions of this compowneredescribed
assulfurous, greemandoniontlike (Gasser & Grosch, 1990¢ge et al., 2010Xu et al., 2013)
Under the studied conditiothe yieldof this compounddentifiedin the RGA systemvas not
significant £ > 0.05). In the similar peptide model systems established by Ho et al. (2008), both

2- & 3-methylthiophene werebserved irthe trermalreactions of5SH and Cy<Gly with
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glucose Also, the total amounts of thiophesespecially 2nethylthiophengidentified
in the two systems were much greater than thaseed bythe related peptides GIgys
and’ -Glu-Cys.Sucha variation as suggested by the authavgrepossibly due to thal-
terminalposition ofcysteinein the Cys-Gly dipeptidewherethe residuean directly
access the sugaroleculeand undergo Strecker degradationelease bB. Cerny &
Davidek 003)demonstrated th& methylthiophene can be derived from intact ribose
with a sulfur atom being introduced into the ring structure . Ahe absence &/3-
methylthiophenen the thermal degradation of cysteine or GSH algrees with the
statement, agiven by Zhang & Ho (1991a3uggestinghatthe generation of thiophenes
could be catalyzed by the presence of reducing sugars in the Maillard reaction.

Information of thenaturalpresence dfetrahydrc2/3-methylthiophene
(compound32, Appendix Il, Figure 2) in meatis limited, and its formation in the
Maillard reactionf cysteine or GSH has not been previously reportethdourrent
study,this compound was identified in batre RGA and RCG model systems.
Interestingly theyield from Cys-Gly wassignificantly greatethan thafrom GSH (P <
0.001)despte a lower concentratioof reactantdeingemployed in the formeeaction
At this point,neitherflavor propertiesior the formation mechanisof tetrahydre2/3-
methylthiophendas beempreviouslydemonstrated. Howevehe hydrogenation of/2-
methylthiopheneinder proper conditionsight be aroute for theformation of this
volatile compound (Zhao, Oyama, & Naeemi, 2009)

Theoccurrencef 2/3-thiophenethiol(compound38) in cooked meaivasnot
common but itwas frequently reported asalatile product in themodel systemsf

cysteine and GSH (Cerny & Davidek, 2003:r&hssry et al., 2003; Lee et al., 2010;
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Madruga & Mottram, 1998; Tai & Ho, 1998)n Maillard reactioss, theformation of 2/3
thiophenethiol was initiatedot onlyby thermal treatments, but albg mild reaction conditios
conditiors such asn wine ageing (2% ) (Marchand et al., 20Q02-thiophenethiol has been
described to have a miror roasted coffekke aromawith an odor thresholdalueof ~0.8 g/L
in water (Marchand et al., 2000Besideghe Maillard reaction2/3-thiophenethiotan be
formed from the thermal degradation of cysteine preferably at log5pH et al., 1985Tai &
Ho, 1988). Chemicalmechanisma governingits formationfrom solely cysteinend from
Maillard reactios have been postulated by Shu et al. (1985) and Cerny & Davidek (2003)
respectivelyln particubr, 3-thiophenethioformedfrom the reaction of ribose and cysteinas
suggested tbeoriginated from the amino acidather than the sugar (Cerny & Davidek, 2003).
2/3-thiophenemethano{compound44) was tentatiely identified in the RGA systenit
has beeisolated in the flavor compositied pressurecooked beef (Wilson et al., 1978)d
braised chicken (Duan et al., 201Based on the collected literatug3-thiophenemethanads a
known productof Maillard reaction®f cysteine (Chen & Ho, 200Zhen, Xing, Chin, & Ho,
2000) whereasts presence in the relatsgistemsof GSHis rarely reported2-
thiophenemethand$ possibly formed by the replacementasfoxygen atom with b5 on the
furan ring of 2furanmethano{Chenet al.,2004).Due tothe lack of reference of 2/3
thiophenemeth#ol from GSH, @irtheridentity verification ofthiscompound is needed
Thiazoles.In the currenstudy, thiazole Compound3l), 2-acetylthiazole
(compound4l) and benzothiazole¢mpound47) arethevolatile productfoundin this
class Thiazole and Acetylthiazolevere presenin the modebkystemsf GSH and Cys
Gly (Appendix Il , Chart 6 & 8), while benzthiazole was onlyoundin theRG system

Under the studied conditiptheamounts of thiazolalentified fromthe model systems of
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RGA ard RCGwere not significantly differerftom each othe(P > 0.5. It alignswith
the results from the previous reaction mixtures of GSH and@ysvith glucose as
reported by Ho et al. (2008).

Thiazdes aramportantflavor componentgr meat, and they contribute to the
roasted, nutty ancheatyaromadn relatedproducts. The general route thie Maillard
formation ofthiazolesis consideredo bethrough thanteractionof H>S, and NH with a
mixture of| -dicarbonyl ompound and aliphatic aldehyde$e€elreaction onaldehyde
andNHs produces an imine intermediaadthe interaction of an -dicarbonyl
compound and ¥$ yields am -mercaptoketone. Further action of the mercaptoketone on
the imine producea thiazolidineeompoundwvhich after oxidation can give rise to the
corresponding thiazol@Huang & Ho, 2001; Mottram, 200./Mechanistic interpretations
of individual formatiors of thiazoleand2-acetylthiazoldhave been provided by Lee et al.
(2010 andCerny & Davidek (2003), and Mulders (1973) respectivBbth thiazole and
2-acetylthiazolecanalsobeformedfrom thethermal degradati@of cysteine and GSH
without sugars (Zhanet al.,1988).In our studythe presence of thiazoles in the &¥y
system indicates thdhe dipeptide may undergo Maillard reactions/Strecker degradations
to giveH:S, NHs, | -dicarbonyls, and othetegradation derivativeshich are required
for the formation othiazolecompoundsln the case of benzothiazole, its odors between
studies varied. It was reported to be buamd meatike in cooked beef (Machiels et al.,
2003), but rubbery and metallic in roasted duck (Chen et al., 2009). Besides being a
natural meat volatile constitng this compound was also isolated from the thermal

react i on -mbnophosmghateandccysteide (Madruga & Mottram, 1998).
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Benzothiazole is generally regarded as a Maillard reaction product, mxphat formation
mechanisms still unclear atttis point.

Cyclic polysulfur compoundsdn this classvolatile compounds includes 2
methyt1, 3-dithiane (compound3) (Appendix Il , Figure 4), 1, 3/4dithian-2-one
(compound5) (Appendix Il , Figure 5), 4methyl3H-1,2-dithiole-3-thione (compound
46) (Appendix I, Figure 6), [1, 2, 3, 4jtetrathiane (compoundB) (Appendix Il ,

Figure 7), hexathiane (§ (compound9), lenthionine (1, 2, 3, 5,-fentathiepane)
(compoundb0) (Appendix Il , Figure 8), hexathiepane (1, 2, 3, 4, 5héxathiepane)
(compoundbl) (Appendix Il , Figure 9), and cyclic octaatomic sulfur §5compound

52). With the exception ofé&and S, all other cyclic polysulfur compounds weyely
identified in the RGA model. To our best knowledge, none of them has been previously
reported in the Maillard reaction of peptides. Only lenthionine and hexathiepane have
been isolated in the flavor profief meat and related products.

2-methytl, 3-dithiane(compound43) was described to have an onion gadlic-
like taste (ShuHagedornMookherjee, & Vock, 1981)Yu, Wu, & Ho (1994)dentified
[1, 2, 3, 4}tetrathiane and-Bhethyt1, 3-dithianefrom thethermalreactiors of alliin and
deoxyalliinwith glucose. It is noteworthy thatertain degrezof roasted meaty flavor
wereelicited from both model solutions after heating. Whilsther of the productsvas
consideredascharacter aroma compouwsid the model solutiongheir combination with
othervolatile constituents was thought to contribute toalerallmeatyflavor of the
model solutiongYu et al., 1994)In contrast to [1, 2, 3, 4etrathiane, the presenceitsf
isomers, such as [1, 3, 6}tetrathiane and [1, 2, 4,-8trathiane, was more frequently

reportedn the model systemsf cysteing(Madruga & Mottram, 1998; Mottram &
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Nobrega, 2002; Yu & Zhang, 201LQ4, 3/4dithian2-one has not beasolatedin any
food systems, but its isgeric compound 1,-Bithian-4-one wadound inheated salmon
extract(Methven et al., 2007 was a volatile produch the thermal reaction of
ascorbic acidndcysteine at pH 6.0(Yu & Zhang, 2010)

Lenthioning(lcompound0) & hexathiepanécompoundsl). Information
pettainingto these two compoundsrelativelylimited, and theyhave been identified in
the flavorextractsof boiled mutton (Nixon, Wong, Johnson, & Birch, 1979) ammbked
ham (Thomas, Mercier, Tournayre, Martin, & Berdagué, 20dgpectively. Lenthionine
and hexathiepangere firstly isolated fronthe extracts ofiried Shiitake mushroom by
Morita & Kobayashi(1966) The nmass spectrpreviouslyobtained fother structural
assignmergt(Morita & Kobayashi, 1967further support theentificationof both
compoundsn our RGA model systeniPrevious studies on the physi@mical properties
of lenthionine showed th#te solubility of thiscompound was low in ater and in polar
solvents, busignificantly inaceasedn vegetable 0ilThis compoundvas stable in
solutions with pH between 2 to 4, hutlecomposed rapidly in pH abovéWada,
Nakatani, & Morita, 1967)As volatile sulfur compounddenthionine and hexa#épane
areliable to high temperaturgn gas chromatographic separati@hen & Ho, 1986)It
wasreportedthat the amounts dfoth compoundsecovered fronthe headspace aqueous
extract of Shiitake mushroom at3/Qfor 30min) were3-and 6fold respectively less
than those obtained at22(Dermiki, Phanphensophon, Mottram, & Methven, 2013)
The identificationof both lenthionine and hexathiepanehe current study indicates
certain degree of retention capability of our maletemdor these sulfur aroma

components.
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With respect tohe flavor contribution to food products, lenthionpassesses a
characteristic aromaf Shiitake mushroorwhich has been usex a taste and flavor enhanger
a number of traditional Asian dish@dorita & Kobayashi, 1966; Wada et al., 196The
organoeptic potency ofenthioninecould bein partattributed tats low odor threshold
values. Theyhavebeendetermined at a concentration between -PA%pm in vegetable oil, and
a much lower level between 0:B753 ppm in distilled watgiWada et al., 1967)lto, Toyoda,
Suzuki, & lwaida (1978presumedhat lenthionine extracted from dried Shiitake mushroom
would gradually decompose to carbon disulfide in agueous solutions.

When it comes to the origin of cyclic polysulfur compounds, the reaction between
aldehydes, b5, and NHis considered to be a major pathw®pelens, van der Linde, de
Valois, van Dort, & Takken, 1974; Zhang et al., 198&ntinic acid was proposed as the
enzymatic precursor of lenthionine in Shiitake mushr@gasumoto, Iwami, &Mitsuda, 1971)
The chemical structure of thieptide was characterized aS-aubstituted cysteine sulfoxide
derivative with a glutamic acid at thet®rminus and a methyldonyl group at the @erminus.
Similar to GSH, lentinic acid also hasfampepide bonding between the carboxyl group of
glutamic acid and the amino groapthecysteinyl residueBesidesdeing enzymatically
liberated from food systems, the formation of lenthionine and hexathiéamée reaction
mixture of xylose and thiaminas beempreviouslyreported(Hincelin, Ames, Apriyantono, &
Elmore 1992) It waspostulated that the interaction betweessHand 1, dethanedithiotould
form lenthionine.1, l-ethanedithiol can be synthesized from the reacifd#S and
acetaldehydeboth of which are the Strecker degradation products of cygteoetensyan der
Linde, de Valois, van brt, & Takken, 1975)Comparison of thewpntityof cyclic polysulfur

compoundsn the RGAsystemindicates thathe formation of some of these compds could
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be more favorable than the othargler a given conditiomaking into account the

artificial synthesis of lenthionine and hexathiepane from simple reaction materials
(Morita & Kobayashi, 1966; Wada et al., 196383 well as nature of their precursors

foods, further investigation a@lherelativeformation mechanismsf these compounds

would beof high value to afford a better understanding of the role of peptides as Maillard

reactants in flavor development.

5.45. Nitrogen-containing VOCs.

Pyrazines and pyridineareubiquitousvolatile constituentsThe presence of
these compounda foods subjected to high heat treatmestsommonly reported
Pyrazinesmpartroasted and nuttydor notes to foodstufféndividual flavor
characteristics of-Pnethylpyrazine and 2, 5/@imethylpyrazine have begmeviously
described ircooked meafChen et al., 2009; Xie et al., 2008) particular,the odor
characteristics a2, 5dimethylpyrazineconsiderablyesemble ta flavor ofpotato chips
and it hasa flavor threshold of ppm in oil and Jppm in wate(Deck & Chang, 1965;
Maga & Sizer, 1973)Compared to pyrazines, pyridines have less pleasant, @hat's
their impact on (whetheméancing/diminishing) the overall flavquality of food
products is not quitasclearcut (Ohloff & Flament, 1978van Boekel, 2006 Forthe
pyrazine and pyridineompoundsdentifiedin this study, theiroccurrencen meatand
meatproductss summarized ilAppendix I, Table & It is shown from the table that
temperaturesequiredfor the production of simple pyrazines are relatively broad
However, as the degree of aliguibstitution increases, th@mationof both pyrazines
and pyridinedbecanes temperaturdependent. For instanggyrazine, 2methylpyrazine,

and 2 5/6-dimethylpyrazneare simplepyrazinesvhose formation was not considerably
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related tacooking methodswhereaghe occurrencef 2-ethyl-3/5/6-methylpyrazine wabmited
to meatireatedwith high temperaturandgenerallyatlow water content.

In this studypoth pyrazines and pyridines were exclusively found in the model systems
of carnosineand they were the major nitrogeantaining volatile constituentByrazine (, 4-
diazing (compoundb3), 2-methylpyrazine ¢ompounds6), 2, 5/6dimethylpyrazine gompound
58), 2-ethyl3/5/6-methylpyrazine ¢ompounds 1), pyridine Compoundbd), 2/3/4
methylpyridine ¢ompoundb5), 2/3/4ethylpyridine compounds?), and 2, 3/2, 4/2, 3| 6/3, 4/3,
5-dimethylpyridine ¢ompoundb9) were successfully identifiedUnder the current gas
chromatographic conditions, a complete separation of certain pyrazines or pycatines be
accomplished due to the lititkfference between their mass sfra. ltwas decided to include all
possible compounds in one eluting peak and consider them as one compound in the following
discussionResuls of thisstudy showed thaemperaturaffectedthedistributionof these
nitrogen heterocyclic volatiles. Fexample 2-methylpyrazinevas observedh all three
carnosine system#appendix Il , Chart 9), while 2-ethyl-3/5/6-methylpyrazine §1) wasonly
detectedn thereaction extract of RCHn a related ribose/carnosine model system condumgted
Chen & Ho (2002)most ofthe pyrazines and pyridines formiectheir studyat pH 8.5 were also
reactionproducts obur systems at pH 6.3

The formation of pyrazines has bestndiedin a number omodel systems involving
different complexity of carbayl and nitrogen sourceReactions of glucose with43 or NH, or
bothrevealed that Nklcouldserve as a reactant and a beaglyst in the formation of
pyrazines. Also, the production of nitrogen heterocyclic compooodls suppress thgields of
sugarderivativesand sulfur heterocyclic volatildermed in thereactiongSakaguchi &

Shibamoto, 1978; Shibamoto, Akiyama, Sakaguchi, Enomoto, & Masud, 38ibamoto &
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Russell, 1977)Shibamoto & Bernhard (1975) suggested that there were atieast
ways for thancorporation of nitrogen atoms ingopyrazine ring, one from free NHand
the other directly from an amino acid or amine nitrogen. It is known thatthiiibe
emanated from the degradation of amino acidgtiges or proteins updmeaing. The
interactiors between amino acidend redicdng sugars produaeactive dicarbonyl
compounds which can catalyze the Strecker degradation of amino acids to gio¢hese
intermediate precursors of pyrazinkgtle discussion has been undertakenerify both
pathways in the pyrazine syntheaswell agheir respective reaction efficiencies.
Peptides have gained a great deahtérestascompounds with flavegenerating
potencyin the Maillard reactionlt is speculatedhattheir roles in the formatioaf
pyrazineshavebeenunderestimate(Rizzi, 1989;Scalone et al., 2015;ahn Lancker et
al., 20102012)

In general, variables affecting the formation of pyrazinekidethe nature and
ratio of reactants, pH value, water activity, reaction temperature, and heatintntime
view of pH effecs, basic environment facilitates thrmationof pyrazine by increasing
the reactivity of amino acids towards the carda@roups ofreducing sugardiowever,
possibly due to the increased production of melanoidin pigmantha cataltic effect
could beoffset when thesolutionalkalinity reaches a certain limit (Bemiung, Huang,
& Bernhard, 1993; Koehler & Odell, 1970)emperature can affect thend and quantity
of pyrazines, and it is suggested ttregt formation of individual pyrazine compounds
may requiredifferent activation energigsiuang, Bruechert, & Ho, 1989Yloreover
depending on the severity thermal treaments themajor route governing the formation

of pyrazines could be variddoehler & Odell, 197Q)
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Interactiors between -aminocarbonyl derivativesreconsidered as the general
route for pyrazine formatio(Rizz, 1972)For pyrazinesvith complexbranched cham
or higher molecular weightshe involvement of various aldehydes derived from Strecker
degradations of amo acids seem® beimportantfor their formation Flament, 1981;

Rizz, 1972) Shibamoto & Bernhar{ll977)suggested thahe combimtion of different

| -aminocarbonyl fragments accounfed the generation of individual alkylpyrazines
Knowing that -aminocarbonyls are structunalative products df -dicarbonylsderived
from the Strecker degradatiofactors thatffect theformation of these dicarbonyl
precursors coulth turn influencethe generatiorof pyrazines

So far, evidence of peptides as flavor precursors in Maillard reactitarsfiem
conclusive. \an Lancker et al. (2010, 2012012) have contributed some of thatable work in
this field. They suggested that a different mechanism should account for the formation of
aminoketones from dipeptides since they cannot undergo the typical Strecker degradation due to
the presence of peptide bonds.

In the investigatio of volatile profilesfrom Maillard reaction®f glucose withfree
amino acids, dipeptideser tripeptides, researchers found thte total amounts of pyrazines,
especially 2, 5(6Himethylpyrazines and trimethylpyrazine, producedh®dipeptides were
much greater than those given by the corresponding free amino acid moxturesptides Yan
Lancker et al., 2010 & 2012ZJhe higher reactivity of dipeptides could be attributed to the
catalysis of dipeptidsugar Amadori rearrangemeadducs by which acceleratinthe overall
rate of thereaction (de Kok & Rosing, 199Van Lancker et al., 2012).

The eactionmechanisngoverning the Maillardormationof pyrazinedrom dipeptides

hasbeenproposedy Van Lancker et a{2010). Theyhypothesizedhat the reactiowas
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initiated by the nucleophilic attack of theamino group ofdipeptide to the carbonyl
group ofadicarboryl compoundIt gave ris€o an| -ketoimine product containing both
imine (-C=NR) and amidg-CONH,) functionalgroups. Follovedby enolization and
subsequent hydrolysis, thearranged intermediaté-fiydroxy-2-azadiengthen cleave
into an| -aminoketone and a complexdicarbonly compoundBy means othis,
materials required faheformationof pyrazinesaregeneratd, andhe nitrogen atom
originatedfrom thedipeptide can bacorporate into the ring of pyrazine through -
aminoketones.

As mentioned in the literature revigthie release of Strecker aldehydiesn
Maillard reactions of peptideadicated a certain degreepdptide bond hydrolysis
(Rizz, 1989; Van Lancker et al., 2010n this casethefree amino acidseleagd from
peptides could undergo Strecker degradations to form pyrazine compblomgs:er the
actual behavior of peptides in the Maillard reacttonld be mucimore complexsince
volatile profiles given byhe dipeptides and their corresponding free amino aciis
strongly differenin the Maillard reactiorfVan Lancker et al., 2010).

To reviewour study, dipeptides otarnosinef(-alanire-L-histidine) and CyGly
may undergathe similar reaction steps to prodyngazine compound®, 5
dimethylpyazinevasidentifiedin the reaction oglucose an€ysGly (pH 5.5, 166 ,
1hr) (Ho et al., 2008)howeverno pyrazine was detected in our model systémnibose
and CysGly (pH 6.3, 188 , 2hr).Variations between the studies amere likely due to
the nature ofnodel systemwith respect to thenanner of pyrazine synthesis.thecase
of carnosinegffects of its amino acid composition on ttenformationof the

correspondinglipeptidesugar adductand thereaftethe pyrazineformation are
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unknownat this pointUndercertain conditios, histidinein peptidesnayaccelerateéherate of
Maillard reactiors, possiblyby facilitatingthe formation of rearranged Amadori intermedate
Mori, Bai, Ueno, & Manning (1989) reported that the preseof histidineas a positively
charged amino acid at the second position of the investigated dipeptides (\HiEPdand
tripeptides (GlyHis-Gly), significantly increased the reactivity péptidedo the site of
glyceraldehydeDespite theateof reactiors may not be necessarily ecetated withthe efficacy
in pyrazine formationit is still of valueto considethe relatednechanisrafrom an overall
Maillard reaction perspective.

Besides histidingthe reaction scheme depicted\ign Lancker et al. (2010) has
rationalized the potential importance ofalanine as for carnosine tine pyrazine
synthesisBased on their schenje;alanine the Nterminal amino acid of carnosine, can
directly interact with the dicarbonyl compoutddinitiate the productiof| -
aminoketonesHowever] -position of the amino groumay render the behaviors of this
amino acid ad its related peptides différom those of alanine artiederived peptides
in the Maillard reactionSo far,volatile compounds from Maillard reactions ofalanine
have not been reportedien & Nawar (974a,b) found thatmodes othethermal
decompositiorof alanine and -alaninewere significantly different from those of valine,
leucine, and isolecine. Also,l -alanineappeared to decompose at lower temperatures as
compared to alanine (Lien & Nawar, 1934). Inclusion ofMaillard reactions df -
alaninein the futurestudymay help to validatéhe reaction mechanisrhypothesized by
the previousresearchersn short, data from this study showsat carnosine, of which the
concentratio employeds close to what imaturallypresent in fresh meat, still htge

capability to produce flavor compounds by acting as agetmalonor in the Maillard
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reaction Neverthelesdurther work is needed to elucidate tleaction mechanisntf
carnosine, or other low MW peptides,theMaillard formation ofaromacompounds, as
well asto determine the degree fiéivor contribution of these peptides to the alker

sensorympressiorof meat foods.

5.4.6. Reactantspecific volatileproducts.

3-methyt2, 5piperazinediongcompounds3) (Appendix I, Figure 11).
Compoundé3was only present in the RGi&action mixtureand it was tentatively
identified as 3methyt2, 5piperazinedione in the GMIS analysis. 3nethyl2, 5
piperazinedionés considered as a DKP producttbédipeptide CysGly duringGSH
degradation. Ueda, et al. (199@portecthat thethermal degradation @&SH in buffer
soluionsat low pHmainly gave rise tayclic (CysGly) (3-mercaptomethy?, 5
diketopiperazine) and-6xoproline Ho et al. (2008bbserveda more complex profile
from GSHdecompositionwhich included residue GSH, GSH with a thiazoline ring,
GSH disulfide, GSHCys-Gyl, and pyroglutamic acidn Maillard reactions, mode of
GSH fragmentatiohas been explored by Wang et al. (2012) usiogel systems
containing xylose, thiamin, and a mix¢uofdifferent combinations of GSH, GSH
constituted amino acigdsr dipeptide Cys5ly (with/without glutamic acid)ln their
study,3-methyt2, 5piperazinedione was exclusively detectethie modekystem
containing GSHhoughcyclic (Cys-Gly) was produaed in all systemstudied It was
suggested thdahedipeptide CysGly could undergo intradielar cyclization to form
cyclic (CysGly) which after the removal ahethiol group cargive rise to 3methyt2,

5-dipiperazinediongWang et al., 2012)
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2-acetylpyrido [3, 4d] imidazole(compounds5). Among a range of volatile compounds
identifiedin the current study2-acetylpyrido [3, 4d] imidazolewasonly isolatedin the RC and
RCH systemslts absence in the RCA modelactioncould be possiblgaused byhe different
extraction methodlhe formation oR-acetylpyrido [3, 4d] imidazolein the Maillard reaction
was firstly recognized by Gi & Balt€4993)in their modelsystemscontaininga mixture of
glucose and histidinender both aqueous addy roasted condition3.he gasfragmentation
pathways of this compoundeneinvestigated in their later study (Gi & Baltes, 1998)e
researcherdepictedthat starting from the molecular ionwz161, the separation of GAO from
the structure gave bag peak oim/z119 which after derotonation or protonation formed
fragmentation ionsn/z118 orm/z120. Alternatively, the removal of CO and rearrangement of
the terminal methyl group could lead to the ion massl33 (Appendix Il , Figure 12).

As proposed by Yaylayan & Haffendé2003) the formation mechanism of imidazoles
in theMaillard reactioncan be generalized by the incorporation of nitrogen atoms to-sugar
derived intermediatefs -hydroxycarbonyls & -dicarbonyls)via the generatiorof| -
aminocarbonybr Amadori intermediates. Theroductionof| -aminocarbonyls can be achieved
either from the Strecker degradation of amino acids|withcarbonyls, or from the Amadori
rearrangement ¢f-hydroxycarbonyls with Nkl At this point, there aréwo thingsdeserved to
be highlighted heréAccording toNovotnyet al.,(2007) | -dicarbonyl and -hydroxycarbonyl
compoundgormedfrom sugar degradatiain the aqueous solutiareinterchangeabldn
addition, -aminocarbonyprecursorsequiredfor the generatioonf imidazolesare shared bthe
otherheterocyclicvolatile compounds, such as pyrazines, pyrroles, and oxazoles, in their
respective Maillard formation pathways (Yaylayan & Haffenden, 2008jler such

circumstancg, competitionbetween the formations obrresponding intermediapgecursors
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coulddetermine the finadlistributiors of thesearomacompoundsBased on the scheme
proposed by Gi & Baltes (1993), the formation edctylpyrido [3, 4d] imidazole from
reaction of histidine and glucose washievedhrough the Strecker degradation of
histidinewith pyruvaldehydePyruvaldehyde is a weknown sugar degradation product.
By means of retr@ldo reaction, theformationof this dicarbonyl compound was
considered via ddeoxyglucosone frorglucose(Gi & Baltes, 1995)and 3deoxyosone
from ribose(Rizzi, 2004)

Taking intoaccounthe amino acid¢omposition of carnosine, the formatioh2-
acetylpyrido [3, 4d] imidazolein our carnosine model systewsud be reasonable
Giventhe factthatthe| -amino group of histidine islocked in the case of carnosine,
hydrolysis of this peptideight occur upon reactiorts allow the interactiobetween
histidine and dicarbonyl compoundsowever, owing to the limited informatiaf
peptides in the Maillard reactioather reaction mechanismslated tahe formation of
this imidazolecompoundshould not bexcluded It is notable that-acetylpyrido [3, 4d]
imidazole wasalsoisolated fom the volatile fraction of heated tuna meat in the presence
of glucosg(Gi & Baltes, 1993)It mayagainindicate the potentiamportanceof this

compound in foods that are rich in histidine or histidielated constituents.
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Chapter 6. Conclusions

In this study, key volatile compounds associated witbkedmeat flavors were analyzed
from the Maillard model systems containing ribose lamdMW peptices,in this case
carnosine, GSH, and dipeptide G$y, at expectecconcentratioeand a physiological pH
condition related téreshmeat.Nitrogencontaining heterocyclic volatile compounds dominated
in the reation systems of carnosine, whitlfur-containing heterocyclic volatile compounds
were generated in thmodelsystemscontainng GSHor Cys-Gly. Severakyclic polysufides,
which have not been reported frahe Maillard reactiorf peptideswere fourd in our
riboseGSH systemTheformationsof 2-acetylpyrido B, 4-d] imidazole asa histidinespecific
Maillard reaction producgnd3-methyt2, 5-piperazinediongasa DKP product ofGSH
degradation, were also suggestethis study Taking into consideration the release of a great
number of low MW peptides from the muscular proteins during meat storage, the impact of
peptides on thénal sensory quality of meat and related products by actingasinogroup

donors in the Maillardaaction could have been overlooked.
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Chapter 7. Further Work s

Due to the inherent limitations of our currembdel systemdurther improvement
of the studywasto be mentioned in this sectidn.addition potential extension of the
work toother facetselated to food chemistry admological significance of low MW

peptidesvasto be briefly suggested.

7.1. Study Improvement

7.1.1.Buffer. The use of buffeand its amount werehoices of less certaintyit is
establishedhat meat itself has high buffering capacity, and pH variationssarally
minor after cooking(0.2-0.5 pH unitsYMeynier & Mottram, 1995)In addition pH
changesn unbufferedmodel systems tend to belativelylarge aftethereactionsand it
couldhavea significantimpacton the formationof VOCs.Therefore anaddition of
buffer before reactions is generally considered in model sysBased on thengvious
studiesin order toachieve an established pH valedher the reactant mixture was
directly dissolvednto the buffer solution, or they were fingtinixed with water to a
desigred volumeandadjusted by the buffafterwardsin our model systems of GSH
and CysGly, sodium phosphate wagplied inthereactant mixtureafter theywere
dissolved in 110 or 150 mL watdResultsof pH changeg¢Table 3) showed thatthe
bufferingcapacity introduceth this way was not sufficieno manipulate pH variations
within the natural rangef meat after cookingherefore theamount of buffeuseshould
be reconsidered in the future stutipwever takinginto account the catalytic effect of
buffersonthe Maillard reactiorfde Kok & Rosing, 1994 the decision should be made
in cautionin pursuit ofneutralizingpH effectson the model systenm one hand, and

retaining the natural manner of peptides in the Maillard reaction on the other hand.
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7.1.2.VOC identification. Identitiesof certain volatile compoundsnnot be
finalizedowing to the lack of LRI reference and/or limitationtleé current ¢kane
standard (&Cz0). Thereforethe use oinexternal alkane reference with a higher
measuring toleranamuldfacilitate thedetectionof volatile compounds eluteat the
early/late phase dimg GC separatiorin addition, usinguthentic pure compoundsC-
MS/MS, andor NMR areof valueto afford definite identificatiorf the entative

compounds.

7.2. Study Extension

7.2.1 Comparison of VOC formation from model systems between sugar/peptide
and sugar/free amino acid mixture.To date, an agreement on the reactivity of peptidésein
Maillard reactiorhas notyetachieved. Despite of the external factors built in a model system,
the nature of peptides seems tgheticularlyimportant fortheir manners in thslaillard VOC
formation. It is apparent thahe degreef peptide reactivity varied depending on the chosen
parametersBased on our work, future endeavors tate placdgo examinethe efficacy of low
MW peptides in comparison to their corresponding free amino acids farthation of
pyrazines or othezssentiahromacompounds. Model systems containing ribose and carnosine

or a mixture of -alanine and histidine can lestablishedn this case.

7.22. Use of labeled isotopic reactants in Model Maillard reaction systems.

Sugar/peptide reactiond he use of labeled isotopic reactants in model systems
has several implications, such as tracing the origins of volatile compounds, facilitating
the establishment of their formation pathways, as well as elucidating the behaviors of
peptides in the Maillardeaction.In the case carnosine, the question of whether the

generation of pyrazines was through the symmotide intermediage( -aminoketone
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formation)or the Strecker degradation of peptdkyived amino acid@eptide
hydrolysis) or both can be pa#bly clarified with the respective degree of contribution
being evaluated.
Model Maillard reaction systems containing reducing sugars, peptides of
guestion, and their corresponding free amino acid mixturd®. examine the
competition between small peptides and free amino acids towards the formation of key
volatile compoundsnodel systems containing a mixture of peptides and tbestituted
amino acidgwith either peptides or amino acids labeled)eactons with reducing
sugarscan provide a visualizetbmparison othe kind and abundance of volatile
constituents (labeled/unlabeled) generated frontdnesponding amino compounds
Addition of peptides in a thermareated meat systerisingmodel systemmis
far too simple to imitate whatould happen imaturalmeat gstemsupon cooking. In
order to study the actual degree of flavor contribution of low MW peptides to meat fla
developmentknown amourgof peptide (labeled)can beadded into the meaasples
prior to thermal treatment€omparison of the quantities of volatile compounds
identified from the control and the system with peptide added affords a better

understandingf flavor potentialsof the peptide.

7.2.3 Analysis of nonvolatile compounds from Maillard reaction systems
containing low MW peptides using L C/GC-MS and related techniques

Under cooking conditionsDiketopiperazines (DKPs) aogclic dipeptidecompounds
generateeitherfrom thecyclodehydration of two amino acids from theintramolecular
cyclizationof dipeptides which can beydrolyzed products dinearpoly-peptides or proteins

(Ginz & Engelhardt, 2000)he formationof DKPsin several thermaireated foodandin the
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modéd Maillard reaction systems @kptides have been repor{ginz & Engelhardt, 2000;
Rizzi, 1989;Xu et al., 2013)Yang et al., 2012)Analysis ofthe possible érmationpathwaysof
DKPscan provide mechanistevidence fothe cleavagef peptide bondoligopeptides)ipon
reactiors. From a food point of viepwDKPs arenovel taste constituentiie to their bitteress
However thebiological activities of some ghesecompounds (such as cyclic H&0)may
render them a potential heatibk, which is still a field of littleexploration Thereforethe
gualitative and quantitative analysis of DKPs frbtaillard reactions of peptideuld be a
source of referend® food manufacturers in purswait products with high sensory quality and
safety assurance.

Under physiological conditionsat pH 7.4,373 ). Further analysis of nen
volatile intermediariefrom Maillard reactios of low MW peptidesand glucoseinder
thephysiological conditioomay facilitate the identification of stable biomarkers where
functional peptides may be lost as amino donors.

The ron-enzymaticglycationof reducing sugar® theN-terminus anémino
acid side chaisis one of the most common pesanslation modifications of amino
acids, peptides, and proteinsvimo (Muscat, Pischetsrieder, Maczurek, Rothemund, &
Minch, 2009)It starts with the formation of a Schiff base followed by the rearrangement
into AmadorioHe yns 6 product s. S udxislaiveeactionsgoex i dat i ve ¢
rise to a great number ofactive carbonyintermediatesvhich canfurtherreactwith
peptides oproteinsto formirreversible adductasually knonwas advancedlycation
endproductsAGEs)(Zhang, Ames, Smith, Baynes, & Metz, 200Bhe AGE
accumulatioron longlived proteingnvolvesin the progression of agelated disorders

and complications of some of the chrodiseass. The detrimental effecisduced by
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AGEs are not onlyhroughthe alternation of protein integrity, but also through the
involvement in neurological and signaling pathwéyinch, Thome, Foley, Schinzel, &
Riederer, 1997)Depending orthe nature of the amino compounds as wellreesstabiity
of AGE products, indications dflaillard reactios in the physiologcal level haveseveral
facets. ®meresearchersonsidered that AGE formation could lead to modifications in
cellular metabolism whetine peptides gproteinsinvolvedwerebiologically significant
(Zeng & Davies, 2005) (as in the case of GSH and possibhGBys Whereasome
suggested that the formationrefatively inert AGEs from certain peptides colidit

the potential damages caused by the browning reactions of glycatedgitevo
(Ahmed, Thorpe, & Baynes, 1986) (as in the case of carnosine).

AGEs formed from the glycation of reactive carbonyls to the side chains of lysine,
arginine, and cysteine residues of peptigedproteins, or fronthe oxidative
degradation of retad Amadoradducts haveeen charaetized inbothvitro andvivo
(Ahmed et al., 1986; lijima, Murata, Takahara, Shinkichi, & Fujimoto, 2d66g &
Davies, 200k Specifically,Zeng & Davieq2005)identifieda stable adduc&
(carboxymethyl)cystein€CMC), from the incubation o§lyoxal withthiol-containing
amino acids (cysteine), peptides (GSH), and profereatine kinase and human serum
albumin)respectivelyunder the physiological conditiomhe authorpointed outhat
CMC couldbeasensitiveand uniquébiomarker for the glycation reactioos proteinsn
biological systemdn addition,the cysteineresiduewasa favorablegylycation site foithe
carbonyl materialglue to its stronger nucleophilic capaatympared tdysineor

arginine(Zeng & Davies 2005) Moreover the formation ofCMC is attheexpense of
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GSH deposit and the integrity of thidependent enzymes, which in turn leads to a range of
negative cellular responsasthe physiologicdevel (Zeng & Davies, 2005).

For carnosinef(-alanytL-histidine), kesides its strong buffering and antioxidant
capacitiesit is alsoconsidered aan effective antglycation agensinceit can be readily
glycatedin the presence dfiological sugargHipkiss, Michaelis, &Syrris, 1995)Hipkiss et al.
(1995)proposed that the protectiedfectof carnosine against sugarediated crosslinking on
proteinscouldbedueto its comparable amino acid sequencd.ys-His which wadelieved to
be aprefeableglycatingsite.Hobat, Seibel, Yeargans, & Seidler (200&rified that the
imidazolium group of histidine in caronsim@asthe prime chemical constituergsponsible for
the anticrosslinkingperformance of this dipeptid®ther esultsthat wereworth mentioning
from their studyincludel).f -alanine itselfvasan effective antiglycator athigher
concentratiog indicating theamportance of the primary amine at thgositionfor the
protective effect of this amino acid). theanti-crosslinking activityexerted by histidine was
greater than that of carnosinehereason fof -alanylation of histidineould bepresumablya
selectionby evolutionwhich could protectistidinefrom protein synthesis.

Much evidencehassuggested that there could be more ta@ biochemical mechanism
accounting for the antilycation property of carnosineeBides acting as a competitive glycation
site for sugars to form nemutagenicAGE productgHipkiss et al., 1995)arnosinenay also
serveas a tranglycation agent bywegsing the glycated proteins at the early s{&psvergold,
2005) To date attention on thether hstidine-containing dipeptides, such as anserine,
homocarnosine, and homoanserimasarisendramaticallydueto their closely related structures
andsimilar biological functiongBoldyrev & Severin, 1990More recentlytheidentificationof

carnosine, anserine, and homoanserine in thestasghter chicken sampleserstoragenas
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achievedn our laloratoryusing LGQTORMS (Aliani, unpublished dajaNeitherthe
glycated forns of carnosine oits analogue dipeptides of biological origin have been
identified, norhavetheir biological significancend therapeutic indicatidmeen fully
elucidatedFutureinvestigationin this fieldis of great promise to develmtrategies for

theprevention and treatmeat AGE-related complications arttiseases.

7.3. Other applications
7.3.1. Gas ChromatographyOlfactometry (GC-O). It can be useds a
complementary technique in combination with-GIS to screen out the potent odorants
from a model system. GUIS is a concentratieeensitive tool to identify the volatile
compounds separated in a gas chromatogram, however, it cannot differentaitertae
compounds from a pool of volatiles. Hence, compounds that are high in aroma quality but
low in concentrations may not be effectively picked up by this method. The use®©f GC
coupled with AEDA method can facilitate the identification of aroma activepounds
with their flavor potentials evaluated by FD factdrsthis study, GEO can be used to
evaluate the aroma characteristics of the detected VOCs with unknown flavor properties.
7.3.2. Pyrazinone formation from Maillard reactions of peptides.Pyrazinones
are peptidespecific volatile products whose formations from the reactions of peptides
with reducing sugars or dicarbonly compounds have been reported (Van Chuyen et al.,
1973; Oh, Shu, & Ho, 1992). However, they were absent under the studietiorordi
this point, information of pyrazinones regarding their natural presence in foods, as well as
the potential flavor and healiimplicationsis scant. Further study is of great need to

expand the knowledge in this field.
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APPENDIX I.

Summary of VOCs Reported in Cooked meat & Meat Products and Also Found in the
Current Model Systems.

Table 1. Hydrocarbons.

Hydrocarbons

Meat systems

References

3-Methylhexane
@

sousvidecooked lamb

Roldan et al. (2015)

Methylcyclohexane

@)

sousvide cooked lamb
Fried chicken
Canned beef stew

Roldan et al. (2015)
Tang et al. (1983)
Peterson et al. (1975)

Boiled chicken
High-pressure cooked beef
Roasted chicken

Roasted beef

Roasted pork

Water boiled & roasted duck

Nonaka et al. (1967)
RivasCafiedo et al. (2011)
Noleau & Toulemonde (1986)
Min et al. (1979)

Xie et al. (2008)

Wu & Liou (1992)

Toluene 8) Smokedfish Guillén & Errecalde (2002)

(Methylbenzene) Fried chicken Tang etal. (1983)
Cooked beéf Leo & Ames (1986)
Cooked pork Estevez et al. (2003)
Cooked salmoh Methven et al. (2007)
Cooked turkey Brunton et al. (2002)
Canned beef stéw Peterson et al. (1975)
sousvidecooked lamb Roldan etal. (2015)
Roasted chicken Noleau & Toulemonde (1986)
Water boiled & roasted duck Wu & Liou (1992)

Ethylbeneze4) Smoked fish Guillén & Errecalde (2002)

Cooked beéf
Canned beef stéw

Leo & Ames (1986)
Peterson et al. (1975)

o/m/p-Xylene 6)
(1, 2/3/4
Dimethylbenzene)

Boiled chicken
sousvide cooked lamb
Roasted chicken
Roasted beef

Water boiled & roasteduck
Smoked fish

Fried chicken

Cooked beéf

Cooked pork

Cooked salmoh
Canned beef stéw

Nonaka et al. (1967)
Roldan et al. (2015)
Noleau & Toulemonde (1986)
Min et al. (1979)

Wu & Liou (1992)

Guillén & Errecalde (2002)
Tang et al. (1983)

Leo & Ames(1986)
Estevez et al. (2003)
Methven et al. (2007)
Peterson et al. (1975)

Styrene §)
(Ethenylbenzene)

Roasted chicken
Roasted beef
Roasted pork
Smoked fish
Fried chicken
Cooked beéf

Noleau & Toulemonde (1986)
Min et al. (1979)

Xie et al. (2008)

Guillén & Errecalde (2002)
Tang et al. (1983)

Leo & Ames (1986)
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Hydrocarbons

Meat systems

References

Limonene 21)

Boiled chicken
Roasted chicken
Roasted beef
Roasted pork
Smoked fish
Fried chicken
Cooked beéf
Cooked pork
Cooked turke

Nonaka et al. (1967)

Noleau & Toulemonde (1986)

Min et al.(1979)

Xie et al. 2008Flora, green, sweet
Guillén & Errecalde (2002)

Tang et al. (1983)

Leo & Ames (1986)

Estevez et al. (2003)

Brunton et al. (2002)

1,2,3/1,2,4/1,35
Trimethylbenzene
(8, tentative)

Boiled chicken
Roasted chicken
Boiled & roastedduck
Roasted beef

Nonaka et al. (1967)

Noleau & Toulemonde (1986)
Wu & Liou (1992)

Min et al. (1979)

1-Ethyl-2/3-
methylbenzene
(8, tentative)

Roasted beef
Cooked salmoh

Min et al. (1979)
Methven et al. (2007)
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Table 2.Aldehydes & Ketones.

Aldehydes &
Ketones

Meat systems

References

Heptanal 20)

sousvidecooked lamb
Steamed fish

Boiled chicken

Boiled beef

Chicken broth
High-pressure cooked beef
Roasted chicken
Roasted beef

Water boiled & roasted duck
Roasted duck

Roasted pork

Grilled goat meat
Boiled, roasted, & grilled
pork

Smoked fish

Fried chicken

Cooked beéf

Cooked pork

Cooked salmoh

Canned beef stéw
Cooked beéf

Roldan et al. (2015)

Tao et al (2014hutty, burnt
Nonaka et al. (1967)

Gasser & Grosch (198@yeen, fatty,
oily

Horvat (1976)

RivasCafiedo et al. (2011)
Noleau & Toulemonde (1986)
Min et al. (1979)

Wu & Liou (1992)

Chen et al. (2009heesy, fatty
Xie et al. (2008)Green, roasted, sweet
Madruga et al. (2009)

Mottram (1985)

Guillén & Errecaldg2002)

Tang et al. (1983)

Leo & Ames (1986)

Estevez et al. (2003)

Methven et al. (2007)

Peterson et al. (1975)

Machiels et al. (2003yuity, nutty

2, 4
Pentanedione
(13, tentative)

Roasted chicken
Cooked beéf

Noleau & Toulemonde (1986)
Leo & Ames(1986)

sousvidecooked lamb
Steamed fish
High-pressure cooked beef
Roasted chicken

Roasted beef

Roldan et al. (2015)

Tao et al. (2014)
RivasCafiedo et al. (2011)
Noleau & Toulemonde (1986)
Min et al. (1979)

3-Hydroxy-2- Roasted pork Xie et al. (2008)puttery, sour
butanone 11) Roasted duck Chen et al. (200Q)uttery, sour
(Acetion) Smoked fish Guillén & Errecalde (2002)
Grilled goat meat Madruga et al. (2009)
Cooked beéf Leo & Ames (1986)
Cooked salmoh Methven et al. (2007)
Canned beef stéw Petersoret al. (1975)
Boiled mutton Nixon et al. (1979)
Chicken broth Horvat (1976)
Steamed fish Tao et al. (2014bitter, almond,
High-pressure cooked beef woody, burnt
Roasted chicken RivasCafiedo et al. (2011)
Roasted beef Noleau & Toulemonde (1986)
Roasted pork Min et al. (1979)
Benzaldehyde Water boiled & roasted duck Xie et al. (2008)yoasted almond

(21, tentative

Roasted duck

Smoked fish

Boiled, roasted, and grilled
pork

Fried chicken

Cooked beéf

Cooked pork

Cooked turkey

Wu & Liou (1992)

Chen et al. (200%9Imond
Guillén & Errecalde (2002)
Mottram (1985)

Tang et al. (1983)

Leo & Ames (1986)
Estevez et al. (2003)
Brunton et al. (2002)
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Aldehydes & Meat systems References
Ketones

Cooked salmoh Methven et al. (2007)
Canned beef stéw Peterson et al. (1975)
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Table 3. Phenols.

Phenols Meat systems References
Steamed fish Tao et al. (2014)
High-pressure cooked beef RivasCafiedo et al. (2011)
Roasted chicken Noleau & Toulemondé&986)
Roasted beef Min et al. (1979)
Phenol 24) Smoked fish Guillén & Errecalde (2002)
Fried chicken Tang et al. (1983)
Cooked beéf Leo & Ames (1986)
Canned beef stéw Peterson et al. (1975)
Chicken broth Gasser &Grosch (1990phenolic
2/3/4 Boiled beef Kerscher & Grosch (1997)
Methylphenol Roasted chicken Noleau & Toulemonde (1986)
(25) Roasted beef Min et al. (1979)
(o/m/p-Cresol) Smoked fish Guillén & Errecalde (2002)
Grilled goat meat Madruga et al. (2009)
2,4-Bis(1,1- Steamed fish Tao et al. (2014paint
dimethylethyl} Smoked fish Guillén & Errecaldg2002)
phenol 7)
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Table 4. Furans.

Furans

Meat systems

References

Furfural 28)
(2-Furaldehyde)

Boiled mutton
Roasted beef
Roasted pork
Roasted duck
Grilled goat meat
Cooked beéf
Cooked salmoh
Canned beef stéw

Nixon et al. (1979)
Min et al. (1979)

Xie et al. (2008pweet, caramelike
Chen et al. (2009Imond, pungent

Madruga et al. (2009)
Leo & Ames (1986)

Methven et al. (2007)
Peterson et al. (1975)

2-Acetylfuran
(30)

(2-Furyl

methyl ketone)

Boiled mutton
Roasted chicken
Roasted beef
Grilled pork
Smoked fish
Shallow fried beef
Cooked salmoh
Canned beef stéw

Nixon et al. (1979)

Noleau & Toulemonde (1986)
Min et al. (1979)

Mottram (1985)

Guillén & Errecalde (2002)
Watanabe & Sato (1972)
Methven et al. (2007)
Peterson edl. (1975)

2-
Furanmethanol
(29

(Furfuryl
alcohol)

Roasted chicken

Water boiled & roasted duck
Roasted duck

Roasted pork

Fried chicken

Cooked beéf

Canned beef stéw

Noleau & Toulemonde (1986)
Wu & Liou (1992)

Chen et al. (2009)urnt, mild
Xie et al.(2008)

Tang et al. (1983)

Leo & Ames (1986)

Peterson et al. (1975)
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Table 5. Sulfur-containing VOCs.

Furanthiols & Meat systems References
Thiophenes
Tetrahydre2/3- Boiled beef Garbusoy et al. (197%)
methylthiopheng32)
Chicken broth Gasser & Grosch (1998)lfurous
Chicken broth Horvat (1976)
Boiled chicken Nonaka et al. (1967)
Boiled mutton Nixon etal. (1979)
2/3-Methylthiophene Pressurecooked beef Wilson et al. (1973)
(33 Roasted chicken Noleau & Toulemonde (1986)
Roasted beef Min et al. (1979)
Grilled goat meat Madruga et al. (2009)
Fried chicken Tang et al. (1983)
Cooked beéf Leo & Ames (1986)
Mercaptoacetone3d) Canned pork Uchman & Jennings (1977)
(Mercaptopropanone)
Boiled beef Gasser & Grosch (198&)eatlike, sweetsulfurous
Chicken broth Gasser & Grosch (199 eatlike, sweet
Boiled beef Kerscher & Groscl(1997)

2-Methyl-3-furanthiol
(39

Boiled beef, pork, lamb, & chicken
Steam distillate of canned tuna

Pressurecooked chicken
Roasted beef
Roasted duck

Kerscher & Grosch (1998)

Withycombe & Mussinan (1988htense, pleasant,
Aibeef extracto ar oma
Far kag e meatylsweet( 1997)

Min et al. (1979)
Chen et al. (2009neaty, vitamin

2-Furfurylthiol (36)

Chicken broth

Boiled beef

Boiled beef, pork, lmb, & chicken
Pressurecooked chicken
Roasted chicken

Roasted beef

Roasted duck

Grilled goat meat

Grilled pork

Cooked salmoh

Gasser & Grosch (199@pasted
Kerscher & Grosch (1997)
Kerscher & Grosch (1998)

Far kag e toasted, coffefgl 99 7)

Noleau &Toulemonde (1986)

Min et al. (1979)

Chen et al. (2009pasted, coffedike
Madruga et al. (2009)

Mottram (1985)

Methven et al. (2007)

Dihydro-3(2H) Pressureooked beef Wilson et al. (1973)
thiophenoned7)

Dihydro-2-methyk Pressureooked beef Wilson et al. (1973)
3(2H)-thiophenone Grilled pork Mottram (1985)

(39 Cooked salmoh Methven et al. (2007)

2/3 Chicken broth Gasser &Grosch (19903ulfurous
Thiophenecarboxalde Boiled mutton Nixon et al. (1979)

hyde @0) Pressureooked beef Wilson et al. (1973)

QI3 Cooked salmoh Methven et al. (2007)

Formylthiophene)

Canned beef stéw

Peterson et al. (1975)

2/3
Thiophenemethanol
(44)

Pressureooked beef

Wilson et al. (1973)
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Cyclic polysulfides

Meat systems

References

Lenthionine 60)

Cooked ham
Boiled mutton

Thomas et al. (2014)
Nixon et al. (1979)

HexathiepaneH1) Boiled mutton Nixon et al. (1979)
Thiazoles Meat systems References
Pressurecooked beef Wilsonet al. (1973)
) Roasted chicken Noleau & Toulemonde (1986)
Thiazole 81) Fried chicken Tang et al. (1983)
Cooked beéf Leo & Ames (1986)
Cooked salmoh Methven et al. (2007)
Steamed fish Tao et al. (2014ineaty, roasted, nutty, sulfurous
Boiled beef Gasser & Grosch (1988)
Chicken broth Gasser & Grosch (1990pasted
Pressureooked beef Wilson et al. (1973)
Water boiled & roasted duck Wu & Liou (1992)
Roasted duck Chen et al. (2009)opcorn
2-Acetylthiazole 41) Roasted pork Xie et al.(2008)
Grilled goat meat Madruga et al. (2009)
Boiled, roasted, & grilled pork Mottram (1985)
Cooked beéf Leo & Ames (1986)
Cooked salmoh Methven et al. (2007)
Cooked beéf Machiels et al. (2003)urnt, onion
Boiled beef Gasser & Grosch (198®yridine-like, metallic
Boiled, roasted, & grilled pork Mottram (1985)
Pressurecooked beef Wilson et al. (1973)
Roasted pork Xie et al. (2008)
Benzothiazol€47) Roasted duck Chen et al. (2009ubbery, musty

Grilled goat meat

Shallowfried beef
Canned beef steéw
Cooked beéf

Madruga et al. (2009)
Watanabe & Sato (1972)
Peterson et al. (1975)

Machiels et al. (2003burnt, meaty
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Table 6. Pyrazines & Pyridines.

Pyrazines & Pyridines

Meat systems

References

Pyrazine $3)

Steamed fish
Pressureooked beef
Grilled goat meat
Fried chicken
Cooked beéf
Cooked salmoh

Tao et al. (2014)
Mussinan et al. (1973)
Madruga et al. (2009)
Tang et al. (1983)
Leo & Ames (1986)
Methven et al. (2007)

2-Methylpyrazine 56)

Chicken broth
Steamed fish
Pressureooked beef
Roasted chicken
Roasted pork
Roasted duck
Grilled goat meat
Boiled, roasted, and
grilled pork
Shallowfried beef
Fried chicken
Cooked beéf
Cooked salmoh
Canned beef stéw

Horvat (1976)

Tao et al., (2014)
Mussinan et al. (1973)
Noleau & Toulemonde (1986)
Xie et al. (2008popcorn
Chen et al. (2009)opcorn,
roasted

Madruga et al(2009)
Mottram (1995)
Watanabe & Sato (1971)
Tang et al. (1983)

Leo & Ames (1986)
Methven et al. (2007)
Peterson et al. (1975)

2, 5/6Dimethylpyrazine
(58)

Pressurecooked beef
Roasted chicken
Roasted duck
Roasted pork
Roasted duck
Grilled goat meat
Boiled, roasted, and
grilled pork
Shallowfried beef
Fried chicken
Cooked beéf
Cooked salmoh
Canned beef stéw

Mussinan et al. (1973)
Noleau & Toulemonde (1986)
Wu & Liou (1992)

Xie et al. (2008popcorn,
roasted

Chen et al. (2009pasted
Mottram (1995)
Madruga et al. (2009)
Watanabe & Sato (1971)
Tang et al. (1983)

Leo & Ames (1986)
Methven et al. (2007)
Peterson et al. (1975)

2-Ethyl-3/5/6-
methylpyrazine §1)

Pressurecooked beef
Roasted chicken
Roasted duck
Grilled pork

Grilled goat meat
Shallowfried beef

Mussinan et al. (1973)
Noleau & Toulemonde (1986)
Wu & Liou (1992)

Mottram (1995)

Madruga et al. (2009)
Watanabe & Sato (1971)

Pyridine 64)

Roasted chicken
Grilled goat meat
Fried chicken
Cooked beéf
Cooked pork
Cooked salmoh
Cannedbeef stew

Noleau & Toulemonde (1986)
Madruga et al. (2009)

Tang et al. (1983)

Leo & Ames (1986)

Estevez et al. (2003)
Methven et al. (2007)
Peterson et al. (1975)
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Pyrazines & Pyridines Meat systems References

Roasted chicken Noleau & Toulemonde (1986)
o Grilled goat meat Madruga et al. (2009)
2/3/4Methylpyridine Grilled pork Mottram (1995)
(59 Fried chicken Tang et al. (1983)
Cooked beéf Leo & Ames (1986)
Roasted chicken Noleau & Toulemond¢1986)
Grilled pork Mottram (1985)
L Shallowfried beef Watanabe & Sato (1971)
2/3/4-Ethylpyridine 67) Fried chicken Tang et al., (1983)
Cooked beéf Leo & Ames (1986)
Cooked salmoh Methven et al. (2007)
2.3/2, 412, 5/2, 613, 413, Roasted chicken Noleau & Toulemonde (1986)
5-Dimethylpyridine 59) Grilled pork Mottram (1995)

Note: References werarranged in order based on the severity of thermal treatments from low heat to high heat; references
belong to the same type of treatments were not in order; references with superscripts were placed at the end.
@ Garbusoy et al. (1976)based on the reviearticle of Shibamoto (1980)

Cooking methods:

1 Cooked at a surface temperature of.0ér 2 min followed by 174 for 6 min.

2 Cooked to an internal temperature o88€r 10 min.

3 Cooked at 12% for 40 min.

4 Cooked at 190 for 20 min to an internal temperature 0B85

5Cooked at 124 for 75 min.

6 Steameepressure heating at 121for 20 min.

“Cooked at 158 in an oil bath for 25 min
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Table 7. Chemical structures of some of the heterocyclic compoun(tentatively) identified in
the peptide model systems in this Thesis.

Furfural (28)

2-Furanmethanol (29)

2-Acetylfuran (30)

~

07 T

HO

DJ

H,C o}
o% \;

tetrahydro-2-
methylthiophene (32)

2-methylthiophene (33)

Dihydro-3(2H)-
thiophenone
(37, tentative)

CH,
Sb

&

2-thiophenethiol (38)

2-thiophenemethanol
(44, tentative)

Dihydro-2-methyl-3(2H)-
thiophenone (39, tentative)
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s; \7
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APPENDIX II.

Mass Spectra of Selected VOCs ldentified in the Peptide Model Systems and the Related
References in GEMS Analysis.

Figure 1a. Compound 21 and Phenylglyoxal reference.
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Figure 1b. Compound 21 and Benzaldehyde reference.
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Figure 2. Compound 32 and Tetrahydre2-methylthiophene.
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Figure 3. Compound 34 and Mercaptoacetone.
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Figure 4. Compound 43 and 2Methyl-1, 3-dithiane.

[replib] 1,3-Dithiane, 2-methyl-

10 +
7
i
@2
B e 74
59
- - 1
2 w 136
4448 53 95 129
o 11| peeos2 LT L ||| A IMERS b ", 12 0 [| 139 144 148 12 158 TF 165 7o
40 50 A 70 ] a0 100 110 120 130 140 150 160 170
[Text File] 17,270 min, Scan: 854
PlotText of Search Spectrum /#_ Plot of Search Spectrum p,  PlotiText of Speo Ut 7
100 +
i
AH 119 5/\5
45 \\)
g0
1
46
a7
€9
4 5| [ o s 1%
@
76 a5 101 106 121
42 4 53557 || fe2 | g7 | 7 91‘
I ||4|4 | |5|5| [ P P [, | EIEI |9|3. S.9.|103|I‘ || .
a0 50 £0 70 g0 B 100 110 120 130 140 150 160 170

FlotiText of Hit Plot of Hit

147



Figure 5. Compound 45 and 1, Bithian-2-one.
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Figure 6. Compound 46 and dMethyl-3H-1, 2dithiole-3-thione.
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Figure 7. Compound 48 and1, 2, 3, 4] Tetrathiane.
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Figure 8. Compound 50 and Lenthionine.
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Figure 9. Compound 51 and Hexathiepane.
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Figure 10. Compound 60 and @Methyl-4(1H)-pyrimidinone.
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Figure 11. Compound 63 an®@-Methyl-2, 5piperazinedione.
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Figure 12. Compound 65 and 2cetylpyrido [3, 4-d] imidazole.

[mainlib] 2-Acetylpyrida[3,4-dJimidazole

1004 s 161
133
7
5
=
43 %
40 52 i 105 136
il \4,5 | 55 &8 BF 70 76 @ g5 | % 1, 11 125 1IN 148 152 157 ||164 185 N
a0 50 €0 70 @ @0 100 110 120 130 140 150 160 170 180 190
[Text File] 34.083 min, Scar: 1881
PlotText of Search Spactrum #_ Piot of Search Spectrum _J,_ Plat/Text of Spec Lt 7
100 9
©w
! P
43 "
54 2
g1 Sy,
w 133
52 -
40
||\ , I ‘ £ 7. 901 108 ,
10 50 €0 70 @0 a0 100 110 120 130 140 150 160 170 180 190

FlotText of Hit A Plot of Ht J

155



APPENDIX Il .
The Average Concentrations of Selected VOCs Identified in the Peptide Model Systems.

Chart 1. Compound 11.
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Chart 2. Compound 20
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Chart 3. Compound 21.
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Chart 4. Compound 28.
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Chart 5. Compound 30.
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Chart 6. Compound 31.
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Chart 7. Compound 40.
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Chart 8. Compound 41.
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Chart 9. Compound 56.
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Standard deviations are represented in the figures by the deviation bars attached to each colume.
ND: not detected in the correspondimgdel systems.
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