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(From “Thermal Generation of Aroma, in Flavour Development, Chapter 8- Analysis and
Perception in Food and Beverages, pp. 151-185, 2015, Elsevier Ltd.)
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8.2-- THE MAILLARD REACTION
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8.2.1 Basic Chemistry 0 oH 0 0
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Figure 8.1 Basic chemical reactions involved in the Maillard reaction.
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8.2.2 The early stage of the Maillard reaction
Hodge (1953) IR FEBV L E D AN ={BIFEES - :E=PEEE—
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8.2.2.1 The sugar-amine condensation
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8.2.2.2 The Amadori rearrangement
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Figure 8.3 Early stage of the Maillard reaction. @H@E
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8.2.3 The intermediate stage of the Maillard reaction
Hodge (1953)FTiEBYintermediate stage BIFEDSBE (5B

ARPs) VSRR S BRONK ~ FREBS#E e Strecker degradation g9
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8.2.3.1 Sugar breakdown and dehydration
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Figare 8.4 Emenmediase siage of the Maiflasd reaction — sugar breakdown. Hydroxypropanone (acetal)
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hydroxymethylfurfural (HMF)

|
4sy

/G

%%jj " = 2-furfural
. i formic acid =
Rk = IREE ormic aci o
. £ e, g - L& Glycer-
- ... aldehyde
s g . I/va.
D7 .
Acetaldehyde
PN ~?
3-butanedione
— T
anone om
: furaneo
B .~ Acetic acid
PREE o -
S o . T/ .r'kl/
ey e \T!/\\
« Pyranone » maltol

Figmre 84 Emermediate stage of the Maillard reaction — sugar breakdown. Hydroxypropanone (acetol)
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(1-DH) - BET AL @ IRIHS FEHxEhydroxycabonyl{t,
SYBIKIRIE ©
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Figure B8 Intermedione case of the Mailland neaclion — cagar beealkSown
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Disaccharides: {E##A [ER HAPSES - LEBEEEE « ESIER
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8.2.3.2 Strecker degradation
o- Z R E DB B S [ fE (F-AZ B S ) EEE IR » Strecker
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i g | I — O e = 2
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) aldehyde amincketong
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Q
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Figure 8.5 Intermediate stage of the Maillard reaction — amino acid breakdown (Strecker

degradation).
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o BRESLOVREREStreckerfEXE K H ¥ fEHIIZEEL(F8.1) ©

Table 8.1 The role of amino acids in the Maillard reaction”

Odour threshold”
Amino acid Strecker aldehyde Aroma (pg/kg)

Highly odour-active compounds

Valine 2-Methylpropanal Malty 0.5
Leucine 3-Methylbutanal Malty 0.5
Isoleucine 2-Methylbutanal Malty 1.5
Phenylalanine Phenylacetaldehyde Honey/rose 572
Methionine Methional Cooked potato 0.4

Reactive intermediates
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O Strecker [FRAMEREBREMDPEEDNKIR  BEEIE
B9 » serine ko threonine B AR IR LR IRENOV I » SEaE
#=Hpyrazines B pyrroles2fY o

OThe two most important amino acids for the
generation of savoury, meat flavour are
methionine and cysteine, both of which break down
to form reactive sulfur-containing intermediates,
and a vast array of potent sulfur compounds are
subsequently generated.

Glycine Formaldehyde
Alanine Acetaldehyde
Cysteine Acetaldehyde, ammonia
and hydrogen sulfide
Serine Glycolaldehyde
(CH,OH-CHO)
Threonine 2-Hydroxypropanal 18
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8.2.4 The final stages

Hodge (1953) BV 48R IRIBRE R IE » PTIAEHAPS EL B0 AEl
DB EEE (polymerisation) & BN IE » H5 B2 HR-IZHE
& (carbonyl-amine condensations) o SATM * P EAR PREIEYIFEES
REASROBREMBIEMNENEEES @ BLET &
SNRIE  BIERIELSRIADINMKIE » BEEESHE S (aldol
condensations) ~ ARIKADIBANAY, ©
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8.2.4.1 Formation of pyrazines

ILE 0% 28 (pyrazines) 2 StreckerfZ &2 AT 7 2= 69 W {8 A% Z B %8 (amino
ketones) BYHK-BLHE S M AN — LR (dihydropyrazine) - FR1&
BEACMERMI(ES.6 (8151) o

Glyoxal 2,3-butanedione
i 2,3-T

H 0 O CHs

L+ X

H™ ~0 0% “CH,
Strecker _Route! 2,3-dimethyl-
degradation dihydropyrazine pyrazine

H 0 H.N_ . CH, H Ny, -CHs o 8L H_ N_ _cH,
-

H ™ NH, 0% cH, H™ “N7 “cH, H? SN e,

p4v]

amino ketones
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EEX800 1 BB ZRESEM Y A - {Bpyrazines, Z PFTEStrecker
EERRTT BV ERESOIEE - PEINE IR H IZER
BYStreckerfFERM ANV P EE » & ERENRRIRELS ¥
BEAZER AT StreckerfFER M A ANBY S BE (SN R I BERAEE T4
1) ERE2-FETE - R3-PETEFHRARED BN
valine ~ isoleucine 2 leucine o

O 2,3-dimethyl-5-ethylpyrazine (5 ~E)EMBREOIEEEX ;
Ho B oJgERBIEEIRRYME RS _BER2,3-T —)
KRB ESETIE S REMMM(ES.6 (51K2) °
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’

S Tt 2,3-dimethyl-pyrazine
: H ~ CHL
i e S

2,3-dimethyl-5-ethyl-pyrazine

UEESIAERERESR | RRRKRSEREN6 - AELNER - IfBREE (22/60)

Route 2 RIEF L H(non-oxidative)iS1E » EHPEEBSOE
SIEHPERAE P —@ o ELAFEIMHISHRER -
SWESHINBIREL - i Strecker[FRE T AL PEE © EF
BRREAKEE DL EIE0

® Yaylayan fff5ERIApyrolysis GC-MSHT @ IBEEERDS
CEGERFIBETNEE o« 2 —BILEBEMAE] 0 O
SIS ZIREIGIB(I81E3) » B BB LB ZBE(HRBI
E8.6/f NWNEETSES MARL2-T —H - ©%02,3-T _&
eI EE MM AEEEVILIE o

Ho o — T 2N CH
B
H N CHL 22
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® YaylayanFifpyrolysis GC-MSDHT » B ZERBESZEZEINERBBHTIRT o 2 —RUMLIE
IRFURNAD © CBESHEE ZIREFSIB(I8143) » S BBIEEMN 2 _BE(B))(E8.6/2 )89
RSB EMAEML,2-T - ©A02,3-T ZEHE s B bR MM RAB R BVILLE o

Glyoxal B o5 . :1 2,3-butanedione
28" | e T | T2 TIW _—
s e Tt ——— I — T edop o
(amino ketones) . SRR~ s 2,3-dimethyl-pyrazine
Zi _-_"__»_c.j:r‘ij:; )
(amino ketones) 2,3-dimethyl-5-ethyl-

pyrazine

Yaylayan t#2H1,2- T — BRI =
DT ENBEIE3,4-C
(3,4-hexanedione) [ 2,3- — Z, & [k IE
(2,3-diethylpyrazine) £ 5% ; E BIRH
—IBMH - BN EREERAREE (S E
© B%2 E #£ 40 valine ~ leucine 3§
isoleucine) 1 & — B2 69> G /EFB
MiEHEER(E86T4) °

1278 L_ -+ Dé\cjzs-T:@@

HIC—CE,

i

Figure 8.6 Formation of pyrazines.

8.2.4.2 Formation of pyrroles and pyridines

MR IEE £ 5752 A AEIREY ) (heterocycles) + ELop —FFBIRIR
EEEMTRIZIES @ B TIFRITE0VEZ L o FIg0(A)
2-Acetyl-1-pyrroline: characteristic cooked rice or popcorn
note ~ (B) 6-acetyl-1,2,3,4-tetrahydropyridine: characteristic
white bread crust note o

FEBGEEESR Bproline R ornithine f& BYStrecker[FEREY .2
1-pyrroline » (B)#¥)'E 89 £ B, =2 B8 £ hydroxypropanone [i7 fE -
(A)¥)'E BI|ZE KD hydrated methylethylglyxoal [7 fE o

8.2.4.3 Formation of sulfur compounds

SR EYNENREEMREREPREMARER 2 —
HRI2REBRBVER o Chapter 9 is dedicated to thermal
generation of sulfur compounds.
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9.3 3| — LR BN ENEZRRRGFENEREMAERERDH
REENRIRRIE o ;ﬂﬁ?ﬁj& cysteine 2FRIIPLERIKDED
BIREME » BE L UEEINREMITEMERMNRESE
BIERY) - ,Hibﬁj,%[%?% methionine % S-methylmethionine (JE
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HS
00,

EHIRREE) -

Table 9.3 Aroma-active sulfur compounds from Maillard reaction

and their precursors in food

H
l Y\O - \(\NlCOOH — ! Y\N]

Compound

Precursor(s)

2-Acetylthiazole
2-Acetyl-2-thiazoline =
Dimethyl sulfide
2-Furanmethanethiol
Methanethiol
3-Mercapto-2-butanone
2-Mercapto-3-pentanone
3-Mercapto-2-pentanone
Methional
2-Methyl-3-furanthiol

Cysteine/monosaccharides
Cysteine/monosaccharides
S-Methylmethionine
Cysteine/ribose

Methionine/ monosaccharides
Cysteine/monosaccharides
Cysteine/ribose, thiamine
Cysteine/ribose

Methionine/ monosaccharides

Thiamine, cysteine/ribose

N COOH

2-acetylthiazolidine  2-acetyl-2-thiazoline
)~ Hy e e
) )

4 d b

Figure 9.2 Formation of 2-acetylthiazole (6) from t-cysteine (2) and methylglyoxal (3)
(Mulders, 1973).

HS

T:PY%N
0
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Table 9.2 Aroma-active sulfur compounds in thermally

processed foods (examples)

Occurrence (examples)

Compound Odour
2-Acetylthiazole @ Roasted
Dimethyl sulfide Sulfury,
tomato-
like
Dimethyl trisulfide Onion-like
2-Furanmethanethiol Coffee-like
Methanethiol Cabbage-
like
Methional Potato-like
2-Methyl-3-furanthiol Meaty
2-Methyl-3- Meaty
(methyldithio)furan
Methyl 1-propenyl Garlic-like
sulfide
4-Methyl-3-thiazoline Earthy, burnt
3-Mercapto-2- Meaty,
methyl-1-pentanol onion-like

Asparagus”, beef”, chicken®, pork”, salmon®,
sesame’
Asparagus’, potato®, tomato”

Beef", coffee’, cocoa', peanut”, pork”. potato®,

sesame’, shallots

Beef”, chicken®, coffee’, peanut”, pork",
salmon®, sesame’

Beef”, chicken®, peanut”, potate®, salmon®

Asparagus’, beef”, chicken®, coffee’. pork",
hazelnut", peanut®, salmon®, sesame’,
tomato”, potato®

Beef", chicken®, coffee’, pork’, sesame'

Beef”, cocoa’

Shallots’

Sesame'
Onion"
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a0

8.2.4.4 Aldol condensation

BEEEEETE M%W/iﬁ’%ﬁﬁﬁlﬂﬁ&%éﬁifﬁﬁﬂﬁ SEREIE BNREZ
— ERBZ ZIREL &Y (dicarbonyls) VI ZEE © MR T]
BERSIRTE GPF‘?F%B SERPTAE A BV HEEELE o TERGROVEMN
&ﬁ%f&ﬁﬂﬁ%ﬁz’ S ehStrecker[FRR R IEE B MBFTESE
NEEES SR BEBESIMENE -
BISEEEARBAN » BURRNEMBRILEMRERERER
BUEE %85 R BVERESEY) o Methylbutanals AR
ZFBR(malty) » 1571tk & A8 54 Al phenylacetaldehyde 2 & M 2 4= &8
EI5m ARSIEEY) o Bt - BEEERIG ORELL @ AREE
SIS 2IELY o
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8.2.5 Generation of taste compounds

One area of Maillard chemistry, which is rapidly expanding, is
isolation of taste-active compounds. Much of this work has
been carried out by the Hofmann research group.

O Maillard-modified nucleotides: &F¥0kenhancer @ W NHERIEEY
N2-(1-carboxyethyl)guanosine 5”-monophosphate (14) o ’“Fﬂ
,J%ﬁ_j\ﬁﬁﬁ']mulnmodal taste enhancers ?_7}<,§,{QEP,M 5'5
RBEIEH | E—(E38IR B4R D alapvrldaine (15)
, %%ﬁﬂiﬁ@ﬁww (hydroxymethyl-5-furfural)  FHEEBYRIY,
B BB SHRINGNENE ©
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a Hﬂ@ﬂcreatine%l]Maillard-derived dicarbonylsg{glyoxalz — &
methylglyoxal 5z — 5 2 09 2 FEEE & — RV LIEIS (1) T
o9 EY) 0 B Fa thick and sour mouth dryness and
mouth fullness to a model broth solution o

OMESHRILE s RMEZRIEEeo DB S
cyclotene % FRFZELBVIE TVIGHN = fE R IR » BRERBEEAE -
FRRZEE BV AR R EER EEIZRLE YD - Streckerﬁéﬁﬁ
EMBFRILEY o 0

O K K AL EE0E)R
3N ’ﬁﬁﬁﬁu@ (\/Q- <}“}_ é( ﬁ

228 —RIIBKRILE

(20) (21)

0 N e 0
1) 18352280 SR
N coou o
<, i O P {8 0.25 umol/kg ° N o (W
" /LN)\ Hoﬁ HO \/O/ n=120r3 ' j >_N 'y -
I 0 N¥ ! -0
HO—P—O/\T_f \ [ /o
OH Acoo (CHarcoo /
OHOH 29 (17 (22)
(14) (15) (16) Figure 8.7 Examples of Maillard-derived tasiants.
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8.2.6 Generation of antioxidants

There is accumulating evidence for the antioxidant properties of
Maillard reaction products (MRPs); thus, thermal processing
has another potential role in the control of flavour.

8.2.7 Generation of potentially harmful compounds

EMRIEEESREREIEY) BRI RIZERE R
CREVER - 8B BU%EEWE%FE@%EEEH&B’JEAZCP
BEEY)  BEMRELSELE —LWEBERENLEY -
‘tbLTﬁ/wﬁ °

O AEERAZ (acrylamide) : 7220025 S8 IR IOBYFSUMIE BV B IS
EVNEREBERG  SIESHFROEDT - RRIGERIZH
IARC (1994) BRFBRREIRENANFERZEEN)E » 20025 MR
REZRRNature » IBHE I RFEN{LEZT)IEES o
th# - SFZMEBRNRIETE T Z[IENE  BIBEFME
R FASSHE AR ERES o 31

MBI ISERE » (1) generic amino acid pathway: [E#8#x EBVE — T
C R FEME IR EY) - SRR RPIRBERZER 2 [ fE ~ 31T StreckerF 7
8955 —ZERMAZ AL Schiff base TEKEEfF’ﬁREJmEQE’] Schiff base BY34f%
AE - WMEFSARGEERZ © (2) specific amino acid pathway © BEE
glucose-asparagine Schiff baseJIZEY, @ #23BARPEVTZ RS R 4BOVER S 1L, ©

oM HO =] oH HOe o
5 b & E——
R ML R/k‘/\‘rw"‘-z —— R’j\ﬂ/\h_ Z = | Dicarbonyl
& H hydroocycarbamyls:

OH

(1) ceneric aminc aci patrway [ Fiavor m
| color HM O
Asparagine

= MNH,
G
\n/g,,,\/gogn\fl\”;\/k S0z Q\n/\\\ h
= 'r"na:-‘y Fapnobess Schiff base from
MH-

Reducing sugar  c-Aming acid 5cr iff base Amadorn compound
HO O
—HO

NH2 Asn + dicarbomy!

“\-)%0 " S /\)\ 3-Aminopropionamide
-MNH;  MNH; =

7_|‘E=.n~n;N /J\/“-}E"\/I\ _— /J\/“\r\’/\)‘ _.C. F{J\I/\ h

Schiff base from

—H.O Asn + sugar
(2) Specific amino acid pathwany oH HO o
R =
oH L o

Reducing sugar Asparagine
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O Heterocyclic aromatic amines
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o

B—E5#920%& highly mutagenic heterocyclic aromatic amines
(HAAs) - BIFREREBVEB#MEEU0 1Q » MelQ » MelQx J2PhiP
' SSVITENF BI#BIARC (International Agency for Research on Cancer) B
X8 B possible or probable human carcinogens. They are
formed in mixtures of reducing sugars, creatinine and amino
acids and are therefore produced in the Maillard reaction
when creatine or creatinine are also present.

BN DBV LR EAFERER A ER o #DBRIBTEHE « =
SMAYERTHRIESNBEW @ & ~ BB ERY)
HBEM + B Disothiocyanates /B85 D o [FIX BN
BOENZRELA o

(fi5F) The compounds found in food (meats) are formed when creatine (a non-
protein amino acid found in muscle tissue), other amino acids, and
monosaccharides are heated together at high temperatures (125-300°C or
275-572°F) or cooked for long periods of time. HCAs form at the lower end
of this range when the cooking time is long; at the higher end of the range,
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8.2.8 Controlling the Maillard reaction

SRR ERTEMILEYB RN - 08ES ISR FEE]
QPTRER RS RICEMITEIEER » 7865 burnt notes
5 o] BEENZR BN E BIFIZEY, o Strategies to achieve this are
numerous, and some of the more successful approaches are
discussed below.

O Choice of amino acid : i EPHIFEEELIDEMERGE
A - E—HEEIKRENE TR  TUREREJSH
BREMBHAAE @ EZRFTERERRZES Strecker PERARE
ERESRZBE o MEKS.1 0

HCAs are formed within minutes. 33 34
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Table 8.1 The role of amino acids in the Maillard reaction”

Odour threshold™
Amino acid Strecker aldehyde Aromsa (ngke)

Highly odour-active compounds

Valine 2-Methylpropanal Malty t 0.5
Leucine 3-Methylbutanal Malty note 0.5
Isoleucine 2-Methylbutanal Malty L3
Phenylalanine Phenylacetaldehyde Honey/rose S22
Methionine Methional Cooked gotato 0.4
Reactive intermediates t
Glycine Formaldehyde
Alanine Acetaldehvde
Cysteine Acetaldehyde, ammonia - Meaty aroma

and hydrogen sulfide
Serine Glycolaldehyde

(CHOH-CHO)
Threonine 2-Hydroxypropanal

e Combinations of Strecker aldehydes via aldol condensation can
be used to target other notes. Chocolaty notes can be produced
by combining phenylalanine and leucine — their respective
Strecker aldehydes undergo aldol condensation to produ%%
cocoa hexenal.

O Concentration of precursors

TP ERE®D ' BISRYBNRE BSHRREREENN IR Z
— o SLRIRNBEEMRKEPHSEENNED) - BE
MRIFEZEFERI AR B F=RIBIERRIRFIIRE o

Postmortem conditioning at 4°C was shown to alter the natural
concentrations of precursors present in & & = Al,
particularly ribose and cysteine, which are required for the
development of meat aroma (koutsidis et al., 2008). The addition of
ribose to an aqueous beef extract prior to cooking led to an
increase in most Maillard volatiles (Balagiannis et al., 2010). The addition
of glycine to pet food prior to cooking led an increase in pyrazines
(Parker et al., 2009), and small changes in the concentration of ribose,
rather than any of the other potential precursors, led to an increase
in the meaty character impact compound 2-methyl-3-furanthiol
(Aliani and Farmer, 2005).
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Equally in fish, it was shown that the natural variation of
precursors, as well as addition of cysteine, led to significant
changes in the aroma profile of cooked salmon (Methven et al,,
2007).

The natural variation in plants is just as critical. A deficiency in
sulfur during the growth of wheat led to an increase in free
amino acids in the raw flour which, when cooked, led to an
increase in Strecker aldehydes, aldol condensation products
and pyrazines. However, this also led to an increase in
acrylamide, which was up to six times higher in the flour from
wheat grown in sulfur-deprived soil (Eimore et al., 2008).
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Potatoes are particularly susceptible to changes in Maillard
precursors, because during storage they are prone to
cold-sweetening, a process that produces glucose and
fructose thus boosting the supply of Maillard precursors.

S ZETR12°C—@8 » AXRGFELR @ BEEIZA2E
' BFRACCNIBINE RS - BEHINE BERER o 8
[PIEFISEE EOVIESR L EYIEN0 - Strecker FEXE - BEES
B ~ LIRS (pyrazines) RIFLMPESEL LF - ik
ARG ERIZ AR LBV RS E M DR — B H@EBI AR ©
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Thus, changing levels of precursors in raw ingredients
has a significant impact on the volatile profile of the
cooked products. Foodstuffs rich in amino acids such
as potatoes or meat are likely to be significantly
influenced by changes in sugars, rather than by
changes in free amino acids, which can be present in
excess. Alternatively, in sugar-rich foodstuffs, such as
milk powder, the sugar is in excess and the free
amino acids limit the production of flavour, which in
heated milk is often undesirable anyway.

39
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O Changes in pH

1R FECP 25 SN0V BRER LS pH BURL » pHEY/ NEMUBEDE
o8I RIMED

The first step has an optimum pH that is weakly acidic,
maximising protonation of the carbonyl group making it a
better electrophile but, at the same time, ensuring that the
amine group is not protonated.

EPEIEVIFSES » pH SIBRIEETTL2- NE2,3-WmBLRTE
B8.4) » EpH {BEREMEPREIEMBIAZM ~ Strecker fFERR
RIKE ML EWllpyrazines ~ furaneol & maltol 8945 ;
f{EpH ERBFIKRIBR(L - MR ENRKEELE
YDUOHMEF K% 2-furfurnal 55, © B1KpH BBEFRSWHILEYD
BOFZRK ©
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IS LAY PRI G ABHERREY © BIG0EY7EPH 5-6 & SFIRFF S
il ¥ meaty notesBISHILEY)  BEGERH=H
pyrazines Kz pyrroles FE{KtIESEIOYMIBRHEIRLR  87TE
BS8IpH NRIBZ /R IRRLK o

O Processing conditions: time, temperature, water activity
and pressure

IR EEAE - 5 EDREFEIERE « HRENY
B40 pyrazines - BRI EEDRE BVIBNIIE £ RITHEIES
BEAREINC SRR ESIBREAREI SEE

EACEE RV FEIMERS o

SENT : YR BNERFRTSBREANRMED & —E
D32 REEINR GV E—H 8 MmAFRD 360 A ©
FBRZENOVEN R E 2R R AR AR BB RA00 AR - S
FEith - SEESAGIENATTTESRIL SV
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O Interactions with other components of the food

NERPETHEMND R EIERHEENRER LS —EH
B EHEASEERINER RSB R) NoIEiN & E
P EEABEIFERNRRE o

®EQE  BBE-WHER o

E0EERIINIRETSHERINBIZES @ UREILRE
EBEHRERRIT OGNS IE - ERBRIRTPEEE o

BEAZBE0) e R H SN ER  EREEBBEMRE o

BBIRFAETARE  EBEAEELY carboxymethyllysine [
lysylpyrraline ZBEIEE RSBV ©

E 0B ZHERIEEHREZLB (thiols) & — i L )48 (disulfides) » Y
KRR DPBIRBRUBIRERYD ©
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¢ EE YRR B TSN R o

YIBT5TN o CNERIEEYDE BY)B R 14 K2 20 Be (partitioning) » #5158
58 (structured lipids) O] {3 2-methyl-3-furanthiol BYFZRY, ©

L2 - BERCELESEERY S EKR-IRIEE REE
W6 * BaJaERIStreckerB2 83 R BRI PREIEY) © B8E
BRI ERE  (ERFERERNEZRRIR °

@ Flavonols & hydroxycinnamic acids AU MR FEGVETT ©
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8.3 Lipid oxidation

EBERICHRKREMEERN » LEBIFRGM @ KZERIR
SHERCSERREENTEL o AEVESHHE I THAR
FKEBERCNEREHIT LS - DUBELANERER ©

8.3.1 Initiation

During the initiation phase, hydrogen is abstracted from the lipid
to leave a lipid radical, which reacts with molecular oxygen to
form a lipid hydroperoxide ([&8.9). Hydrogen abstraction
from unsaturated fatty acids forms more stable radicals due
to conjugation of the radical with the double bonds, and
unsaturated fatty acids are therefore more prone to
oxidation, particularly at low temperatures. Saturated lipids
are relatively stable by comparison, and their degradation
becomes more important at higher temperatures — i.e.,
during thermal processing. 44
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8.3.2 Generation of aroma compounds

¢ The second phase involves the breakdown of the lipid
hydroperoxides by cleavage of the C—C bond on one side or
other of the radical. Because there is no double bond to guide
the initial abstraction of hydrogen, saturated fatty acids
degrade to form series of alkanes, alkanals and alcohols with
a range of chain lengths; however, the major products from
triglycerides, such as tristearin, are medium-chain (C6—-C10)
aldehydes, alcohols, alkanes, carboxylic acids and lactones.

o BUBBERBI(E8.9)
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leic a e
Oleic acid or oleate oR

Abstraction of hydrogen tHEgsEs o / a
0
Abstraction a[CS/ \Abbirdwun at C11

o R
/\/W\/\.r P N N
Hydroperoxide Z¢fZA K BEZ B3 HIR BT HIR
A B - C9-C11 C8-C10 0CH
P N P 1A R’
:T:%‘\"' 4%E W:L:/
10-00H O0H  8-,9-, 10-, and 11-hydroperoxides 9-00H AB
A B OOH NAT
Al \B W:T‘R /\/"\./\:’J‘,(f\vﬂ
8-00H OOH 11-00H A B
Octane Nonanal A B A B Nonene 2-Decenal

nonanal
Medium-chain products

Decene  2-Undecenal

Heplane  Oclanal
decanal P

Figure 8.9 Oxidation of oleic acid.
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(#8) The dominant pathways are influenced by the reaction
conditions and by the relative stability of the lipid radicals and
the compounds that are formed.

O FBEXNRE - 26 VBB EY R TEE (nonanal;
40-60 wt%) ﬁﬁ?_)( UERBYEBYRE(192°C) » EEBEYE
1E F % (22%) ~ 2- Z V% BF (2-decenal; 17%) K% 2-undecenal
(11%)  BE Fgreen ~ fatty notes ' 23 Bl#£10-O0H ~ 9-O0OH
& 8-O0H hydroperoxides §9B-22 4 pY (Grosch, 1987) ©

O & EM R KRR T AERAIEILEA (PUFAS) » LEES 5 RNEERD
RS DR A 5E BRI AE AL AL D BUFU S 10 % 100589 /2 fE 14
o i HEE - HESRKRTNEEEL - BICIIUE
REF  HEEMBELRIE - FAEMBBENGE
EBIVELECORCIBMENBTENEBE @ RREBEATBE
Er2dim{E alkanals ~ 2-alkenals ~ 2,4-alkadienals ISHR{VE
PIEEQD 2-alkylfurans EZAY, ©
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0O 7R S0 =M EE K {6 A PO L IR H BB 258V o] 8BRS » B —
LEREEADEEREBV AR, ©

EBAMEMET - RS = Bf8ation product of linolenic acid
(w-3)VEERIVEN R (E2)-2,4-heptadienal (40%) » HIX
B (2)-3-hexenal (11%) % 2,4,7-decatrienal (11%) ; BIMATZ=
(haem){3. £ ’ propanal ~ (Z)-2-hexenal }3,5-octadien-2-one
SFIFBEWY) o 1£250°CK ~ ethyl linolenate ZE4E 2-ethylfuran
R—2389 Efig48 o

16 A U0 % % (w-6) BY B 2 22 YD 48 U oo R B B8 AT 28 A2 69
[hexanal v (Z2)-2-heptenal 7 (E,Z)-2,4-decadienal] o

OERZTA E&%DHeHE@%E%TE\, {PENNEE * MRS
ﬁﬁéEEW LEMNBERKEE @ BEEL(LEMHRIEEY
5 %EB’J%%E—K o &I » A# $E*¢Bﬂﬂaﬂ)§@ﬁ7f SRS R
BB EBRA @ ERNRERRASTR @ B5rZREL
Hoofd EH*—LEE]%%BQE%; ENYDEVRERDERAERN ©
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X

8.4 Other reactions

Although the greatest proportion of aroma is derived from
sugars, amino acids and lipids, there are other components of
food that generate odour-active compounds. Caramelisation,
thermal breakdown of ascorbic acid and thiamine produce
reactive intermediates that are common to the Maillard
reaction. Ferulic acid, however, is the starting material for
generation of vanillin and a series of related methoxyphenols
(guaiacols RFi{ERNAZ%E). Carotenoid derivatives (e.g. B-
damascenone in boiled sweet potato (Nakamura et al., 2013)
and B-ionone in boiled carrots (Buttery and Takeoka, 2013))
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8.4.1 Caramelisation

W IE - FEXBIL DR EL R RER  REBAE
HEMIERIE » E2EKDRERIREB1E150°C » B
ﬁc?:,ff@EB the Lobry de Bruyn-Alberda Van Ekenstein transformation (§&{E{l, 89 8E
EmERERE TB) MSE @ PERIRIX « BINMURETNS1E

» NEREHNR FER) P REIEMFSE: - RS LSRR
1EET A EY(ZYW hydroxpropanone 52 hydroxybutanone) 8V BE Ei#E
S - BIA0E“£cyclotene & sotolone o 4% Class 1552
FENB » 0ER (S EE (/2 FEIRSRIETT » SiaERkClass 34 FEHE
BAIE  BRIFEPHSIESEH o

e . . _ - OH
as well as terpenes (ii517%48) present in herbs and spices also He go, Ho /g\’} H._ _OH He /
. . C C C/'_—_\ C-—__H
contributes to the aroma of cooked food, particularly of | H N _H I THt |
. I AN — - _— A — —
cooked fruit and vegetables. TN T 00 = e 7
R H R R R
49 50
Aldose Endiol (deprotonierte Form) Ketose
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o ERICREBHRZSHREBKREIFIA o Diacetyl #ZmE—1@8
SRR EY) - ENBLE—PEERAEESE - T2IRH a
buttery or butterscotch flavour o R OB 29N » HESE
SERK{GE B U0furans %82 hydroxymethylfurfural
(HMF) & hydroxyacetylfuran (HAF) » furanones !t [fg fig 28 2
hydroxydimethylfuranone (HDF) ~ dihydroxydimethylfuranone
(DDF) EZR 5 EEfE A maltol EAZK B3 ESHEERY hydroxymaltol o

¢ HMF is found in honey, juices, milk but also in cigarettes. HAF
has a sweet aroma and a low odour threshold. Maltol has a
taste reminiscent of freshly baked bread and is used as a
flavour enhancer (E636) in breads and cakes.

51

8.4.2 Ascorbic acid

NIRMALAYIERE R B B FE BB R BV REREH L EY
AR MIRMEEAIPEAFIZE a pool of intermediates
containing reactive dicarbonyls and hydroxycarbonyls @ 530
glyoxal -~ methylglyoxal v 2,3-butanedione v 1-
deoxyopentosulosess » SLEMEENREEMNERILE
Y)  SEEEBREMMRIKSIHLEYD o 20108 SIELEN
1R MERRD~FBEAERE T KABRE @R (141°C ~ pHs > 5)JIFRATE
H1EEY) 0 ST RERIARIK 2L E¥E Wthiophenes
thiazoles ~ pyrazines & cyclic sulfur compounds o ¥
dynamic headspace extraction IESPMEBJ20133xE8IIEL
' STURMER K BRI EENRIETVRIF D » 2-methyl-
3-furanthiol K FFZ#BEI0V —MILDREER - SLVEYE
EENIRMBEBPFERMARY » BlEEHEHN & EF HAPSES -
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8.4.3 Degradation of thiamine #/% Thiamine PREEY — iRPFEREY)
0 4 NH

Thiamine is an important precursor of flavour that is /j\/\ i/ 0 /I\NH'K\) 2H0 /I\ 2
exceptionally important in meat aroma, but also can lead to N Nl-l g N N, HCOOH N S, SH O
off-flavours in foods where meaty notes are out of place.

The furan derivative 2-methyl-3-furanthiol, as well as its 9 i CHO % . :4(1
disulfide, belongs to the aroma impact compounds of boiled 3_n¥errczxgto_
beef and other meats. Boiling an aqueous solution of L- 0 St SH SH 2-pentanone
cysteine (0.65 mM) and ribose (1.34 mM) produced only 0.2 -H0 \ Ox, N
ug/L 2-methyl-3-furanthiol. B ER&EE#EE1R{K(0.06 mM) 0 '

i) thiamine BRAY, » ELE 180150045 i 300 pg/L © S OH OH ¢ ¢
4,5-dihydro-2-methyl-

Kt - IERP 2-methyl-3-furanthiolfVERBE SH 54 3-furanthiol 55 16

BUBRB I Ethiamine R E /R SR IREY B b W T T .

LA PUEREAE D o N\ Figure 9.14 Formation of 2-methyl-3-uranthiol (16) from thiamine (51 via S-hydroxy-3-

- nH O ‘
o mercapto-2-pentanone (4) (Van der Linde et al., 1978),
54
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58
I, Y NTOHwi) — M

N NH, 5 NH, 4,5- d|methy|th|azole

51 = 5-(2- hydroxyethyl)
Thiamine /Fiy_/rimidine 4-methylthiazole k_f
PTED (sulfurol)
4- methylthlazole

Figure 9.15 Formation of thiazoles (58-60) from thiamine (51) (Guentert et al., 1990),
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8.4.4 Ferulic acid

HARDRPOALEBR STV EMELBELS - REBK
BE ' F"ERIBN—BIEBEZBIBIINRvanillin SEFEE o
S8R HABRIOML SWE guaiacol EAIAE (smoky) K
p-vinylguaiacol ¥-ZJFEERIAIAR (smoky, spicy) $T4 BARKM A
B R P EOIIZRER Y NOENERA T LI SR (B8.10) o K
IRERBNEE KRR BELERMASEENEYE
BRZFEIBYE o

(=]
o -COy, /OD/\\__ Oxidation KDI j/ =0
- OH ——-
HO HO

Ferulic acid p-Vinylguaiacol

Wanillin
O,

| [ox]
- = —-CO; o]

() ——— Yy
HO — L
Guaiacol
Figure 8.10 Formation of vanillin and guaiacols.
From Cerny (2010},
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8.5 Process flavours

Process reactions are designer Maillard reactions performed
outside the food environment from highly tailored precursors
that are chosen to target specific compounds, groups of
compounds and aromas. They are carried out using typical
Maillard precursors under carefully controlled conditions of
time, temperature and pH, which mimic conventional cooking
but have been optimised to maximise the desired flavour.
They capitalise on the wealth of flavour chemistry that has
been developed over the past 50 vyears, particularly in
understanding the thermal generation of aroma. The more
complex examples integrate knowledge of Maillard chemistry,
lipid chemistry and vitamin breakdown in a holistic approach
to produce a rounded product with aroma, taste (and colour).
They are widely used in the food industry, particularly to
flavour meat products and meat-flavoured soups and snacks?
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Table 8.2 Examples of some early process flavour formulations

Beef flavouring Chicken flavouring
Quantity Quantity
Ingredient (kg) Ingredient (kg)
L-Cysteine hydrochloride 80 L-Cysteine hydrochloride 100
Protein hydrolysate liquid 1000 Wheat gluten hydrolysate 1000
40% total solids (from sova, liquid 40% total solids
maize or wheat gluten)
p-Xylose 100 p-Xylose 60
Chicken fat 500
Water 3000
Heated under reflux for 3 h with stirring. Heated under reflux for 2 h with stirring.
Cooled within 30 min. Sieved. Spray Cooled to 80-85 °C. Glyceryl
dried with carrier (60 parts flavour to 40 monostearate (20 kg) added with vigorous
parts carrier) to produce a beef flavour stirring. Carrier added (60 parts flavour to
powder 40 parts carrier). Stirred for 30 min.
Homogenised mixture spray dried to
produce a chicken powder
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O The FDA considers that process flavours are ‘Generally
Recognised as Safe’ (GRAS) based on the following:

1. The manufacturing process is related to high-temperature
cooking.

2. There is a selection of ingredients similar to the preparation
of gravy. The belief is that process flavours are produced on
the selection of natural ingredients that have been found to
create a high flavour note when cooked at a temperature
similar to gravy.

3. The use level of process flavours is low, as is true of all
flavours; therefore, the consumption rate is low in
consumers’ diets.
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O Thermal process flavourings are legislated in the European
Union under Regulation 1334/2008 (European Union, 2008).
The definition is:

‘Thermal Process Flavouring’ shall mean a product obtained
after heat treatment from a mixture of ingredients not
necessarily having flavouring properties themselves, of which
at least one contains nitrogen (amino) and another is a
reducing sugar; the ingredients for the production of thermal
process flavourings may be:

(i) Food and/or
(ii) Source material other than food.
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