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Foreword

THE ACS SYMPOSIUM SERIES was first published in 1974 to
provide a mechanism for publishing symposia quickly in book
form. The purpose of this series is to publish comprehensive
books developed from symposia, which are usually “snapshots
in time” of the current research being done on a topic, plus
some review material on the topic. For this reason, it is neces-
sary that the papers be published as quickly as possible.

Before a symposium-based book is put under contract, the
proposed table of contents is reviewed for appropriateness to
the topic and for comprehensiveness of the collection. Some
papers are excluded at this point, and others are added to
round out the scope of the volume. In addition, a draft of each
paper is peer-reviewed prior to final acceptance or rejection.
This anonymous review process is supervised by the organiz-
er(s) of the symposium, who become the editor(s) of the book.
The authors then revise their papers according to the recom-
mendations of both the reviewers and the editors, prepare
camera-ready copy, and submit the final papers to the editors,
who check that all necessary revisions have been made.

As a rule, only original research papers and original re-
view papers are included in the volumes. Verbatim reproduc-
tions of previously published papers are not accepted.

M. Joan Comstock
Series Editor
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Preface

FLAVOR, AN IMPORTANT ATTRIBUTE OF FOOD, is of major interest to
food scientists and technologists. The public’s perception of food taste
and quality is dependent upon food flavor. Lipids, proteins, and carbohy-
drates are the major sources of flavor in foods. Of the three, lipids may
play the most important role in flavor. Lipids are involved in the ranci-
dity, oxidized flavors, and stale flavors of many lipid-containing foods and
are also thought to be responsible for warmed-over flavor of meat. On
the other hand, lipids are responsible for the desirable flavors of many
fruits and vegetables, dairy products and deep-fat fried foods.

The past symposium on Lipids as a Source of Flavor (ACS Sympo-
sium Series No. 75) was held in 1977. Since then the mechanisms of lipid
oxidation have been greatly upgraded, consequences of oxygen chemistry
on food quality are better understood, the interaction of lipid oxidation
and Maillard reactionhas been discovered, and the analytical methodology
for flavor research has advanced. The purpose of the symposium on
which this book is based was to bring together scientific leaders in the
field to present their latest findings on lipids in food flavors and to stimu-
late fellow scientists to participate in dialogues on current developments
in enhancing food flavors.

We are indebted to the contributing authors for their worthy contri-
butions. Without their dedication, expertise, and hard work, timely publi-
cation of this book would not have been possible.

CHI-TANG HO

Department of Food Science

Cook College

Rutgers, The State University of New Jersey
New Brunswick, NJ 08903

THOMAS G. HARTMAN

Center for Advanced Food Technology
Cook College

Rutgers, The State University of New Jersey
New Brunswick, NJ 08903

February 23, 1994

ix
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Chapter 1

Lipids in Food Flavors

An Overview

Chi-Tang Ho and Qinyun Chen

Department of Food Science, Cook College, Rutgers, The State
University of New Jersey, New Brunswick, NJ 08903

This article provides a brief introduction outlining the autoxidation,
singlet oxygen oxidation and lipoxygenase mediated reaction of
lipids. Important flavor compounds derived from lipid oxidation
including aldehydes, ketones and furans are discussed. Recent
studies on the interaction between the Maillard reaction and lipid
degradation leading to the formation of desirable flavor compounds
of foods are also discussed.

Lipids, proteins, and carbohydrates, the major structural components of living cells
are also the major source of flavor in foods.

Generally, the negative qualitities of food flavor are associated more
closely with lipids than with proteins and carbohydrates. Lipids are responsible
for rancidity in fats, oils and lipid-containing foods. On the other hand, lipids are
also responsible for much of the desirable flavors of vegetables such as tomatoes,
cucumbers, mushrooms and peas as well as many deep-fat fried foods such as
French fried potatoes and fried chicken.

Formation of volatile flavor compounds from lipids is usually associated
with either free radical-initiated or lipoxygenase-mediated oxidation.

Free Radical Autoxidation of Lipids.

The reaction of unsaturated lipids with oxygen to form hydroperoxides is generally
a free radical process involving three basic steps (I-2).

Initiation:
heat, light
RH ——» Re + He
metal
0097—6156/94/0558—0002$08.00/0
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1. HO AND CHEN Lipids in Food Flavors

ROOH + M* ——— ROe + M*™ + OH

ROOH + M@V y ROOs + M™ + H'

2 ROOH » ROOs + ROe + H,0
Propagation:

R + O, »  ROOe

slow

ROO+ + RH y ROOH

RO- + RH y ROH + Re
Termination:

Re + Re y 2R

R + ROO- » ROOR

ROOs + ROO- » ROOR + O,

RH, Re, RO+, ROO+, ROOH and M represent an unsaturated fatty acid or ester
with H attached to the allylic carbon atom, alkyl radical, alkoxy radical, peroxy
radical, hydroperoxide and transition metal, respectively.

The initiation reaction is the homolytic abstraction of hydrogen to form a
carbon-centered alkyl radical in the presence of an initiator. Under normal oxygen
pressure, the alkyl radical reacts rapidly with oxygen to form the peroxy radical
which reacts with more unsaturated lipids to form hydroperoxide. The lipid-free
radical thus formed can further react with oxygen to form a peroxy radical.
Hence, the autoxidation is a free radical chain reaction. Because the rate of
reaction between the alkyl radical and oxygen is fast, most of the free radicals are
in the form of the peroxy radical. Consequently, the major termination takes place
via the interaction between two peroxy radicals..

The rate of autoxidation increases with the degree of unsaturation.
Linoleate is oxidized 10 times faster than oleate; linolenate 20-30 times faster (3).

Hydroperoxides of Fatty Acids or Their Esters

It is well-known that the free radical mechanism of hydroperoxy formation
involves the abstraction of the hydrogen atom from the a-methylene group of a
lipid molecule. This is favored due to the formation of a very stable allyl radical
in which the electrons are delocalized over either three carbon atoms such as in
the case of oleate, or five carbon atoms such as in the case of linoleate or
linolenate. The mechanisms for the formation of isomeric hydroperoxides by
autoxidation have been reviewed extensively (4-5)

For oleate, the hydrogen abstraction on C-8 and C-11 produces two allylic

In Lipidsin Food Flavors, Ho, C., et d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Publication Date: July 7, 1994 | doi: 10.1021/bk-1994-0558.ch001

July 15, 2012 | http://pubs.acs.org

LIPIDS IN FOOD FLAVORS

radicals. These intermediates react with oxygen to produce a mixture of 8-, 9-,
10- and 11-allylic hydroperoxides. Autoxidation of linoleate involves hydrogen
abstraction on the doubly reactive allylic C-11, with the formation of a pentadienyl
radical. This intermediate radical reacts with oxygen to produce a mixture of
conjugated 9- and 13-diene hydroperoxides. In the case of linolenate in which
there are two separate 1,4-diene systems, hydrogen abstraction will take place on
the two methylene groups, C-11 and C-14. These intermediate free radicals react
with oxygen to form conjugated dienes with hydroperoxides on C-9 and C-13, or
C-12 and C-16, with the third double bond remaining unaffected.

Decomposition of Hydroperoxides

Hydroperoxides of unsaturated fatty acids formed by autoxidation are very
unstable and break down into a wide variety of volatile flavor compounds as well
as nonvolatile products. It is widely accepted that (I) hydroperoxide
decomposition involves homolytic cleavage of the -OOH group, giving rise to an
alkoxy radical and a hydroxy radical.

R-CH-R* —— R-CH-R' + OH-

| I
OOH 0O-

The alkoxy radical undergoes B-scission on the C-C bond, with the formation of
an aldehyde and alkyl or vinyl radical. A general reaction scheme with the
formation of volatile aldehyde, alkene, alkane and alcohol is illustrated in Figure
1.

Aldehydes.  Of the volatiles produced by the breakdown of the alkoxy radicals,
aldehydes are the most significant flavor compounds. Aldehydes can be produced
by scission of the lipid molecules on either side of the radical. The products
formed by these scission reactions depend on the fatty acids present, the
hydroperoxide isomers formed, and the stability of the decomposition products.
Temperature, time of heating and degree of autoxidation are variables which affect
thermal oxidation (6).

Some volatile aldehydes formed by autoxidation of unsaturated fatty acids
are listed in Table I. The flavors of aldehydes are generally described as green,
painty, metallic, beany and rancid, and are often responsible for the undesirable
flavors in fats, oils and lipid-containing foods. Hexanal and 4-heptenal are found
to be primarily responsible for the off-flavor in alligator meat (Chapter 13).
Hexanal has long been used as an index of oxidative deterioration in foods
(Chapters 8 and 18). Some aldehydes, particularly the unsaturated aldehydes, are
very potent flavor compounds.

It should be pointed out that extremely low levels of many aldehydes
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R1-CH=CH-CIH-R2
0O-OH
l— OH

R,-CH=CH'CHR,
|

Scisslon V ok \S:Iulon (B)

R,-CH=CH -+ R,-CHO Ry-CH=CH-CHO + R, -
loz \"‘ ;'/ loz
R;-CH=CH-0-0-  R,-CH=CH, R.H Ry-0-0-
lnu lnu
R;-CH=CH-O-OH R,-0-OH
l- OH l <OH
Ry-CH=CH-O - R,-0-
lm‘ lnn
R1'CH=CH'°H Rz'oH
R;-CH,-CHO
Figure 1. General reaction pathway for the homolytic cleavage of

hydroperoxides of unsaturated fats.
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Table L. Some Volatile Aldehydes Obtained from Autoxidation of Unsaturated

Fatty Acids
Fatty acid Monohydroperoxides Aldehydes formed
Oleate 8-O0H 2-undecenal
decanal
9-O00H 2-decenal
nonanal
10-OOH nonanal
11-O0OH octanal
Linoleate 9-O0OH 2,4-decadienal
3-nonenal
13-OOH hexanal,
Linolenate 9-OOH 2,4,7-decatrienal
3,6-nonadienal
12-O0H 2,4-heptadienal
3-hexenal
13-OOH 3-hexenal
16-O0OH propanal
Arachidonate 8-OOH 2,4,7-tridecarienal
3,6-dodecadienal
9-O0H 3,6-dodecadienal
11-O0H 2,4-decadienal
3-nonenal
12-O0OH 3-nonenal
15-OOH hexanal
Eicosapentaenoate 5-00H 2,4,7,10,13-hexadecapentaenal,
3,6,9,12-pentadecatetraenal
8-O0OH 2.4,7,10-tridecatetraenal
3,6,9-dodecatrienal
9-O0OH 3,6,9-dodecatrienal
11-O0OH 2,4,7-decatrienal
3,6-nonadienal
12-O0H 3,6-nonadienal
14-O0OH 2,4-heptadienal
3-hexenal
15-O0H 3-hexenal
18-O0H propanal
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1. HO AND CHEN Lipids in Food Flavors

contribute to the desirable flavors of many foods. For example, the contributive
role of aldehydes in poultry flavor has been well-recognized. Out of 193
compounds reported in the flavor of roasted chicken, 41 of them were lipid-
derived aldehydes (7). When the aroma components of cooked chicken and
cooked papain hydrolysates of chicken meat were qualitatively and quantitatively
analyzed, 23 out of 66 compounds reported were lipid-derived aldehydes (8).
Table II lists the quantitative data of selected aldehydes identified in these two
studies. The most abundant aldehydes identified in chicken flavor were hexanal
and 2,4-decadienal. In view of the much lower odor threshold of 2,4-decadienal
(0.00007 mg/Kg) compared to hexanal (0.0045 mg/Kg) (9) the 2,4-decadienal
should be the more important odorant for chicken flavor. Hexanal and 2,4-
decadienal are the primary oxidation products of linoleic acid. The autoxidation
of linoleic acid generates 9- and 13-hydroperoxides of linoleic acid. Cleavage of
13-hydroperoxide will lead to hexanal and the breakdown of 9-hydroperoxide will
lead to 2,4-decadienal (10). Subsequent retro-aldol reaction of 2,4-decadienal will
produce 2-octenal, hexanal and acetaldehyde (11). 2,4-Decadienal is known to be
one of the most important flavor contributors to deep-fat fried foods (12). As
shown in Table II, the enzymic hydrolysis of chicken with papain increased the
concentration of 2,4-decadienal, as the aroma of cooked meat improved.
2,4-Decadienal can undergo further oxidation to produce trans-4,5-epoxy-
trans-2-decenal. This compound was recently characterized as one of the most
potent odorants of the crumb flavor of wheat bread and has a low odor threshold

of approximately 1.5 pg/L (air) (13).

Ketones. Aliphatic ketones formed by autoxidation of lipids also contribute
to the flavor of oils and food products. For example, Cadwallader et al. (Chapter
13) identified 1-octen-3-one as one of the odor-active compounds in the meat of
wild alligators. This compound was described as metallic and mushroom-like.
The reaction pathway for the formation of 1-octen-3-one from the arachidonate 12-
hydroperoxide via the B-scission route is illustrated in Figure 2.

Furans. 2-Pentylfuran has been identified in many fats and oils and lipid-
containing foods such as spray-dried dairy products (Chapter 7), mashed potatoes
(Chapter 8) and alligator meat (Chapter 13). It is a well-known autoxidation
product of linoleic acid and has been known as one of the compounds responsible
for the reversion of soybean oil (14). Figure 3 shows the probable mechanism for
its formation. The conjugated diene radical generated from the cleavage of the 9-
hydroxy radical of linoleic acid may react with oxygen to produce vinyl
hydroperoxide. The vinyl hydroperoxide will then undergo cyclization via the
alkoxy radical to yield 2-pentylfuran (6).

Alcohols and Other Compounds.  Cleavage of lipid hydroperoxides will also
lead to alcohols, alkanes, alkenes and alkynes. The mechanism for the formation
of 1-octen-3-ol which has a strong mushroom flavor is also shown in Figure 2.
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Table II. Selected Aldehydes Identified in Chicken Flavor

mg/Kg
Roasted chicken® Cooked chicken Cook chicken
meat® meat®
Aldehyde (papain treated)
butanal 0.133
pentanal 0319
hexanal 1.804 25.6 17.2
heptanal 0.212 2.1 1.5
octanal 0.422 23 1.2
nonanal 0.467 1.7 1.3
decanal 0.052 03 03
undecanal 0.058
dodecanal 0.022
tridecanal 0.151
tetradecanal 0.125 0.2 0.7
pentadecanal 0.383
hexadecanal 19.788 14 9.8
heptadecanal 0.276 0.1 0.1
octadecanal 2.664
tr-2-butenal tr
cis-2-pentenal tr
tr-2-pentenal 0.085 1.1 0.2
cis-2-hexenal tr
tr-2-hexenal 0.060 0.3 0.4
tr-2-heptenal 0.104 12 1.5
cis-2-octenal 0.004
tr-2-octenal 0.195 3.7 2.0
tr-2-nonenal 0.084
cis-2-decenal 0.003
tr-2-decenal 0.139 1.0 1.2
cis-2-undecenal 0.002
tr-2-undecenal 0.139 0.4 1.1
tr-2-dodecenal 0.002 0.3 0.1
tr,cis-2,4-nonadienal tr
tr,tr-2,4-nonadienal tr 0.3 0.5
tr,cis-2,4-decadienal 0.051 1.0 2.7
tr,tr-2,4-decadienal 0.137 5.2 13.7
tr,tr-2,4-undecadienal 0.001 0.2 0.2
a. Noleau and Toulemonde, 1986. b. Schroll et al., 1988.
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ARACHIDONATE

'

12
CH3~(CH,)4-CH=CH -CH,- CH-CH=CH-CH=CH-CH,-R
-OH O-OH

CHg(CHg)¢CH=CH-CH, * ——  CHy(CHp);-CH-CH=CH,

RH

CHy(CHy)yCH-CH=CH, <~ CHy{(CHy)s-CH-CH=CH,
0-OH 0-0-

t-ou

RH
CHS-(CH2)4-? H-CH=CH, _— CHS'(CH2)4'Cl H-CH=CH,
o .

OH
7

cu,«cuz).-cﬁ-cl-l:cu,
[o]

Figure 2. Mechanism for the formation of 1-octen-3-one from 12-
hydroperoxide of arachidonate.

1-Octen-3-ol has been shown to be present in the volatiles of cooked pork in
extremely high concentration (15-16). However, due to their relative high odor
threshold, alcohols and hydrocarbons are generally not considered to be important
contributors to the flavors of fats and oils and lipid-containing foods.

Singlet Oxygen Oxidation of Lipids.

Oxidation of lipid occurs in the presence of molecular oxygen in both the singlet
and triplet states. Atmosphere oxygen that is in the triplet state contains two
unpaired electrons, while oxygen in the singlet state has no unpaired electrons
(17). The electron arrangement of triplet oxygen does not allow for a direct
reaction of lipid molecules that exist in the singlet state. Singlet oxygen can be
generated by the interaction of light, photosensitizers, and oxygen. Singlet oxygen

In Lipidsin Food Flavors, Ho, C., et d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



10 LIPIDS IN FOOD FLAVORS

Publication Date: July 7, 1994 | doi: 10.1021/bk-1994-0558.ch001

July 15, 2012 | http://pubs.acs.org

CHg~(CH,),-CH=CH-CH,-CH=CH~(CH,),-COOR

CHj-(CH,),-CH=CH-CH=CH-CH-(CH,);-COOR

/

Oy RH
CH;-(CHp)4-CH=CH-CH=CH . ——>» CHa-(CHg)4-CH=CH-CH=Cf'I

/ 0-OH
=+«OH

CHy~(CHy)-CH=CH-CH=CH
(oD

Hac'(CHz)rZ \> — H3C-(CH,),- Z/ o \5
(0]

Figure 3. Mechanism for the formation of 2-pentylfuran.

has been suggested to be responsible for initiating lipid oxidation of food
products due to its ability to directly react with the electron-rich double bonds of
unsaturated fats (18). In fact, singlet oxygen reacts with lionleic acid at least
1450 times faster than triplet oxygen (19). The chemistry of singlet oxygen
oxidation of foods is critically reviewed by Yang and Min in Chapter 2.

Formation of Flavor Compounds by the Lipoxygenase Pathway.

Many important flavor compounds in plants result from the enzymatic degradation
of unsaturated fatty acids. The aerobic lipoxygenase cycle transforms fatty acids
containing a cis, cis-1,4-pentadiene system into hydroperoxy-octadecadienoic acids
by regio- and enantioselective reactions. Under oxygen deficient conditions, the
cycle catalyzes the homolytic cleavage of the conjugated hydroperoxides to
alkoxyl radicals, which are stabilized by further reaction such as oxidation, H-
abstraction, B-cleavage and rearrangement to various products. The anaerobic
cycle is related to the hematin catalyzed decomposition of conjugated

In Lipidsin Food Flavors, Ho, C., et d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Publication Date: July 7, 1994 | doi: 10.1021/bk-1994-0558.ch001

July 15, 2012 | http://pubs.acs.org

1. HO AND CHEN Lipids in Food Flavors 11

hydroperoxides. In plants, 9- and 13-hydroperoxyoctadecadienoates are further
transformed into reactive intermediates by hydroperoxide lyases, hydroperoxide
dehydrases, hydroperoxide epoxygenase and epoxide hydrolases (20). Recent
investigations of the lipoxygenase pathway of plants have been extensively
reviewed by Gardner (21). In this volume, Hsieh reviews the development of
fresh and off-flavors in foods of plant and animal origins with Ilpoxygenase
activity in Chapter 4.

Of particular interest is the recent study on the aromas of freshly-harvested
fish (22). These aromas include both volatile alcohols and carbonyls which are
derived from polyunsaturated fatty acids through lipoxygenase-mediated reactions.
Figure 4 shows the proposed mechanism for the biogenesis of some fresh seafood
aroma compounds from eicosapentaenoic. acid (C20:5, n-3).

="\ "\ /\cooH
EICOSAPETANENOIC ACID

12 -uroxveeny \ls\-LlPOXYGENAsE

/\=/¥—/\—/\-——/\=/\/\coou /\=/\IJ\=/\=/E/\ /\coon

OOH OOH

/ l LYASE
LYASE
]
Vs
. o
l 7
wcm /E/\cuo
(Z,Z)-3:6 NONADIENAL (Z)-3-HEXENAL
LYASE /
LYASE
N A=A/ A/ CHO
OH (E.Z)-2:6-NONADIENAL (E)-2-HEXENAL
(2)1,80CTADIEN-3-OL
Y Y !
/Y\
/\=/Y\ /\=/\—/\°Hx°" " A\ cion
(Z.Z)-316-NONADIEN-1-OL . HEXEN-1-OL
m«.eocnmem-one 1-PENTENS-OL (23 1
Figure 4. Proposed mechanism for the biogenesis of some fresh seafood

aroma compounds from eicosapentaenoic acid (Reproduced with
permission from ref. 22. Copyright 1986 American Chemical
Society).
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Volatiles from Interaction of Lipids and the Maillard Reaction.

Recent studies and interest in the volatile compounds formed from the interaction
of the Maillard reaction and lipid degradation have resulted in an excellent review
article by Whitfield (23). Studies with model systems have led to the
identification of a number of volatile compounds that can be considered as
products of Maillard/lipid interactions. The majority of these are heterocyclic
compounds containing one or more atoms of nitrogen or sulfur and are
characterized by the presence of a long-chain alkyl substituent with four or more
carbon atoms. A reaction pathway has been proposed to account for the formation
of many of these interaction products (23).

The identification of long-chain alkyl-substituted pyrazines in some cooked
foods, particularly French-fried potatoes (24) and baked and extruded corn-based
products (25-26) has prompted an investigation of the reaction of fatty aldehydes
such as pentanal and hexanal, with 1-hydroxy-2-propanone (aceol) and ammonium
acetate (27). Acetol is a possible hydrolysis product of the Maillard reaction. 2,5-
Dimethyl-3-pentylpyrazine, 2,6-dimethyl-3-pentylpyrazine and 2,3,5-trimethyl-6-
pentylpyrazine were formed in the reaction mixture with added pentanal; the
corresponding hexylpyrazines were formed in the mixture containing added
hexanal. A proposed mechanism for the formation of 2,5-dimethyl-3-
pentylpyrazine is shown in Figure 5.

CH
o =
=
N™ “en,

Hzc\OH
CH, N

N Z
“2°1tms [N;L
CH, OH
CH
HaC\/o PETANAL 3\EN f\/\/
2X — >
N Ney,

H,C

“NH,

'Hgo
CH
X O
-—

& z

N CH3 N CH3
Figure 5. Proposed mechanism for the formation of 2,5-dimethyl-3-

pentylpyrazine (Adapted from ref. 27. Copyright 1990 American
Chemical Society)
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Besides alkylpyrazines, other long-chain alkyl substituted heterocyclic
compounds have been found in cooked foods. Of particular interest was the
identification of 11 alkylthiazoles and 4 akyloxazoles with long-chain alkyl
substituents in the flavor of french fried potatoes and the fact that a number of
these compounds were shown to possess important cooked food flavors (12).

Some recent data on the volatile flavor formation by lipid-mediated
Maillard reactions involving a series of reducing sugars with selected amino acids,
such as glycine, proline and cysteine, and peptide glutathione is discussed in
Chapter 4.

The qualitative and quantitative effects that triglycerides and phospholipids
have on the formation of volatile Maillard products have been extensively studied
(28-32) and reviewed by Whitfield (23). In general, in model systems of reducing
sugars and amino acids, many Maillard-type reaction products showed marked
reductions in yields with the addition of lipids, particularly, in phospholipids.
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Chapter 2

Chemistry of Singlet Oxygen Oxidation
of Foods

Wesley T. Yang and David B. Min

Department of Food Science and Technology, Ohio State University,
Columbus, OH 43210

The effects of B-apo-8'-carotenal, B-carotene, and canthaxanthin as well as
a-, v-, and §-tocopherols on the chlorophyll photosensitized oxidation of
soybean oil were studied by measuring peroxides, headspace oxygen, and
conjugated diene content. As the number of conjugated double bonds of
carotenoids increased, the antioxidant effects of carotenoids increased. o—
Tocopherol showed the highest antioxidant effect, y-tocopherol second,
and then 3-tocopherol. Quenching mechanisms indicated that carotenoids
and tocopherols quenched singlet oxygen to act as antioxidants in the
chlorophyll photosensitized oxidation of soybean oil. The singlet oxygen
quenching rate constants of B-apo-8'-carotenal, B-carotene, and

canthaxanthin were 3.06 x 109, 4.6 x 10° and 1.12 x 1010 M'IS'I,
respectively. The quenching rate constants of a-tocopherol were 2.7 x 107
mlst by peroxide value and 2.6 x 10’ m1s1 by headspace oxygen.

The oxidation of lipids in food has been mainly responsible for the flavor stability,
nutritional quality, and acceptability of lipid foods (I-15). Lipid oxidation is due
to the combination of triple oxygen and singlet oxygen oxidations (3). Triplet
oxygen lipid oxidation has been extensively studied to improve the oxidative
stability of lipid foods during last 50 years (2, 4, 7, 13). However, it does not
fully explain the initiation step of lipid oxidation (3, 6, 10). Recently, the role of
singlet oxygen at the initiation stage of lipid oxidation was suggested because
singlet oxygen can directly react with double bonds of fatty acids and its reaction
rate with linoleic acid is at least 1,450 times higher than that of triplet oxygen (16).
Singlet oxygen can be formed by chemical, enzymatic, photochemical, and
physical methods (6, 8, 10, 17, 18) and initiate the oxidation of lipids in foods.
Photosensitized reaction, which is initiated by sensitizers, is the simplest and
common pathway to generate a substantial amount of singlet oxygen in foods.
This, in particular, has great impact on the oxidation of foods which contain
sensitizers. Chlorophylls and their decomposition products in vegetable oils are
known to be efficient photochemical sensitizers for singlet oxygen formation (19-
27). Singlet oxygen directly reacts with unsaturated fatty acids of vegetable oils to
form a mixture of conjugated and nonconjugated hydroperoxides (21, 24).

0097—6156/94/0558—0015$08.00/0
© 1994 American Chemical Society

In Lipidsin Food Flavors, Ho, C., et d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Publication Date: July 7, 1994 | doi: 10.1021/bk-1994-0558.ch002

July 15, 2012 | http://pubs.acs.org

16 LIPIDS IN FOOD FLAVORS

The decomposition of hydroperoxides produces off-flavor volatile compounds and
potentially toxic oxidation compounds (28-38).

The undesirable singlet oxygen lipid oxidation can be minimized by
preventing the formation of singlet oxygen and/or quenching singlet oxygen
physically and chemically (23, 39). Physical quenching can be explained by
energy and charge transfer mechanisms (39). Carotenoids quench the singlet
oxygen through energy transfer from singlet oxygen to carotenoids with 9 or more
conjugated double bonds. It is exothermic and these carotenoids are efficient
singlet oxygen quenchers (40-47). The physical quenching of singlet oxygen by
tocopherols is due to the charge transfer mechanism (43).

Chemical Properties of Triple Oxygen and Singlet Oxygen

Molecular oxygen which consists of two oxygen atoms has 5 bonding and 5
antibonding orbitals and 12 valence electrons (48). The electronic configuration of
triplet state oxygen molecular orbitals is shown in Figure 1. Pauli exclusion
principle states that no two electrons in an atom can have the same set of four
quantum numbers. Hund's rule states that electrons with a number of equivalent
orbitals first occupy all the orbitals singly with parallel spins before paring in any
orbital can occur. The two highest energy electrons of triplet state oxygen are

located one each in the two degenerate Tt*9y, orbitals with parallel spins but with
opposite angular momenta. The spin multiplicity used for spin states is defined as
2S +1, where S is the total spin quantum number.

The triplet state oxygen has three closely grouped energy states by the two
unpaired electrons under a magnetic field. Therefore, triplet state oxygen has
paramagnetic and diradical properties, and gives spin multiplicity of 3. As a result,
it is characterized as triplet oxygen. The electronic configuration of singlet state
oxygen molecular orbitals is shown in Figure 2, which displays no parallel
characteristic of those electrons in ™2

In virtue of cancellation of the opposite spin alignments of the two
electrons, the total spin quantum number S in singlet state oxygen becomes 0 and
the spin multiplicity is 1; therefore, the oxygen is named as singlet oxygen.
Singlet oxygen exhibits diamagnetic and non-free radical nature and thus has no

magnetic momentum. There are two types of singlet oxygen. The first is ly

energy state and the second is 1A energy state. Both types violate Hund's rule
which also implicates the maximum multiplicity principle. Electronic repulsion and
low multiplicity of electronic arrangement of singlet oxygen result in the increase
of potential energy. Consequently, both types of singlet oxygen have the energy
levels of 37.5 and 22.4 Kcal/mole above triplet oxygen in ground state,

respectively. The 15 state singlet oxygen is so energetic that it rapidly converts to
the 1A state singlet oxygen upon being produced. Therefore, singlet oxygen is

generally referred to as !A. The lifetime of singlet oxygen is solvent dependent
ranging from 50 to 700 ps (49); it is longer enough to initiate oxidation reactions
with other molecules in food systems. Moreover, temperature has little effect on
the reaction rate of singlet oxygen oxidation due to the low activation energy (0-6
Kcal/mole).

Triplet oxygen is reluctant to initiate the oxidation reaction of organic
molecules which are naturally in singlet state because of a spin forbidden barrier.
In contrast, singlet oxygen can readily and directly react with singlet state lipids in
a spin allowed process to generate peroxides. Singlet oxygen with an vacant
molecular orbital is highly electrophilic and eager to seek electrons to fill the
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orbital. Therefore, electron-rich olefinic and aromatic compounds, amines, and
sulfides can easily react with singlet oxygen. Singlet oxygen can be detected by
several methods such as chemical traps, luminescence, quenchers, and electron
spin resonance. (43, 48, 50, 51).

Mechanisms of Photosensitized Oxidation

The effects of light on the flavor stability of lipid foods is explicable by photolytic
autooxidation or photosensitized oxidation (10). Photolytic autooxidation which
produces free radicals by ultraviolet irradiation is not the major concemn in the oil
industry because UV light is unlikely to reach lipids in systems except for
inadvertent exposure to sunlight without a protective out-layer or container.
However, photosensitized oxidation is important for the flavor stability of lipid
foods. Photosensitized oxidation occurs in the presence of light, triplet oxygen,
and photosensitizers. Photosensitizers include synthetic dyes such as acridine
orange, crystal violet, eosin, erythrosin, methylene blue, proflavin, and rose
bengal (52); naturally occurring pigments such as chlorophyll, flavin, and
porphyrin (53), coenzymes and biochemicals such as pyridoxals and psoralens
(54); metallic salts such as cadium sulfide, zinc oxide, and zinc sulfide (54);
polycyclic aromatic hydrocarbons such as anthracene and rubrene (55, 56); and
transition metal complex such as ruthenium bipyridine (56). A sensitizer can
absorb visible or near UV light and becomes an excited singlet state sensitizer

(lSen*) which has a short lifetime. The excited singlet state sensitizer (ISen*) is
rapidly converted to the ground state by emitting the fluorescence light or to the

excited triplet state sensitizer (3Sen*) by inter-system crossing (ISC). The excited
triplet state sensitizer (3Sen*) which has longer lifetime than the excited singlet

state (1Sen*) decays to the ground state slowly by emitting the phosphorescence
light. Thus, the efficient sensitizers for the generation of singlet oxygen are long-

lived excited triplet state sensitizers (3Sen*) in high quantum yield (54). The
excitation and deactivation of photosensitizers are illustrated in Figure 3.

The excited triplet state sensitizer (3Sen*) is produced via inter-system
crossing during photosensitization. There are two reaction pathways, Type I and
Type 11, for the excited triplet sensitizer (3Sen*) to proceed (Figure 4). In Type I
pathway (sensitizer-substrate), the sensitizer serves as a photochemically activated

free-radical initiator. The excited triplet sensitizer (3Sen*) reacts with the substrate

(RH) to produce radicals (R-) or radical ions (RH-Y) by hydrogen transfer or
electron transfer, respectively. The resultant radicals react with the diradical triplet
oxygen to produce the oxidized products (ROOH) which can breakdown to induce
free radical chain autooxidation. In type II pathway, the excited triplet sensitizer
reacts with triplet oxygen to generate the singlet oxygen by triplet-triplet
annihilation reaction. The singlet oxygen thus produced reacts with substrates
(RH) to form the oxidized products (ROOH) (57-62). There is also a chance of

1% that an electron can be transferred from the excited triplet sensitizer (3Sen*) to
triplet oxygen to produce superoxide anion (O,-") and sensitizer radical ion
gSen-+) (63, 64). Singlet oxygen involvement in the photosensitized oxidation is
in Type II which occurs rapidly and thus accounts for almost all photosensitized
oxidation (65).

The participation of Type I or IT and the intermediates depend on the chemical
nature and concentrations of the sensitizer, substrate, and oxygen as well as the
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reaction conditions such as pH and solvents (65). The change of reaction
conditions can shift the pathway from Type I to Type II, or vice versa.

Generally, readily oxidizable (phenols and amines) or readily reducible
(quinones) compounds favor Type I pathway, while compounds not readily
oxidizable or reducible such as olefins, dienes, and aromatic compounds favor
Type II pathway. However, amines, phenols, and other readily oxidizable
compounds undergo Type II pathway under some conditions.

The oxygen solubility in solution is one of the most important factors which
determine the predominant type of pathway. Oxygen is much more soluble in
most organic solvents than in water (66). The high solubility of oxygen in organic
solvents might favor Type II pathway, whereas the low solubility of oxygen in
water might favor Type I pathway. The preferential solubility of the sensitizer in
the solvents might decide the reaction type as well. Lipid soluble chlorophylls and
hematoporphyrins might favor Type II pathway but water soluble riboflavin
probably favors Type I pathway (65).

The competition between substrate and oxygen for a triplet sensitizer is
another influential factor to determine whether Type I or Type II reaction occurs.
As shown in Table I (65), Type I or Type II pathways compete efficiently for
benzophenone in oxygen-saturated ethanol; however, the type II process
predominates for the eosin under the same condition even at very low oxygen
concentration.

Table 1. Competition of Type I and Type II Processes*

Sensitizer Ki[S1(sec) KplSl(sec™h)
Benzophenone 3.2x10’ 2x107
Eosin 1.7x10° 2x107

* In O, saturated ethanol as substrates
Reaction Mechanisms of Singlet Oxygen with Lipid Foods

Singlet oxygen is very electrophilic and involved in several reactions. These
include 1,4-cycloaddition to dienes and heterocyclic compounds, the ene reaction
with olefins, the oxidation of sulfides to sulfoxides, and the photosensitized
oxidation of phenols to unstable hydroxy-dienones (57, 65, 67). Among these
reactions, the ene reaction and photosensitized oxidation of phenols are the most
important in singlet oxygen oxidation of foods. For the singlet oxygen ene
reaction, there are five possible mechanisms: biradical intermediate, zwitterionic
intermediate, concerted ene mechanism, pereperoxide intermediate, and
perpendicular approach mechanisms. According to biradical intermediate and
zwitterionic intermediate mechanisms, singlet oxygen attacks one end of the
olefinic linkage to produce either a biradical (48) or a zwitterion (48, 50). These
intermediates are changed to allylic hydroperoxides. In the concerted ene
mechanism, a six-center transition state is involved in which attack of one end of
the singlet oxygen molecule occurs at the a-olefinic carbon while the other end
abstracts the y-allylic hydrogen (58). In contrast, in the pereperoxide intermediate
and perpendicular approach mechanisms, approach of the singlet oxygen is along
the perpendicular bisector of the plane of p orbitals (68). The concerted six-
membered ring formation process might yield a hydroperoxide from the cis
addition of singlet oxygen. The ene reaction prefers hydrogen abstraction on the
disubstituted side of trisubstituted olefins (48, 50). The geometry of possible six-
membered transition state in the reaction between singlet oxygen and linoleate leads
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to the formation of conjugated and nonconjugated cis and trans compounds (I8).
The ene reaction producing conjugated and nonconjugated products can be used to
distinguish singlet oxygen oxidation from the free radical autooxidation of lipid
which does not produce the nonconjugated products. The pereperoxide
mechanism is also responsible for the formation of nonconjugated isomers (68).
Another important reaction of singlet oxygen in vegetable oils is photosensitized
oxidation of phenols. This reaction is a quenching reaction of singlet oxygen by
phenol compounds in the lipid. The electron transfer is the primary step which is
followed by rapid proton transfer (/3). It suggests the possibility of phenol
oxidation by the combination of free radical autooxidation and singlet oxygen
oxidation (69).

Photosensitized Oxidation of Lipid Foods

Biologically important lipids that are susceptible to photosensitized oxidation
include unsaturated fatty acids, phospholipids, triglycerides, cholesterol, vitamin
D, steroids, and prostaglandins (54). Photosensitized oxidation of unsaturated
fatty acids and olefins is mainly responsible for the photooxidative degradation of
lipid foods (54). Erythrosin showed the photosensitizing effect on the oxidation of
pork lucheon meat and it accelerated the deterioration of the meat flavor during
exposure to fluorescent lamps (55). Soybean phosphatidyl choline and synthetic
dilinoleoyl phosphatidyl choline react with singlet oxygen in the presence of light
and methylene blue as a sensitizer (24). Soybean and olive oils are photooxidized
in the presence of light and chlorophyll as a sensitizer. Cholesterol is readily

oxidized by singlet oxygen to form 3--hydroxy-So-hydroperoxy-AS-cholestene,
the decomposition of which leads to free radical chain oxidation of unsaturated
fatty acids (70).

Quenching Mechanisms and Kinetics of Singlet Oxygen Lipid
Oxidation

Quenching of singlet oxygen means both chemical and physical quenchings (43).
Singlet oxygen reacts with quenchers to form oxidized quenchers in chemical
quenching, but physical quenching degenerates singlet oxygen to triplet oxygen.
Although chemical and physical quenchings can occur together, chemical
quenching is a reaction rather than a quenching. Physical quenching can be
explained by energy transfer and / or charge transfer mechanisms (43). Energy
tq’aﬁxsfer quenching involves the formation of triplet oxygen and triplet quencher as
ollows:

The energy of the quencher in this process is very near or below that of singlet
oxygen. The quenching of singlet oxygen by B-carotene is a good example of
energy transfer quenching (40-47). The quenching rate constant of B-carotene is
3x 1010M1s1 (42).

The compounds with low oxidation potentials and low triplet energies
undergo the charge transfer quenching. In the charge transfer quenching, singlet
?7xlyg7%t; reacts with electron donors to form a charge transfer complex as follows

Q+'0p > [ Q¥ 071! o> [ Q- 0P > Q + 302
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The complex of singlet state is relaxed to triplet state by inter-system crossing
mechanism and then dissociates. The quenching rate constant of charge transfer

quenching is below 109 M1S°!. The involvement of electron transfer in this
mechanism implies that the more easily oxidizable compounds are the better charge
transfer quenchers. These types of quenchers are amines, phenols, sulfides,
iodide, and azide (43).

The singlet oxygen lipid oxidation can be minimized by singlet oxygen
quenching and / or triplet sensitizer quenching as shown in Figure 5 43).
Negligible singlet sensitizer quenching due to its short lifetime gives the following
steady state kinetic equation for the lipid oxidation product (AO2):

d[AO,] K [*0,] K[A]
—_— =K
dt K, [0,] + K, [Ql KJ[A]+ (X +K_JIQI+K,

where AO,: oxidized lipid, K: rate constant of triplet sensitizer formation, Ky:
reaction rate constant of lipid with singlet oxygen, A: lipid, kq: reaction rate
constant of physical singlet oxygen quenching by quencher Q, kox-q: reaction rate
constant of chemical singlet oxygen quenching by quencher Q, kq: decaying rate
constant of singlet oxygen.

In the case where there is only singlet oxygen quenching (kg[Q] <<

ko[302]), the equation is as follows:

d[AO,] KJA]

dt KJA] + (K + K, QIQ] +K,

where, K: rate constant of singlet oxygen formation

The plot of (d[A02]/dt)'1 vs. [A]'1 at various concentrations of [Q] gives constant
y-intercept of K which is independent of [Q]. When there is no quencher the
slope (S,) becomes K1 (kg/k;) and the ratio of S, to y-intercept gives kg/k,. Since
k4 is known for the solvent, k, can be calculated from kg/k,. If there is a quencher,
the slope (Sq) is equal to K! {(Kox-QIQl + kq[Q] + kq)/k;} and thus [Q]
dependent. The ratio of slope (Sq) to y-intercept gives {(Kox.Q[Ql +kg[Q] +
kg)/k;}. The slope of Sg/y-intercept vs. [Q] has another y-intercept of kg/kr and
slope of (Kyx.q + kg)/k; from which the total singlet oxygen quenching rate
constant (Kox.q + kq) of the quencher can be determined (75).

In the case where there is only triplet sensitizer, (Kox.Q + kg)[Q] <<KA] +
kg, the reaction equation becomes as follows:

d[AO,] K [O,] K[A]
— =K ( ) ( )
dt K, [0,] + K Q] K[A] +K,

where, K: rate constant of triplet sensitizer formation
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Figure 5. Scheme for the quenching of triplet sensitizer and singlet oxygen
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The plot of (d[AOz]/dt)'l VS. [A]'l at various concentrations of [Q] gives y-

intercept equal to K™(1 + Ko[QU/k,[305]). The ratio of slope to the y-intercept of
this plot is kg/k; and independent of [Q].

Singlet Oxygen Quenchers in Vegetable Oil Oxidations

Carotenoids. Carotenoids, which are responsible for many of the yellow and
red colors of plants and animal products, have been known to minimize singlet
oxygen oxidation (6, 8, 23). Carotenoids include a class of hydrocarbons called
carotenes and their oxygenated derivatives called xanthophylls.

The energy transfer quenching mechanism is responsible for the
minimization of singlet oxygen oxidation of lipids by B-carotene (36-43). Electron
excitation energy is transferred from singlet oxygen to singlet state carotenoid,
generating triplet state carotenoid and triplet oxygen, which is called singlet oxygen
quenching (58).

ICarotenoid + 109 - > 3Carotenoid + 30,
1Carotenoid + 3Sen* --------—----—> 3Carotenoid + Sen
3Carotenoid > 1Carotenoid

Energy is also transferred from excited triplet state sensitizer (3Sen*) to the singlet
state carotenoid, which is called triplet sensitizer quenching. Foote (65) reported
that only 10% of the triplet state chlorophyll would survive carotenoid quenching

within intact chloroplasts with a local concentration of B-carotene at 2x 102 M.
The triplet state carotenoid is changed to the singlet state carotenoid without any
radiation. The energy transfer from singlet oxygen (22 Kcal/mole) to carotenoids
with nine or more conjugated double bonds (< 22 Kcal/mole) is exothermic (42).
Carotenoids with fewer than nine conjugated double bonds have triplet energies
above that of singlet oxygen and are less efficient singlet oxygen quenchers.
Carotenoids with eleven or more conjugated double bonds quench at a diffusion-
controlled rate of oxygen. However, the quenching activity decreases with nine or
fewer conjugated double bonds.

Beta-carotene is an efficient singlet oxygen quencher with the quenching rate

constant of 1.3 x 10'° M-1S"! in benzene (76, 77). One molecule of B-carotene
can quench 250 to 1,000 molecules of singlet oxygen (65). Flavor deterioration of
soybean oil initiated by light can be minimized effectively by B-carotene at levels
from 5 to 10 ppm (78). The high concentration of B-carotene is not desirable
because it produces off-flavors and facilitates oxidation by breaking down into
secondary oxidation products that can initiate and promote free radical
autooxidation (23). The rate constants for quenching singlet oxygen by

carotenoids are as follows: B-apo-8'-carotenal, 3.06 x 10% B-carotene, 4.6 x 10%

and canthaxanthin, 1.12 x 1010 M"1s°1 (79).

The quenching effectiveness of p-carotene on the chlorophyll sensitized
photooxidation of soybean oil is proportional to the increment of B-carotene
concentration, as manifested by the headspace oxygen depletion in the oil
containing bottle (Figure 6). The same y-intercept of regression lines of the
samples containing 0, 5, 10, and 20 ppm B-carotene in Figure 6 suggests that
quenching effect of B-carotene is due to the singlet oxygen quenching only.

Although carotenoids are excellent quenchers in singlet oxygen lipid
oxidation, they can be destroyed via radical routes or prolonged irradiation, and
may react with singlet oxygen (39, 43, 80). By the photosensitized oxidation, B-
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Figure 6. Effects of B-carotene on the headspace oxygen depletion of
soybean oil in methylene chloride containing 4 ppm chlorophyll under light
storage at 10°C for 1 day
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caroten:: is changed to form B-ionine and produces dihydroactinidiolide (81). The
decomposition of B-carotene implies three important meanings: first, the color
change in the products may result in alteration of product acceptability; second, the
quenching effect decreases and photosensitized oxidation increases, and finally,
the vitamin A activity is lost (82). Fortunately, the decomposition of B-carotene
can be prevented by the co-existence of tocopherols (83). Thus, the stability of B-
carotene may be high in the oil containing high amount of tocopherols. Min and
Lee (23) also reported that the minimization of soybean oil oxidation by B-carotene
was partially attributed to light filtering effect.

Tocopherols. Tocopherols are free radical scavengers and singlet oxygen
quenchers (65, 56). Tocopherols minimize free radicals produced by singlet
oxygen oxidation of free fatty acids and quench singlet oxygen (84, 85).
Tocopherols not only quench singlet oxygen by physical quenching mechanism
but also react with singlet oxygen by chemical quenching. Foote et al. (41-43)
reported that a-tocopherol quenched singlet oxygen physically and chemically, and
a-tocopherol was an effective antioxidant against photooxidation mediated by
singlet oxygen. The proportion of physical quenching vs. chemical quenching is
structure dependent and possibly solvent system dependent. The ratio of physical
quenching to chemical quenching is 13.5 in methanol (41-43) but 120 in pyridine
(56). Physical quenching is the major mechanism in the tocopherols (43).
Tocopherols deactivate about 120 singlet oxygen molecules before they are
destroyed (80). Carlsson et al. (17) proposed that tocopherols underwent singlet
oxygen oxidation and formed hydroperoxides. Yamauchi and Matsushita (85)
isolated and identified two isomers of 8-a-hydroperoxy tocopherones as the
primary products from the oxidized tocopherols in ethanol by singlet oxygen
oxidation. Therefore, the oxidized tocopherols could be prooxidant by initiating
new free radical chain reactions (7).

Figure 7 shows the quenching effects of a-tocopherol on the headspace
depletion of samples containing 3 ppm chlorophyll and 0.03, 0.06, 0.1, and 0.16
M soybean oil in methylene chloride. As the tocopherol amount in oil increases,
the headspace depletion of samples containing chlorophyll decreases. Tocopherol
minimized the lipid oxidation by quenching the chlorophyll and / or singlet oxygen
formed by the chlorophyll (23).

Jung et al. (86) reported that singlet oxygen quenching rate constants of a-
tocopherol were 2.7 x107 M-1S-1 by peroxide value and 2.6 107 M-1S-1 by
headspace oxygen and that a~tocopherol showed the highest antioxidant effect, y-
tocopherol second, and then §-tocopherol. The quenching ratios of a-tocopherol,
v and 8-tocopherols were 100: 26: 10, respectively (84). Since the reaction rates
between tocopherols and singlet oxygen are high, tocopherols may not be good
antioxidants in the photosensitized oxidation of lipid foods, although in a model
system &-tocopherol acted as an inhibitor in chlorophyll-sensitized photooxidation
of methyl linoleate (87). The stability of tocopherols during photosensitized
oxidation showed that a-tocopherol in methyl linoeate disappeared completely after
12 hour irradiation, and y and 8-tocopherols remained 34 and 48 % after 48 hours,
respectively (83). The higher stability of v+ and 8-tocopherols to photosensitized
oxidation enabled their quenching activities to last for a long period of time (85).
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Figure 7. Effects of a-tocopherol on the headspace oxygen depletion of
soybean oil in methylene chloride containing 3 ppm chlorophyll under light
storage at25°C for 2 hours
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Chapter 3

Contribution of Lipoxygenase Pathway
to Food Flavors

Rudolf Juuping Hsieh

Campbell Research and Development, Campbell Soup Company,
1 Campbell Place, Camden, NJ 08103

Lipoxygenase is widely distributed in many plant, animal and fish
tissues. Depending on its origin, lipoxygenase catalyzes the
insertion of oxygen into polyunsaturated fatty acids to generate
position specific hydroperoxides. The hydroperoxides can be
further metabolized into various secondary oxidation products. The
lipoxygenase pathway is highly associated with the development of
fresh and off flavors in many plant and animal food systems. Its
secondary metabolites have been documented to have significant
impacts on the physiology and pathology of plant and animal
tissues. Lipoxygenase activity can be controlled by free radical
quenching and metal chelating mechanisms. Heat stability of
lipoxygenase is also discussed.

Lipid oxidation affects the quality attributes (color, odor, flavor and texture),
nutritional value, safety and physiological effects of food components. Low levels
of oxidative degradation of the unsaturated fatty acids of food lipids may be
beneficial in some foods in generating low levels of desirable flavorful carbonyl
compounds. However more concerns are the free radical intermediates formed.
Free radicals are reactive and can interact and alter other constituents such as
proteins, nucleic acids, carbohydrates, pigments and minerals. Typical impacts of
lipid oxidation on food qualities are flavor deterioration, color bleaching and
textural changes.

The lipoxygenase pathway participates in oxidative degradation of
biological systems as an initiator. Lipoxygenase can catalyze the peroxidation of
polyunsaturated fatty acid to produce position specific hydroperoxide. The
enzyme is of interest to food scientists due to its role in the biogenesis of flavor
and aroma in plant products (1,2). Lipoxygenase-produced flavor and aroma
compounds are desirable in many foods, but may also give rise to offensive
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© 1994 American Chemical Society

In Lipidsin Food Flavors, Ho, C., et d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Publication Date: July 7, 1994 | doi: 10.1021/bk-1994-0558.ch003

July 15, 2012 | http://pubs.acs.org

3. HSIEH Lipoxygenase Pathway and Food Flavors 31

flavors in some plant systems. Lipoxygenase activity is also associated with
degradation of colors in unblanched vegetables (/,2) and rheological properties in
dough products (3).

Various aspects concerning plant lipoxygenases have been reviewed
extensively (I-3). Interest in animal and fish lipoxygenases have been growing
rapidly in the past two decades (/). However the direct correlation between
animal/fish lipoxygenase activity and food quality is still to be established. This
review concentrates on the lipoxygenase pathway in flavors in various biological
systems.

Sources of Lipoxygenases

Lipoxygenases are ubiquitous in many plant, animal, poultry and fish tissues
(Table I). The amount of lipoxygenases in tissues varies widely and can differ
among cultivars and strains of the same organisms, with age, tissue and with
environmental factors.

Plant Lipoxygenase. Soybean lipoxygenase has been studied quite extensively
because its activity is highly associated with the development of off-flavor.
Lipoxygenase is found primarily in the cytosol of the storage parenchyma of
mature soybean seeds (4,5). On germination, however, lipoxygenase decreases in
the storage parenchyma and increases in the abaxial hypodermis, epidermis and
vascular bundle sheaths (5).

There are four isozymes of lipoxygenase in soybean. Relative amounts of
the isozymes differ among cultivars. Lipoxygenase-3 is the most abundant
isozyme in mature soybean on a protein basis, lipoxygenase-1 is almost as
abundant, with lipoxygenase-2 least abundant. However lipoxygenase-2 has the
highest specific activity, so that on an activity basis there are similar amounts of
the three isozymes in soybeans (6).

Lipoxygenase-1 has optimum pH at 9 whereas lipoxygenase-2, 3 and 4 has
pH optima of 6.5-7.0 (7). Isozymes 1-3 are similar in amino acid sequences (8,9).
The isozymes are different in the products produced from linoleic acid.
Lipoxygenase-1 produces 13-hydroperoxide almost exclusively (95%), while
lipoxygenase-2 produces approximately equal amounts of the 13- and 9-
hydroperoxides and lipoxygenase-3 produces more 9-hydroperoxides (65%) than
13-hydroperoxides (35%) (10). Generally speaking, lipoxygenase-2 and -3 are
sometimes referred to as type 2 lipoxygenase while lipoxygenase-1 is referred to
as type 1 lipoxygenase. Type-2 lipoxygenases are much more widespread in
plants than type-1 (11).

Soybean seeds contain more lipoxygenase than do English green peas and
green beans. Four isozymes were separated from pea seed extracts (12,13).
Lipoxygenase activities have been reported in black bean, navy bean, pinto bean,
kidney bean, lima bean and mung bean, etc. (14).

Cereal seeds generally have less lipoxygenases than legumes. Wheat has
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been reported to contain up to four isozymes (15), barley two after germination
(16), maize two after germination (17), rice three (18), rye three (/9) and oats two
(20,21). Lipoxygenase in cereal seeds appears to be associated primarily with the
germ, although the subcellular location is not known. The germ and bran of
wheat were found to contain seventeen- and four-fold more activity, respectively,
than the endosperm (22). Lipoxygenase activity varied more than ten-fold in
wheat samples of different varieties and conditions of cultivation (23).

Lipoxygenase was not detected in mitochondria of wheat seedlings (24).
It has been found in the chloroplast of a number of plants, including soybean
leaves (5), pea leaves (25), wheat (26,27) and possibly cauliflower and calabrese
florets (28,29).

Lipoxygenases of the seeds of soybeans, English peas, green beans and
corn are responsible for aroma and flavor deterioration (30,31), while
lipoxygenases in cauliflower and broccoli appear to be of little or no consequence
(32).

Animal Lipoxygenase. The history of the studies of lipoxygenases in animal
tissues is relatively shorter than that of plant origin. Much information about
enzymes, their metabolites and physiological significance has been accumulated
in the past ten years (33). However more knowledge about physical and chemical
structure, kinetics and mechanism of animal lipoxygenases is still needed (J).
Like plant lipoxygenase, animal lipoxygenase can utilize linoleic acid as a
substrate. However lipoxygenase activity in polyunsaturated fatty acids such as
arachidonic, eicosapentaenoic and docosahexaenoic acids is of more interest to
animal physiology.

12-Lipoxygenase, identified in mammalian platelet (34,35), lung (36,37)
and skin (38), catalyzed the conversion of arachidonic acid into 12-hydroperoxy-
eicosatetraenoic acid. Eicosapentaenoic and docosahexaenoic acids can also be
metabolized by platelet lipoxygenase into their corresponding 12- and 14-
hydroperoxy derivatives (39-41). Under certain conditions, the above hydroperoxy
product is further metabolized to a dihydroperoxy derivative by an additional
lipoxygenase (42), or nonenzymatically by iron-catalyzed peroxidation to a mixture
of trihydroxy derivatives via hydroxy epoxide intermediates (43-45). In leukocytes
(46), 5-lipoxygenase activity was found. It oxidized arachidonic acid into a 5-
hydroperoxy derivative and further metabolized into different leukotrienes (47).
Reticulocytes (48) and human eosinophils (49) converted arachidonic acid into a
15-hydroperoxy derivative via a 15-lipoxygenase and further metabolized into a
15-series of leukotrienes (50).

Poultry Lipoxygenase. Lipoxygenase from chicken muscle exhibited oxygenation
activity at the n-6 position in arachidonic acid (5/). Optimum pH for the enzyme
was around 7.0, with little activity observed below pH 5.0 and above pH 8.5. The
enzyme was stable in frozen storage, and activity was almost completely preserved
after twelve months of frozen storage at -12°C. It is suggested that lipolysis may
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provide the substrate for lipoxygenase which may be responsible for some of the
oxidative and rancidity changes during frozen storage of chicken meat (52).

Fish Lipoxygenase. Lipoxygenase activity in fish skin caused postharvest
bleaching of carotenoids (53). Carotenoids are responsible for the bright red and
orange hues of some fish skins. Lipoxygenase activity has been identified in gill
and skin tissues in fish in several laboratories (Table I) (54-59). Some
lipoxygenase activity was reported in light and dark muscles of lake herring (60).

Fish lipoxygenase has an optimum pH at 7.0 and is stable over the pH
range of 6-9 (56,61). Two lipoxygenases have been partially purified from the gill
tissue of marine rockfish and freshwater trout (58,62). One introduced
oxygenation into arachidonic acid at the n-9 position while the other possessed
activity at the n-6 position. In these two kinds of fish gill tissues, n-9
lipoxygenase is much more preponderant than the n-6 enzyme (58). In sardine
skin tissue, n-6 lipoxygenase is the predominant type (59,61). Results from chiral
phase HPLC indicated that oxidation products from n-9 and n-6 lipoxygenases had
the S configuration (58,59,62). This 12(S) structure is consistent with that
produced by 12-lipoxygenase in mammalian platelets and lungs (62).

Table L Plant and Animal Sources of Lipoxygenase

PLANTS
Apple Alfalfa Banana Barley Beans
Broccoli Cauliflower Cucumber Egg Plant Grape
Maize Mango Melon Mushroom Oat
Peas Pear Potato Rice Rye
Soybean Tobacco Tomato Wheat Watermelon

MAMMALS

Platelets Lungs Leukocytes
Skins Reticulocytes

FISHES
Drum Perch Emerald Shiner = Bass Bullhead
Sheephead Trout Catfish Salmon Blue Gill
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Mechanism of Lipoxygenase Reaction

Lipoxygenase catalyzes the insertion of oxygen into polyunsaturated fatty acids.
The basic cis,cis-1,4-nonconjugated diene system is required for all unsaturated
fatty acids. The normal product from the action of animal and plant lipoxygenases
on such a substrate is a cis, trans-conjugated hydroperoxy fatty acid (63). Most
available information concerning the mechanism of catalysis has been obtained
from experiments with soybean lipoxygenase-1 (64).

The nonheme iron has been suggested to be around the active site of
soybean lipoxygenase and is bound tightly. It cannot be removed without
denaturation of the enzyme (65). According to absorption and fluorescence
spectroscopy studies, there are at least three catalytic forms of lipoxygenase, the
native ferrous form, the yellow activated ferric form and the purple enzyme-
hydroperoxide complex form, during its catalytic cycle (66,67).

There are some indications for the presence of methionine (68,69), tyrosine
and tryptophan (65,66,70) in the neighborhood of the catalytically active site of
soybean and reticulocyte lipoxygenases. Calcium cation may influence the
physical state of the fatty acid substrate in solution, particularly at low pH (71).
Calcium cation have also been reported to inhibit soybean lipoxygenase activity
(72)

The activation of lipoxygenase can be initiated by either ferric or ferrous
lipoxygenase in the presence of oxygen. The activation of lipoxygenase requires
the presence of fatty acid hydroperoxide (73,74). In a simplified scheme, there are
four major steps in the lipoxygenase initiated oxidation of polyunsaturated fatty
acids in both animal and plant tissues (48,75): (a) activation of enzyme from
ferrous state to ferric state by the presence of trace amounts of hydroperoxide; (b)
hydrogen abstraction from the substrate unsaturated fatty acids; (c) stereospecific
introduction of an oxygen molecule and (d) formation of fatty hydroperoxy anion
and regeneration of ferric enzyme for the next cycle. In this reaction scheme, the
lipoxygenase reaction catalysis is initiated by hydrogen abstraction of fatty acid,
not by activation of oxygen. This is supported by the fact that, even with the
removal of oxygen from the reaction mixture, fatty acid dimers arise from the
radical intermediates of free fatty acids generated via the anaerobic
lipohydroperoxidase reaction.

Substrate Specificity. Lipoxygenases are generally defined in terms of their ability
to dioxygenate polyunsaturated fatty acids possessing a 1,4-cis,cis-pentadiene
system. Among the naturally occurring n-3 and n-6 fatty acids that meet this
structure requirement (48,63), the following are most frequently used as
lipoxygenase substrates: linoleic, a-linolenic, y-linolenic, arachidonic, bis-(homo)-
y-linolenic, 5,8,11-all-cis-eicosatrienoic, eicosapentaenoic and docosahexaenoic
acids.

Fatty acids containing a trans double bond, such as linelaidic acid, are not
oxygenated and are competitive inhibitors of linoleate oxygenation by soybean
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lipoxygenase (76). Both cis and trans fatty acids are bound to the enzyme, but the
initial hydrogen abstraction is sterically hindered in the trans structure. Moreover,
fatty acids with a conjugated diene system are strong competitive inhibitors of
linoleate oxygenation.

Many lipoxygenases attack not only unesterified polyenoic fatty acids, but
also their methyl esters. The rate of oxygenation of methyl linoleate were
consistently 25% of that for free linoleic acid for lipoxygenases in reticulocytes,
pea seeds and wheat (77). Soybean lipoxygenase-1 attacks methyl linoleate with
low reactivity and low regio- and stereospecificity as compared to the reactions
with free linoleic acid (48). Unfractionated soybean oil, mono- and dilinolein (78)
can be oxygenated by soybean lipoxygenase. 15-Lipoxygenases from reticulocytes
and polymorphonuclear leukocytes may attack unsaturated fatty acids in
phospholipid (79). The specificity of lipoxygenase is a function of substrate fatty
acids, pH, and other incubation conditions, e.g., the presence of calcium
(10,48,80).

Product Specificity. For the formation of one conjugated diene radical during a
lipoxygenase cycle, there are always two possible positional isomers of
oxygenation products. The preference formation of one of the two may be
explained in two ways: (a) stabilization of the mesomeric structures of the fatty
acid radical intermediate and (b) the orientation of the dioxygen introduced at the
active site (48). According to the position of oxygenation, lipoxygenase may be
categorized into two groups: (1) the position of hydrogen removal is determined
by the distance from the methyl end of the fatty acid and oxygenation by a (+2)
rearrangement, as catalyzed by lipoxygenase from soybean (81), reticulocytes (82),
and bovine blood (35); or (2) the position of hydrogen removal is determined by
the distance from the carboxyl end of the fatty acid and oxygenation by a (-2)
rearrangement, such as occurs with the lipoxygenase from potato (83), corn (81),
tomato (84), wheat (85), and neutrophil (46). Dual positional specificity has been
found in lipoxygenases from soybean (86), potato (87), wheat (85), human blood
platelet (88), and reticulocytes (89).

Fresh and Off-Flavors Associated with Lipoxygenase Activity

A lipoxygenase/lyase pathway has been demonstrated in the production of many
important volatile carbonyl compounds in watermelon seedlings (90), tea
chloroplast (91), alfalfa and cucumber seeds (92), pears (93) and apples and
tomatoes (94). The reaction usually involves the cleavage of hydroperoxides by
hydroperoxide lyase and/or subsequent isomerization by isomerase (95-97).
Cleavage of 13-hydroperoxy linoleic or linolenic acids by hydroperoxide lyase
generated twelve-carbon compounds, 12-oxo-cis-9-dodecenoic acid, and six-carbon
aldehydes, hexanal or cis-3-hexenal. The 12-oxo0-cis-9-dodecenoic acid and cis-3-
hexenal undergo isomerization to the more stable 12-oxo-frans-10-dodecenoic acid
and trans-2-hexenal (98,99). Cleavage of 9-hydroperoxy fatty acids by
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hydroperoxide lyase results in the formation of nine-carbon oxo fatty acids and
aldehydes. The volatile products from the 9-hydroperoxides of linoleic and
linolenic acids are cis-3-nonenal and cis,cis-3,6-nonadienal, respectively. The
differences in the type and proportion of volatile compounds produced have an
impact on the distinctive flavor and aroma of a particular fruit or vegetable and
are due to the nature and properties of the enzymes involved in the ox1dat1ve
degradation of linoleic and linolenic acids.

Soybean. Lipoxygenase represents about 1-2% of the protein in soybeans (10).
Soybean oil contains approximately 55% linoleic and 8% linolenic acids which are
substrates for lipoxygenase. Volatile degradation products of these fatty acid
hydroperoxides by lipoxygenase pathway are n-hexanal, cis-3-hexenal (100-102).
These compounds have been associated with grassy, beany and rancid off-flavors
in soybeans (103,104) which reduce the consumer acceptability of soybean
products. Flavor problems can occur in soybean protein as well as oil products
because undesirable compounds can bind covalently to proteins during processing
(104,105). Some of these aldehydes can be reduced by the action of alcohol
dehydrogenase to alcohols leading to less undesirable flavors because of higher
alcohol threshold values (106,107).

Tomato. The characteristic flavor and aroma of tomatoes are produced by a large
group of volatile compounds including aldehydes, ketones and alcohols (108,109).
The principal volatiles produced from the breakdown of fatty acids in tomatoes are
hexanal and cis-3-hexenal (110-112). Tomato lipoxygenase, which has been
purified and characterized (/13), forms 9- and 13-hydroperoxides. 9-
Hydroperoxide is the predominant product in quantity. However only 13-
hydroperoxide is susceptible to the action of the tomato hydroperoxide lyase and
is converted to the six-carbon aldehydes (94,114). The metabolic fate of the 9-
hydroperoxides is not well understood. An isomerase can transform cis-3-hexenal
to trans-2-hexenal, although the level of this isomerase in tomato is low (/).
Alcohol dehydrogenase can then reduce these aldehydes to the corresponding
alcohols. All the six-carbon aldehydes and alcohols contribute a green note to the
flavor of fresh tomato. During the processing of tomato paste, cis-3-hexenal and
hexanal concentrations are greatly diminished (/16), thereby causing a loss of
fresh tomato aroma. Nonspecific oxidation pathways such as autooxidation and
light-induced oxidation are also involved in the development of tomato flavors
(117-119).

Apple. Lipoxygenase has been extracted from Golden Delicious apples and then
partly purified (120). Its activity was reported the highest in the core and peel
(121). Hexanal and trans-2-hexenal are the principal products of the action of
lipoxygenase in fatty acids in apples; lesser amounts of hexanol, frans-2-hexenol,
cis-3-hexenal and cis-3-hexenol are also formed (122-124).
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Cucumber. Cucumber peel contains twice as much lipoxygenase activity as the
flesh (125). Lipoxygenase, hydroperoxide lyase and cis-3-hexenal isomerase have
been demonstrated to be involved in the genesis of volatiles in cucumber (95-97).
The principal aroma compounds in cucumber are nine-carbon volatiles although
six-carbon volatiles are also present (95). These volatiles are not found in intact
cucumber tissue. Cutting or chewing of the tissue induces the production of nine-
carbon carbonyl compounds, among which, trans-2-cis-6-nonadienal provides most
of the characteristic aroma of cucumber (/26,127). In addition, twelve-carbon and
eighteen-carbon aldehydes are present in the volatile fractions of cucumber
homogenate (128,129) which results from the action of an a-oxidation enzyme
system.

Mushroom. A major contribution to the flavor of mushrooms comes from 1-
octen-3-ol and 1-octen-3-one (130). These are derived from the 10-hydroperoxide
of linoleic acid, presumably formed as a result of lipoxygenase activity (131). The
R(-)-enantiomer of 1-octen-3-ol has the typical mushroom flavor while S(+)1-
octen-3-ol has a mouldy, grassy flavor note (132). 1-Octen-3-ol is present in
much larger amounts in mushroom than 1-octen-3-one (133). However the ketone
has a higher aroma value and is a more important flavor volatile. Dehydration
causes massive loss of 1-octen-3-ol, while cooking leads to an increase in both 1-
octen-3-ol and 1-octen-3-one, especially the ketone (134,135).

Banana. During the ripening process, the content of fatty acids, e.g. palmitic,
oleic and linoleic acids, decreases. The decrease in fatty acid content is associated
with the oxidative activity of lipoxygenase activity and subsequent generation of
flavors. Green banana containes frans-2-nonenal, frans-2-cis-6-nondienal and 9-
oxonanoic acid. Bananas treated with ethylene, due to induced lipoxygenase
activity, containes hexanal, trans-2-hexenal and 12-oxo-trans-10-dodecenoic acid

(136).

Green Peas. Lipoxygenase has been found in pea cotyledon and skin tissues
(137). Lipoxygenase activity is associated with off-flavor development. The
addition of purified lipoxygenase to blanched peas produces the characteristic off-
flavors (30,138).

Winged Beans. Hexanal and 2-pentylfuran are the principal volatile components
responsible for the strong beany off-flavors in winged beans (/39). Mature
winged beans possess lipoxygenase at levels comparable to soybeans (72). These
authors purified two major isozymes of lipoxygenase from winged beans. Both
were thermostable (72).

Green Beans. Significant contributions to the acceptable flavors of green beans
are made by volatiles such as 1-octen-3-ol, cis-3-hexenol, trans-2-hexenal, hexanal
and hexanol (/40). Lipoxygenase (/41) and hydroperoxide isomerase (142)
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activities have been detected in bean seeds. Direct relationship between
lipoxygenase activity and flavor formation is still lacking. However blanching to
inactivate lipoxygenase has been shown to prevent off-flavor formation in beans
(143).

Potato. The action of lipoxygenase on linolenic acid in potatoes produced its 9-
hydroperoxide (144,145). A breakdown compound from the 9-hydroperoxy
derivative of linolenic acid, frams-2-cis-6-nonadienal, has been shown to be
associated with cucumber-like off-flavors in potato and formed through the
lipoxygenase pathway (146,147). This off-flavor is removed during boiling
because the nonadienal undergoes double bond hydration and retro-aldol
condensation to cis-4-heptenal. cis-4-Heptenal contributes to the boiled potato
flavor (148).

Grape. Grape lipoxygenase produces mainly 13-hydroperoxides (80%) and 9-
hydroperoxides (20%) (149). Its hydroperoxide lyase like the tomato isozyme
attacks only 13-hydroperoxide, not 9-hydroperoxide (150,151), to generate six-
carbon aldehydes (149,152).

Com. Off-flavor development in frozen corn-on-the-cob was attributed to
lipoxygenase activity in the germ and cob (/53). Compared to that in peas and
beans, lipoxygenase in immature maize seeds was less active by a factor of 10
(154). Germination increased lipoxygenase activity in germ considerably (17).
Main volatiles originating from maize lipoxygenase oxidation of linoleic acid were
pentanal, hexanal, trans-2-heptenal, ethanal and heptanal (155).

Tea. Lipoxygenase was reported in tea leaf chloroplast (156,157). Its enzymic
activity oxidized linoleic acid to its 13-hydroperoxide, then hexanal and linolenic
acid to cis-3-hexenal and frans-2-hexenal (158). Lipoxygenase activity in tea
leaves increases after plucking (159) and there is a further increase in subsequent
dehydration. Lipoxygenase activity is higher in leaves used for making high
quality tea than those used for lower quality products.

Fish. Various aliphatic aldehydes contribute strongly to the characteristic aroma
of oxidized fish lipids. These carbonyl compounds impart flavors which have
been frequently described as rancid, cod-liver-oil-like and painty. Typical
oxidized fish-like flavors are 4-hepental, 2,4-heptadienal, 2,4-decadienal and 2,4,7-
heptatrienal (160-162). These flavors, due to autoxidation of polyunsaturated fatty
acids, tend to increase with time and temperature of frozen storage (160,162).
Fresh fish is characterized by a plant-like, green grassy aroma, reflecting
the combination of six-carbon, eight-carbon and nine-carbon carbonyl and alcohol
compounds (85,163,164). These are hexanal, 2-octenal, 1-octen-3-one, octen-3-ol,
1,5-octadien-3-o0l, 2,5-octadien-1-o0l, 2-nonenal and 2,6-nonadienal. The origin of
these volatile compounds has been demonstrated to be associated with
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lipoxygenase activity in polyunsaturated fatty acids (57,165-167). The generation
of such flavors can be suppressed by flavonoids specific in lipoxygenase activity
(57,165). Lipoxygenase activity was reported to be associated with the generation
of flavors, 5,8,11-tetradecatrien-2-one, in heated shrimp (168). Its activity also
helped to generate surimi and other fresh seafood flavors (55).

The characteristic aromas of fresh fish vary among different species (164).
Nine-carbon aldehydes are present in freshwater fish whereas eight-carbon
alcohols occur in some species of freshwater and also saltwater fish
(84,85,163,164). The nine-carbon carbonyl compounds appeared to be associated
with species inhabiting cold waters. These species also appear to be more
vulnerable toward handling damage than species that do not contain these
compounds (164).

Animal Tissues. Although there is no direct correlation between lipoxygenase
activity and flavor generation in muscle foods, the potential of lipoxygenase
activity in causing flavors and off-flavors should not be deemphasized.
Hydroperoxides of fatty acids are unstable and can be further metabolized into
various biological active compounds. The other route is that they may become
decomposed thermally or via metal ion catalysis to generate various alkyl and
alkoxy radicals. These free radicals may react with hydrogen or hydroxyl radicals
to generate various flavor compounds, or they may attack other available
compounds resulting in autoxidation and development of off-flavors and other
quality deterioration (169).

Physiological Roles of Lipoxygenase Pathway

In Animal Tissues. Physiological roles for some animal lipoxygenase metabolites
have been widely studied. Lipid hydroperoxide products of lipoxygenase are
potent inhibitors specifically of prostacyclin synthetase (/70). This indicates that
lipoxygenase activity could significantly alter the balance between antagonistic
prostaglandins. 5-Lipoxygenases are involved in the biosynthesis of bioactive
oxyeicosanoids, such as leukotriene. Leukotrienes have been reported to be
chemotaxins and inflammatory mediators of human neutrophiles (171,172) and
probably in allergic brochopasm (47). 12-Lipoxygenase activity was reported to
modulate intercellular interactions (173,174). 15-Lipoxygenase plays a key role
in the maturation of reticulocytes (48).

In Plant Tissues. Several investigators have observed an increase in lipoxygenase
activity during seed germination and early seedling growth (78,175-177). Its
activity in germinating seedlings accelerates the disruption of cellular membranes
and facilitates the transport of storage products to the developing embryos.
Lipoxygenase is involved in the synthesis of jasmonic acid which has been
reported to promote plant cell senescence and inhibit growth (178-180). Jasmonic
acid has growth-retarding properties in plant tissues similar to those of abscisic
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acid. Lipoxygenase may be involved in the production of ethylene (181-183)
which initiates fruit ripening and regulates many aspects of plant growth,
development and senescence, although other evidence does not support a role for
lipoxygenase in the synthesis of ethylene (184-186).

Lipoxygenase-mediated lipid oxidation has been postulated to be
responsible for the membrane damage observed associated with infection in potato
tubers (/87) and tobacco leaves (/88). The resulting hydroperoxy radicals and
some of the secondary volatile oxidation products are toxic to plant pests (75,189).
The increase in lipoxygenase activity has generally been much larger in resistant
plants than in susceptible ones. Additionally lipoxygenase catalyzes the
production of traumatin (12-oxo-trans-dodecenoic acid) in wounded plant tissues.
Traumatin was reported to be involved in wound healing in plant tissues (190).

Control of Lipoxygenase Activity

Stability of Lipoxygenase. Lipoxygenase activity is usually inhibited by the
presence of hydrogen peroxide (66,191) or by its oxygenated substrate (192,193).
The self-inactivation of lipoxygenase may be caused by oxidation and
accumulation of excess amounts of enzyme-generated hydroperoxides (/94). The
stability of enzyme can be significantly improved by the addition of thiols such
as glutathione and 2-mercaprtoethanol (56,195). The stabilization effect may be
ascribed to the maintenance of essential sulfhydryl groups in lipoxygenase in the
reduced state and minimize self-inactivation (196). A critical role of sulfhydryl
groups for enzyme activity has also been reported in lipoxygenases from platelet
(38), soybean (197) and guinea pig skin (198). However the requirement of low
levels of hydroperoxides (<10nM) for activation of lipoxygenase has been reported
by many animal and plant tissues (63).

Control by Free Radical and Metal Chelation Mechanisms. It is well documented
that iron-oxygen complex and free radicals are involved in the catalytic cycle of
many lipoxygenase activities (48,75,199). Free radical quenching and metal
chelating capabilities of flavonoids have been attributed to control lipoxygenase
pathways (200-202). Traditional antioxidants such as BHA, PG and NDGA
(nordihydroguaiaretic acid) inhibit lipoxygenases from various sources while BHT
does not (48,203-205). These findings suggest that the oxidation potential of an
antioxidant does not predict its inhibitory potency on lipoxygenase. The
effectiveness of such compounds in the inhibition of lipoxygenase comes from
their structuré and accessibility toward the catalytic site in the enzyme (48,205).

Quercetin functions as a hydrogen donor and is an inhibitor of soybean
lipoxygenase-dependent oxidation of linoleic acid (206,207). Kaempherol, caffeic
acid and chlorogenic acid are effective inhibitors of soybean lipoxygenase (208).
Esculetin, with a catechol structure, is a potent inhibitor of lipoxygenases
(205,209). Glycosidation at one of the hydroxy groups of the catechol structure
converts esculetin to esculin, which is much less in inhibitory potency on
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lipoxygenase (205). Flavonoids with a catechol structure can form complexes with
ferric ion in the active site of 12- and 5-lipoxygenases and cause inhibition
(86,198,210). Pathophysiology and the reaction mechanism of flavonoids toward
lipid oxidation needs to be further understood before its extensive use in foods.

Heat Stability. There are two stages during the inactivation of purified pea
liopxygenase at 70°C (211). The first stage was dependent on the concentration
of linoleic acid hydroperoxide. This is followed by a slow, first-order inactivation
which is independent of hydroperoxides. Inactivation of purified soybean
lipoxygenase lipoxygenase follows first-order kinetics at 65-77.5°C (212).
Resistance to heat inactivation was in the order of soybean isozyme-1 > -2 > -3
(213). The presence of other soybean constituents enhances the stability of the
enzyme. Purified lipoxygenase from potato tubers follows a first-order kinetics
of inactivation at 50-60°C while crude enzyme preparations and reconstituted
isoenzyme mixture followed a second-order reaction (214). Fish lipoxygenase is
inactive at 50-60°C (56). Microwave heating was explored to inactivate
lipoxygenase in soybean (215) and wing bean (216). Soaking of the seeds prior
to microwave heating considerably reduced the heating time required to inactivate
the enzyme (216).
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Chapter 4

Volatile Formation by Lipid-Mediated Maillard
Reaction in Model Systems

Yuangang Zhang!, William J. Ritter!, C. Craig Barker!, Paul A. Tracil,
and Chi-Tang Ho?

1Universal Flavors Corporation, 5600 W. Raymond Street,
Indianapolis, IN 46241
2Department of Food Science, Cook College, Rutgers, The State
University of New Jersey, New Brunswick, NJ 08903

Maillard reactions are perhaps the most important set of reactions
in the development of cooked food flavors. A lot of research has
been carried out to study the mechanism of this reaction in an
aqueous system. However, lipids have been recently recognized as
important in flavor development in conjunction with Maillard
reactions. This paper discusses the volatile flavor formation by
lipid-mediated Maillard reactions involving a series of reducing
sugars with selected amino acids, such as glycine, proline and
cysteine, and peptide glutathione.

Thermal processing of food products provides an essential function for flavor
development in addition to ensuring the safety of food. Under thermal processing
conditions, a wide range of chemical reactions occurs simultaneously, such as
protein denaturation, enzyme deactivation, oxidation of lipid and Maillard
reactions, which have substantial effects on the quality of processed food.

The Maillard, or nonenzymatic browning reaction occurs as a result of a
condensation reaction between a reducing sugar and the primary amino group
from an amino acid, peptide or protein. The initial stage is the formation of a
labile N-substituted aldosylamine product. The isomerization of the labile
compound via Amadori rearrangement gives a stable N-substituted deoxyketose,
the so-called Amadori rearrangement product (ARP). The following Strecker
degradation, retroaldolization, fragmentation and further interaction lead to the
formation of various volatile compounds (J).

Lipids, on the other hand, have been well-known to contribute to the
sensory quality of foods. Similar to the Maillard reaction, they provide food with
desirable as well as undesirable flavors. As one of the three major food
components coexisting with proteins and carbohydrates, lipids are inevitably
involved in thermal interactions during food processing. It moderates the reaction
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environments for the Maillard reaction, such as temperature, water content and
substrate concentration, as a reaction medium, such as for deep-fat frying of foods.
It can also provide lipid-derived carbonyl compounds as reactive intermediates,
and as special component phospholipids can catalyze or modify Maillard products
formation (2-6). It is the intent of this paper to upgrade and review such
information as the effects of lipids on the Maillard reaction.

Effect of Lipids on the Maillard Reaction as a Medium

Role of Lipids in Deep-fat Frying Flavors. Lipids are commonly used as a frying
medium to provide a high temperature for preparation of deep-fat fried food,
which involves the continuous submersion of moisture-containing food in oil
which has been heated to approximately 180°C. During the frying process,
moisture is rapidly evaporated and decomposition of oil occurs.

Table I represents the major volatile decomposition products of frying oil
isolated from a Maillard reaction model, which mimics deep-fat frying conditions.
Cysteine, proline and lactose were dissolved in water and this solution was
injected into cotton balls (80 % water by weight). The balls were fried in corn
oil at 170°C for 4 minutes (three batches). Volatiles remaining in the frying oil
were isolated by vacuum steam distillation followed by acid-base fractionation and
solvent extraction. As shown in Table I, all the volatiles are the lipid derived
compounds. The major peak, 2,4-decadienal, which accounted for about 47% of
the total volatiles isolated, is a typical oxidation product of linoleate
decomposition via a 9-hydroperoxide (7). It was identified as a major component
of carbonyl compounds in deodorization distillates from cottonseed oil, soybean
oil, beef tallow and lard (8). It is potent as a flavor compound and odor quality
is best described as deep-fried (8). Surprisingly this percentage is very close to
what was reported (46.1%) from a thermal degradation of the isomeric
hydroperoxide of linoleate in a model study (7). Hexanal, 2-pentylfuran, and 4,5-
epoxy-2-cis/trans-decenal are also formed from the same precursor. Other major
components, 2-trans-decenal and 2-trans-undecenal, are among the major oxidation
products of oleate (7). The high percentage of 2,4-decadienal probably indicates
a rapid oxidation and decomposition of corn oil under frying conditions.

An attempt has also been made to isolate the interaction products of sugars,
amino acids and lipids. Only two proline-specific Maillard products, N-
methylpyrrole and N-acetylpyrrole (9), were identified in trace amounts. The lack
of interaction products between sugars, amino acids and lipids is probably due to
two main reasons: 1) the reaction time is short thus limiting volatile compound
formation and interactions among them; 2) during the isolation, the predominance
of lipid oxidation products may have masked the interaction products which have
already formed. Therefore, an extended reaction time and relatively more stable
oil is suggested for the model system and new isolation techniques, even partial
purification, are necessary for future research.
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Table L. Major Volatile Compounds Identified from a "Cotton-ball" Model
System Containing Cysteine, Proline and Lactose Fried in Com Oil

I; (DB-1)* Structure Area %
355 pentanol 0.53
392 hexanal 2.60
551 2-trans-heptenal 454
1-octen-3-ol 0.61
620 2-pentylfuran 1.21
625 2,4-heptadienal 0.51
654 2-trans-octenal 1.21
759 2-trans-nonenal 1.01
863 2-trans-decenal 2.13
894 2-cis-4-trans-decadienal 3.76
897 2-trans-4-trans-decadienal 43.03
967 2-trans-undecenal 3.41
970 4,5-epoxy-2-trans-decenal 1.56
972 4,5-epoxy-2-cis-decenal 0.71
palmitic acid 6.91
Sum 73.73%

* Linear retention indices on DB-1 column calculated in relation to ethyl ester of
carboxylic acids.

Effect of Water Content on Maillard Reactions. Since moisture loss is a typical
feature of most thermal processing of foods, further research was conducted to
study the water content effect on the volatile formation through thermal reactions.
A mixture of 600 mg cysteine or 1500 mg glutathione and 100 g of a solvent
mixture consisting of water: diglyme (prepurified diethylene glycol dimethyl ether)
in proportions of 0, 20, 50, 80 and 100% water was heated in a closed system.
As Table II shows, eleven volatile sulfur-containing compounds were identified
as major products from the thermal degradation of cysteine and glutathione. The
maximum amount of volatiles was produced between 20% - 50% water content
for both of them and the major volatile compounds produced were 3,5-dimethyl-
1,2,4-trithiolanes for cysteine and 4,7-dimethyl-1,2,3,5,6-pentathiepanes for
glutathione (Figure 1). Above 50% water content, a limited amount of volatile
compounds was formed and this may be due to the substrate dilution effect or
inhibition of condensation steps. The same effect of high water activity on
nonenzymatic browning was observed by other researchers (10-11) and on meat
flavor simulation (12). Below a 20% water content, there was a sharp decline in
volatile production for both model systems. The effect of water content on the
final pressure of the closed systems was observed by Hartman et al. (12). As the
water content increases, so do the vapor pressures. At lower water content,
pressure was decreased thus reducing the formation of volatiles.
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Figure 1. Effect of water content on the formation of sulfur-containing

compounds from the thermal degradation of glutathione at 180°C; Compd A:
thiazole; B: 2-methylthiazole; C: 3,5-dimethyl-1,2,4-trithiolane; D: 3,6-dimethyl-
1,2,4,5-tetrathiane; E: 3,5,7-trimethyl-1,2,4,6-tetrathiepane; F: 4,7-dimethyl-
1,2,3,5,6-pentathiepane.

However, different agents used for manipulating the water content affect
the maximum volatile yield, also. When a solvent mixture of glycerol and water
was used in the reaction of cysteine and 2,5-dimethyl-4-hydroxy-3(2H)-furanone
(DMHF) (13), both the best sensory results and volatile production were obtained
at 75% water content.

Effect of Lipids on the Sensory Characteristics of Maillard Reaction Products.
Oil medium changes the formation of volatile compounds and their sensory
characteristics. The sensory characteristics of Maillard reaction products produced
by glucose/amino acids model systems are shown in Table IIl. The sensory
descriptors for an aqueous medium represents the products formed by heating a
1:1 molar ratio of glucose and amino acid at 180°C (7), and that in an oil medium
represents the products formed by heating a 1:1 w/w ratio of glucose and amino
acid at 160°C for S minutes. It shows that the flavor of the reaction product was
dependent on the amino acid involved.
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Table IIl. Comparison of Sensory Characteristics of Maillard Reaction
Products Produced in Aqueous and Oil Media

Amino acids Aqueous Medium Oil Medium
Gly burnt sugar syrupy, old oil

Val penetrating chocolate candy

Leu burnt cheese painty

Thr burnt coffee

Met potato fried vegetable
Phe violet rose, honey
Pro bakery corn, bready
Lys bread comn tortilla
Gin butter sweet nut
Cys meaty chicken

Lipids, in general, modify the sensory characteristics of the final products
by contributing oxidized oil, painty or fried characteristics among them.

The differences in flavor quality of the Maillard products was also reported
for a model study of L-cysteine with hydroxyacetone in water, triglyceride and
glycerol (14); and cysteine reacted with 2,5-dimethyl-4-hydroxy-3(2H)-furanone
(DMHF) in water, glycerol, and a mixture of water and glycerol (I3).
Dimethylpyrazines were identified as major volatiles in the glycerine and
triglyceride systems but not in water. 2-Acetylthiazole in the triglyceride system
and 2-acetylthiophene in the glycerol system were the secondary abundant
products. The sensory results indicated that the triglyceride and glycerol systems
yielded more roasted notes and the water system had more sulfury notes (14). In
the reaction of cysteine and DMHF, after one-half hour, the aroma of the product
was judged to be roasted, or pot-roasted in an aqueous medium, and roasted and
biting in glycerol. The best aroma was produced in a water:glycerol mixture with
75% water, which was described as most the balanced and meaty.

Effect of Lipid-derived Carbonyl Compounds on the Maillard Reaction

Lipids upon autoxidation produce carbonyl compounds which react with amino
compounds to form brown, high-molecular weight products. This type of
browning has been recently reviewed by Pokomny (15). The discussion here
intends to update volatile production from Maillard reactions as affected by lipid-
derived carbonyls.

Effect on Pyrazine Formation. The effect of lipids on the formation of pyrazines
through Maillard reactions was first reported by Huang et al. (16). As part of the
investigation of the effect of lipids on volatile formation in corn-based extrusion
products, they heated a mixture composed of zein, corn starch, corn oil and water
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from 120°C to 180°C for 30 minutes. Two new dimethyl- n-pentyl trisubstituted
pyrazines were identified which were believed to be the interaction products of
lipids, proteins and carbohydrates. The authors suggested that lipid-derived
aldehydes reacted with a Maillard reaction intermediate, a disubstituted 2,5-
dihydropyrazine, to form the corresponding alkylated pyrazines. Therefore, the
substitution of the long-chain alkyl group in the pyrazine indicated the
involvement of lipids or lipid-derived products in the Maillard reactions (17).

A typical reaction scheme of involvement of lipid-derived carbonyl
compounds in the formation of pyrazines through a Maillard type reaction was
shown in a model system (I8) using hydroxyacetone, ammonium acetate and
different aliphatic aldehydes. With ammonium acetate used as an ammonia source
which represents a protein or an amino acid, hydroxyacetone yields an a,f-
dicarbonyl compound from carbohydrate and aldehydes formed by lipid oxidation.
The pentyl- or hexyl-substituted pyrazines were formed from the model systems
with the pentanal and hexanal, respectively, thus indicating the interaction of lipid
with Maillard reaction products. In a recent study on the contribution of peptides
to the formation of volatile compounds through the Maillard reaction, Zhang et al.
(19) identified several novel alkyl-substituted pyrazines, which could be possibly
formed from the same suggested mechanism, but the corresponding aldehydes are
the Strecker degradation products from amino acids methionine, leucine, and
phenylalanine.

Long-chain alkyl substituted pyrazines have so far been identified in a few
food systems including fried chicken (20), baked potato (21,22) and French fries

7).

Effect on the Formation of Sulfur-containing Compounds. Lipid-derived
aldehydes participated in the formation of long-chain sulfur-containing heterocyclic
compounds in the Maillard reaction when cysteine or cysteine-containing peptide
glutathione were present. In a model system mimicking the contribution of lipids
to the formation of meat flavors, Zhang et al. (23) conducted an interaction of 2,4-
decadienal and cysteine (model system A) or glutathione (model system B). A
formation pathway for the selected alkyl-substituted sulfur-containing compounds
is presented in Figure 2. The major volatile compounds formed in these systems
were  2,4,6-trimethylperhydro-1,3,5-dithiazines (A1, 10.8%) and 2,4,6-
trimethylperhydro-13,5-thiadiazines (A2, 31.5%), the condensation and oxidation
products of acetaldehyde, hydrogen sulfide and ammonia, which are derived from
the thermal degradation of cysteine or glutathione. Acetaldehyde, however, could
also be derived from lipid oxidation via retroaldolization of 2,4-decadienal (24).
Hexanal is also primarily derived from the retroaldolization of 2,4-decadienal.
Other lipid-derived aldehydes, pentanal and butanal probably come from the
thermal degradation of 2,4-decadienal. Interaction products of all these lipid-
derived aldehydes with cysteine degradation products were observed to form the
long-chain alkyl substituted heterocyclic sulfur-containing compounds. For
example, the formation of 2-methyl-4-butyl-6-pentylperhydro-1,3,5-dithiazine (A4,
<0.1%) involves the interaction of pentanal, hexanal, acetaldehyde and hydrogen
sulfide. Except for 3-methyl-5-pentyl-1,2,4-trithiolane (A7, 0.5%) identified in
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Figure 2. Formation of long chain sulfur-containing heterocyclic compounds from
lipid-derived aldehydes.

fried chicken (20), none of the other long-chain alkyl-substituted sulfur-containing
heterocyclic compounds shown in Figure 2 have ever been identified in foods.
Another cysteine-specific reaction with lipid-derived aldehydes reported
recently by Rizzi et al. (25) also involves the Schiff-base formation mechanism.
The reaction starts with formation of a 2-substituted carboxythiazoline by a
condensation reaction of Schiff-base derived from cysteine and lipid-derived
aldehydes (Figure 3). The length of the 2-substituted alkyl group is dependent on
the chain length of lipid-derived aldehydes. This intermediate either undergoes
decarboxylation to form a 2-substituted thiazoline or is decomposed into
thioaldehydes and vinylamines. Although decarboxylation is not a main pathway
at pyrolysis temperature (25), it has been shown to be the pathway for the
formation of the major product, 2-methylthiazoline, in cysteine-corn oil frying
conditions (26). Thioaldehydes are extremely unstable and predictably undergo
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Figure 3. Formation of 24-dialkylthiophenes from lipid-derived aldehydes.
(Adapted with permission from ref. 25. Copyright 1992 Elsevier Science
Publishers BV)

further reactions. The dimer of the thioaldehydes from the aldol condensation may
react with oxygen to form a predictably more stable disulfide. However, under
pyrolytic conditions such a disulfide can undergo homolytic S-S bond cleavage,
cyclization and chain transfer protonation to form dihydrothiophenes. Further
oxidation or disproportionation of this dihydrothiophene finally leads to the
formation of 2,4-dialkylthiophenes. Five different 2,4-dialkylthiophenes from the
corresponding aldehydes with cysteine were characterized and their percentage
yield was presented in the same figure. In an independently study, 2,4-
dibutylthiophene was identified only in the reaction of 2,4-decadienal with
cysteine but not glutathione (27).
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On the Formation of other Heterocyclic Flavor Compounds.  Lipid-derived
aldehydes are directly involved in the Schiff-base formation with the primary free
amino group in an amino acid or peptide in Maillard reactions, which affect
further Maillard reactions. In the same study, Zhang et al. (27) observed the
formation of a larger quantity of 2-pentylpyridine in the model system containing
glutathione instead of cysteine. By comparing the volatiles formed from the
interaction of 2,4-decadienal with cysteine and glutathione, the authors suggested
that 2,4-decadienal was involved in a direct Schiff-base formation with the amino
group in cysteine or glutathione, followed by electrocyclic reaction and
aromatization to form pentylpyridine. The relatively more stable glutathione rather
than cysteine provided more primary free amino groups for the Schiff-base
formation thus leading to the production of larger amounts of 2-pentylpyridine.
This compound has been identified in numerous thermal reaction model systems
containing oil and amino acids (2,5,6,23,26) and in deep-fat fried foods, such as
fried chicken (20) and potato (21,22).

Effect of Phospholipid on the Maillard Reaction

Phospholipids have been reported to affect the formation of meat flavors and the
formation of Maillard reaction products (4,5,28,29). In general, the addition of a
phospholipid to the simple Maillard reaction mixtures exerted some quenching
effect on the production of those heterocyclic compounds derived solely from the
reaction of amino acids with reducing sugars. For example, the alkylpyrazines
were produced in slightly lower concentration in the presence of a phospholipid.
This effect was assumed to be due to a preferential reaction of free ammonia or
the amino nitrogen with compounds derived from lipids (5). Reactions were
carried out to study the effect of phosphoryl residue on the formation of
alkylpyrazines. An equimolar mixture of lysine and glucose (0.05 mol) and 200
ml water with or without a phosphorylcholine chloride (PCC) was placed in a
closed system and heated in an oil bath at 180° C for 2 hr. The volatile
components from the reaction were isolated by simultaneous steam distillation and
solvent extraction. Shown in Table IV, the results indicated that the phosphoryl
residue did not suppress the formation of alkylpyrazines and their amount
increased by approximately five times in the presence of PCC. It was reported
that phosphate buffer catalyzes the conversion of glucosylamine into ARP in the
Maillard reaction (3), which may explain the increases for the formation of
alkylpyrazines in the model system containing PCC. Therefore, the suppression
of alkylpyrazine formation involving phospholipids was probably due to the lipid
residue instead of the phosphate residue.

Conclusion

In conclusion, lipids modify the environment of the Maillard reaction thus
changing the volatile compound formation and sensory quality of the products.
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Table IV. Quantitation of Pyrazines from Model Systems (mg/ mol.)

Pyrazines I, (DB-1)* LG LG/PCC
pH 9.1 9.8
pyrazine 707 107.3 389.4
methylpyrazine 799 175.6 746.3
2,5-dimethylpyrazine 890 2313 1905.5
2-ethylpyrazine 893 42 12.2
2,3-dimethylpyrazine 897 254 243.9
2-ethyl-5-methylpyrazine 982 583 4332
2-ethyl dimethylpyrazine 1119 8.7 428
Sum 610.8 3670.0

LG: lysine/glucose; PCC: phosphoryl choline chloride.
*. Linear retention indices on DB-1 column calculated in relative to

hydrocarbons.

In addition, the oxidation and decomposition of lipids occur during thermal
processing, which provides lipid-derived carbonyl compounds. The carbonyl
compounds affect the Maillard reaction by directly reacting with the free amino
group available in the system and produce unique long-chain alkyl-substituted
heterocyclic compounds.
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Chapter 5

Volatile Compounds Generated from Thermal
Interaction of 2,4-Decadienal and the Flavor
Precursors of Garlic

Tung-Hsi Yu!, Min-Hsiung Lee?, Chung-May Wu?3, and Chi-Tang Ho'

IDepartment of Food Science, Cook College, Rutgers, The State
University of New Jersey, New Brunswick, NJ 08903
?Department of Agricultural Chemistry, National Taiwan University,
Taipei, Taiwan, Republic of China
3Food Industry Research and Development Institute, Hsinchu,
Taiwan, Republic of China

Alliin and deoxyalliin, two important nonvolatile flavor
precursors of garlic, were reacted with 2,4-decadienal in a
model system to simulate the deep-oil fried condition of
garlic. The volatile compounds generated in these model
systems were analyzed by GC and GC-MS. They can be
divided into three groups: those generated from the thermal
degradation of alliin or deoxyalliin, those generated from the
thermal degradation of 2,4-decadienal, and those generated
from the interactions of 2,4-decadienal and alliin or
deoxyalliin. Allyl alcohol was found to be the major volatile
degradation product of alliin. Allyl sulfide, 1,2-
dithiacyclopentane, allyl disulfide, allyl mercaptan and
(allylthio)acetic acid were found to be the major volatile
degradation products of deoxyalliin. Hexylthiophenes, 2-
pentylpyridine, 2-pentylbenzaldehyde, and S5-formyl-2-
pentylthiophene were found to be the major interaction
products of 2,4-decadienal and alliin or deoxyalliin.

v-Glutamy] alk(en)yl cysteine dipeptides and alk(en)yl cysteine sulfoxides are two
important groups of nonvolatile flavor precursors of garlic in intact garlic cloves.
During cold storage or the sprouting of the garlic cloves, y-glutamyl alk(en)yl
cysteine dipeptides can be transformed to relative alk(en)yl cysteines by the action
of y-glutamyl transpeptidase. By the action of hydrogen peroxidase, alk(en)yl
cysteines can then be oxidized to relative alk(en)yl cysteine sulfoxides. During
the physical breakdown of the garlic cells, alk(en)yl cysteine sulfoxides can be
transformed to alk(en)yl thiosulfinates, the primary flavor compounds of garlic, by
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the action of allinase through the dehydration process and accompanied by the
formation of ammonia and pyruvic acid (/-8).

Three y-glutamyl alk(en)yl cysteines, i.e. y-glutamyl! allyl-, y-glutamyl (E)-
1-propenyl-, and y-glutamyl methyl cysteine, have been found in intact garlic
cloves with the former two compounds to be the predominant compounds. Three
alk(en)yl cysteine sulfoxides, i.e. allyl-, (E)-1-propenyl-, and methyl cysteine
sulfoxide, have also been found in intact garlic cloves with the first one to be the
predominant compound. During heating at boiling temperature, y-glutamy! allyl
cysteine was broken down to allyl cysteine (deoxyalliin), y-glutamyl (E)-1-
propenyl cysteine was transformed to (E)-1- and (Z)-1-propenyl cysteines, and
alliin was destroyed completely in eight hours (5,8,9).

Most attention of garlic flavor research has been focused on the enzymatic
generation of flavor compounds from nonvolatile flavor precursors of garlic and
the stability of these flavor compounds. In the study of fried garlic flavor, we
(10), however, found that the nonenzymatic degradation of nonvolatile flavor
precursors of garlic contributed significantly to the characteristic aroma of fried
garlic.

Isomers of 2,4-decadienal have been found to be the major lipid oxidation
products of vegetable oils such as soybean oil, corn oil and sunflower oil (12).
The interaction of 2,4-decadienal with sulfur-containing amino compounds such
as cysteine and glutathione has also been reported (13). It is therefore interesting
to know if the nonvolatile flavor precursors of garlic, which are the derivatives of
cysteine, can interact with lipid or lipid oxidation products to contribute to the
formation of some fried garlic flavor compounds.

Experimental

Synthesis of Deoxyalliin and Alliin. Deoxyalliin and alliin were synthesized
according to the procedures of Iberl et al. (14) with a slight modification as shown
below.

Synthesis and Purification of L-deoxyalliin (S-allyl-L-cysteine). L-cysteine (1
mole) was suspended in 3 L absolute ethanol and kept in an ice bath. Allyl
bromide (1.1 mole) (99 %, Aldrich Chemical Co., Milwaukee, WI) was added to
the stirred suspension followed by the addition of 3.5 mole NaOH as a 20 M
aqueous solution. After stirring for 1 hr, a solution of crude deoxyalliin formed
and was acidified to pH 5.3 by glacial acetic acid at 30°C. After crystallization
at 4°C, the white needle-like crystals were filtered, washed twice with absolute
ethanol, dried at 50°C and then recrystallized at 4°C. This was done by dissolving
the substance in a small portion of boiling water containing 1% glacial acetic acid.
This solution was poured into a 15-fold amount of boiling ethanol. The solvent
immediately turned turbid with the appearance of small plates of deoxyalliin.
After cooling down to room temperature, the solution was left to stand at 4°C.
Filtration was followed by washing with ethanol and drying at 50°C. This product
was the purified L-deoxyalliin.

Synthesis and Purification of L-Alliin (S-allyl-L-cysteine sulfoxide). L-deoxyalliin
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(0.3 mole) was dissolved in 500 ml distilled water. Hydrogen peroxide (0.6 mole)
(30% w/w, Aldrich Chemical Co.) was added slowly to the stirred solution, and
stirring was continued for 24 hours at room temperature. The solvent was evapo-
rated at 60°C under vacuum. The dry, white residue was dissolved in a 500 ml
mixture of acetone : water : glacial acetic acid = 65 : 34 : 1 at boiling
temperature. While cooling down to room temperature, long white needles started
to grow. To complete precipitation of the oxidized amino acid, the solution was
kept at 4°C overnight. After filtration of the precipitate, it was washed with the
solvent mentioned above and followed by washing with absolute ethanol. The
precipitates were then dried at 50°C. The product was pure L-alliin.

Thermal Interaction of 2,4-Decadienal and Alliin or Deoxyalliin. Alliin (0.005
mole) or deoxyalliin (0.005 mole) synthesized was mixed with 0.001 mole of
(E,E)-2,4-decadienal (Aldrich, 85% purity) in 100 ml of distilled water. The
solution was adjusted to pH 6 using 2N NaOH and then added to a 0.3 liter Hoke
SS-DOT sample cylinder (Hoke Inc., Clifton , NJ) and sealed. This cylinder was
then heated at 180°C in a GC oven for 1 hr. After being cooled down to room
temperature, a reaction mass of 2,4-decadienal and alliin or deoxyalliin was
obtained. For the control reaction, 0.001 mole of the same (E,E)-2,4-decadienal
was put into water, adjusted to pH 6 and heated in the cylinder in the same
manner as described above.

Isolation of the Volatile Compounds. The total reaction mass was simultaneously
distilled and extracted into diethyl ether using a Likens-Nickerson (L-N) apparatus.
After distillation, 5 ml of heptadecane stock solution (0.0770 g in 200 ml diethyl
ether) was added to the isolate as the internal standard. After being dried over
anhydrous sodium sulfate and filtered, the distillate was concentrated to about 5
ml using a Kurdena-Danish apparatus fitted with a Vigreaux distillation column,
then further concentrated under a stream of nitrogen in a small sample vial to a
final volume of 0.2 ml.

Gas Chromatographic Analysis. A Varian 3400 gas chromatograph equipped with
a fused silica capillary column (60 m x 0.25 mm i.d.; 1 um thickness, DB-1, J &
W Inc) and a flame ionization detector was used to analyze the volatile
compounds. The operating conditions were as follows: injector temperature, 270
°C, detector temperature, 300°C; helium carrier flow rate, 1 ml/min; temperature
program, 40°C (5 min), 2°C/min, 260°C (60 min). A split ratio of 50:1 was used.

Gas Chromatography-Mass Spectrometry (GC-MS) Analysis. The concentrated
isolate was analyzed by GC-MS using a Hewlett-Packard 5840A gas
chromatograph coupled to a Hewlett-Packard 5985B mass spectrometer equipped
with a direct split interface and the same column used for the gas chromatography.
The operating conditions were the same as described above. Mass spectra were
obtained by electron ionization at 70 eV and an ion source temperature of 250°C.

Identification of the Volatile Compounds. Identification of the volatile compounds
in the isolate was mostly based on gas chromatography-mass spectrometry (GC-

In Lipidsin Food Flavors, Ho, C., et d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Publication Date: July 7, 1994 | doi: 10.1021/bk-1994-0558.ch005

July 15, 2012 | http://pubs.acs.org

64 LIPIDS IN FOOD FLAVORS

MS), and information from the GC retention index (I,) used a C,-C,; mixture as
a reference standard. The structural assignment of volatile compounds was
accomplished by comparing the mass spectral data with those of authentic
compounds available from the Browser-Wiley computer library, NBS computer
library or previously published literature (15-20). The retention indices were used
for the confirmation of structural assignments.

Results and Discussion

Table I shows the final pH, final appearance, and flavor description of the model
reaction system. The color development in the reaction system clearly shows that
the degradation and/or the interaction of reactant(s) did proceed drastically.

The gas chromatographic separation of the volatile compounds generated
from the model reaction systems are shown in Fig. 1. The identification and
quantification of the volatile compounds generated from the model system of 2,4-
decadienal + alliin, 2,4-decadienal + deoxyalliin, and 2,4-decadienal only are
shown in Tables II, III, and IV, individually.

Table L Final pH, Final Appearance and Flavor Description of
Model Reaction Systems

Model System Final pH Final Appearance  Flavor Description
2,4-D* + Alliin 5.3 dark green-brown green-oily,
fried-lard like
2,4-D + Deoxyalliin 6.6 yellow-brown green-oily,
pungent-garlic
2,4-D 43 slightly yellow green-oily, fatty

* 2,4-D : 2,4-decadienal

Volatile Compounds Generated in the Model System of Alliin and 2,4-Decadienal.
As shown in Table II, volatile compounds generated in the model system of alliin
and 2,4-decadienal can be grouped into: those generated from thermal degradation
of alliin, those generated from thermal degradation of 2,4-decadienal and those
generated from the interactions of 2,4-decadienal and alliin. Allyl alcohol was
found to be the predominant volatile compound in those compounds generated
from the thermal degradation of alliin. Allyl alcohol was proposed to derive from
alliin through the [2,3]-sigmatropic rearrangement and followed by the reduction
process (11). In those proposed mechanisms, cysteine was also thought be gen-
erated. Ammonia, hydrogen sulfide and acetaldehyde were then proposed be
generated from the degradation of cysteine or alliin directly. The formation
mechanisms of most of those compounds degradated from alliin have been
reported (11).
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Time (min)

Figure 1. Gas chromatograms of volatile compounds isolated from (A) 2,4-
decadienal + alliin, (B) 2,4-decadienal + deoxyalliin, and (C) 2,4-decadienal model
systems.
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Table IL Volatile Compounds Identified from the Thermal Reaction of Alliin
and (EE)-2,4-Decadienal

Peak No.*  Compounds RI** mg/mole of Alliin
Compounds generated from thermal degradation of alliin
1 1-Propene <500 4.5
3 Allyl alcohol 558 2193.6
5 Thiazole 713 425
8 2-Methylthiazole 784 1.3
13 1,2-Dithiacyclopentane 962 15.9
14 3-Formylthiophene 972 6.0
16 2-Acetylthiazole 990 16.2
19 3,5-Dimethyl-1,2,4-trithiolane 1126 6.7
20 Methyl-1,2,3-trithiacyclopentane 1140 4.0
27 1,2,3,4-Tetrathiepane 1368 16.5
31 4-Ethyl-6-methyl-1,2,3,5-tetrathiane 1561 249
Compounds generated from thermal degradation of 2,4-decadienal
4 Pentanal 677 254
6 1-Pentanol 77 44
7 Hexanal 780 272.7
9 2-Pentanol 831 2.7
10 2-Heptanone 872 9.8
11 Heptanal 882 17.1
12 Benzaldehyde 937 11.8
15 2-Pentylfuran 982 52
26 (E,E)-2,4,-decadienal 1296 238.9
Compounds generated both from thermal degradation of alliin and 2,4-decadienal
, 2 Acetaldehyde <500 544.5
Compounds generated from thermal interaction of alliin and 2,4-decadienal
17 Allyl caproate 1038 14.9
18 2-Butylthiophene 1053 315
21 4-(3-hydroxy-1-propenyl)phenol 1153 1.9
22 2-Pentylthiophene 1155 6.1
23 2-Pentylpyridine 1185 78.4
24 Methyl,pentylthiophene 1249 2.7
25 2-Hexylthiophene 1261 61.1
28 2-Hexanoylthiophene 1469 315
29 2-Pentylbenzaldehyde 1477 394.1
30 5-Formyl-2-pentylthiophene 1505 110.2

*  Peak number refers to that shown in Figure 1 (A).
**  Calculated Kovat's retention indices.
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Table IIL Volatile Compounds Identified from the Thermal Reaction of
Deoxyalliin and (E E)-2,4-Decadienal

Peak No.*

Compounds

RI** mg/mole of

Deoxyalliin

Compounds generated from thermal degradation of deoxyalliin

0NV AN

10
15
16
18
19
20
21
23
24
25

26
27
28
29
31

32
33
34
35
37
38
39
42
43
46

Hydrogen sulfide
1-Propene
Allyl alcohol
Allyl mercaptan
Methylthiane
1-Mercapto-2-propanol
Allyl sulfide
Mercaptomethylcyclopentane
1,2-Dithiacyclopentane
4-Methyl-1,3-dithiacyclopentane
(Allylthio)acetic acid
2-Methyl-1,3-dithiane
(Allylthio)propanal
Allyl disulfide
1,4-Dithiepane
2-(Mercaptoethyl)tetrahydro-
thiophene
2-Ethyl-1,3-dithiane
3,6-Dimethyl-1,3-dithiane
Methyl-1,2,3-trithiacyclopentane
2-Methyl-1,4-dithiepane
2,4,6-Trimethylperhydro-1,3,5-
dithiazine
unknown (CH,,S,)
3,5-Dimethyl-1,2 4-trithiolane
5-Hydroxy-1,2-dithiacyclooctane
3,5-Dimethyl-1,2,4-trithiolane
3,5-Dimethyl-1,2,6-trithiane
4-Methyl-1,2,5-trithiepane
1,2,5-Trithiacyclooctane
1,2,3,4-Tetrathiepane
4,6-Dimethyl-1,2,5-trithiepane

4-Ethyl-6-methyl-1,2,3,5-tetrathiane 1565

<500 30.1
<500 35.1
545 58.0
581 288.6
630 4.5
762 373
854 1059.0
959 221
969 356.5
1005 13.9
1014 179.1
1024 23.1
1041 26.7
1074 374.8
1095 394
1106 19.4
1128 78.4
1134 51.2
1144 3.0
1158 188.8
1198 101.7
1221 567.9
1235 11.4
1246 23.9
1256 6.3
1274 123
1293 279
1296 222
1366 13.1
1470 4.1

29.9

Table III. Continued on next page.
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Table III.  Continued

Peak No.*  Compounds RI** mg/mole of
Deoxyalliin

Compounds generated from thermal degradation of 2,4-decadienal

7 Pentanal 678 9.1

9 Hexanal 781 146.8
10 2-Heptanone 872 2.7
12 2-Butylfuran 883 6.1
14 Benzaldehyde 941 20.2
17 2-Pentylfuran 983 5.7
40 (E,E)-2,4,-decadienal 1300 324

Compounds generated both from thermal degradation of deoxyalliin and 2,4-
decadienal

3 Acetaldehyde <500 181.6

Compounds generated from thermal interaction of deoxyalliin and 2,4-decadienal

13 n-Hexanethiol 910 0.4
22 2-Butylthiophene 1054 17.2
30 2-Pentylpyridine 1188 202.6
36 2-Hexylthiophene 1262 17.6
41 3-Hexylthiophene 1315 308.0
44 2-Pentylbenzaldehyde 1479 150.9
45 5-Formyl-2-pentylthiophene 1504 16.7

*  Peak number refers to that shown in Figure 1 (B).
** Calculated Kovat's retention indices.
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Table IV. Volatile Compounds Identified from the Thermal Degradation of
(EE)-2,4-Decadienal

Peak No.*  Compounds RI** mg/mole of
2,4-decadienal
1 Acetaldehyde <500 452
2 Pentanal 677 133.6
3 1-Pentanol 771 10.7
4 Hexanal 782 2050.0
5 2-Heptanone 871 15.4
6 Heptanal 882 128.2
7 3-Nonen-2-ol 918 29.3
8 Benzaldehyde 939 371
9 Hexanoic acid 962 35.7
10 2-Pentylfuran 982 47.7
11 3-Ethyl-2-methyl-1,3-hexadiene 1015 17.6
12 2-Octenal 1037 669.9
13 n-Butylbenzene 1053 170.9
14 Acetal 1082 12.8
15 2-Nonenal 1141 99.1
16 2,4-Decadienal 1235 520.5
17 (E,E)-2,4,-decadienal 1322 497703
18 2,4-Decadienal 1379 3182.1

*  Peak number refers to that shown in Figure 1 (C).
** Calculated Kovat's retention indices.
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Hexanal was found to be the predominant compound in those compounds
generated from thermal degradation of 2,4-decadienal. It is known that two
consecutive retro-Aldolizations of 2,4-decadienal will yield one molecule of
hexanal and two molecules of acetaldehydes (27-22). Acetaldehyde can also come
from the degradation of alliin as already mentioned.

Ten volatile compounds, i.e. allyl caproate, 2-butylthiophene, 4-(3-hydroxy-
1-propenyl)phenol, 2-pentylthiophene, 2-pentylpyridine, methylpentylthiophene, 2-
hexythiophene, 2-hexanoylthiophene, 2-pentylbenzaldehyde, and 5-formyl-2-
pentylthiophene, are thought to generate from the interactions of 2,4-decadienal
and alliin. All the thiophenes and 2-pentylpyridine identified here also have been
identified in the model system of cysteine and 2,4-decadienal (/3). Figure 2 gives
the proposed mechanisms for the formation of 2-hexylthiophene from the
interactions of 2,4-decadienal and hydrogen sulfide, one of the degradation volatile
compounds of alliin. Figure 3 gives the proposed mechanisms for the formation
of 2-pentylpyridine from the interactions of 2,4-decadienal and alliin or ammonia,
one of the degradation volatile compounds of alliin.

0

Moo~~~ + Hs
H

2,4-decadienal

2-hexylthiophene

Figure 2. Proposed mechanism for the formation of 2-hexylthiophene from the
interaction of 2,4-decadienal and H,S.
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(o}
AARARN Y+ HN-CH-R or NHg
2,4-decadienal COOH

(o}
i

‘R= .S
- H,0 alliin: R= H,C N

deoxyalliin : R= HyC-S™ R

R' R'

= - H =
N N

2-pentylpyridine

Figure 3. Proposed mechanism for the formation of 2-pentylpyridine from the
interaction of 2,4-decadienal an alliin, deoxyalliin, or ammonia.

2-pentylbenzaldehyde was found to be the predominant compound in those
compounds generated from the interactions of 2,4-decadienal and alliin. Figure
4 shows the mass spectrum of 2-pentylbenzaldehyde. The proposed mechanisms
for the formation of 2-pentylbenzaldehyde from the interactions of 2,4-decadienal
and acetaldehyde, one of the degradation product of alliin or 2,4-decadienal, were
shown in Figure 5. This compound, however, was not identified in the
degradation products of 2,4-decadienal (Table IV). The reason for the absence of
2-pentylbenzaldehyde in the degradation products of 2,4-decadienal probably is
that the amount of acetaldehyde generated in that system was too small or that 2-
pentylbenzaldehyde could further break down to generate benzaldehyde.

The allyl caproate identified probably came from the interactions of allyl
alcohol, the predominant degradation compound of alliin, and hexanoic acid, the
oxidation product of hexanal. 2-Butylthiophene was proposed to generate from the
interactions of hydrogen sulfide and 2-octenal, one of the degradation products of
2,4-decadienal. 5-Formyl-2-pentylthiophene was proposed to come from the
interactions of 2,4-decadienal and hydrogen sulfide directly.

Volatile Compounds Generated in the 2,4-Decadienal + Deoxyalliin Model
System. As shown in Table III, volatile compounds generated in the 2,4-
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100
91
] 92
50 120 176
147
o Tt
20 40 60 80 100 120 140 160 180

Figure 4. Mass spectrum of 2-pentylbenzaldehyde.

(o}
/\/\WH +  CH3CHO
2,4-decadienal
¢ - H,0

(o}

/MWJ\
H

H o] /
4
N
\ He 0
0 /
—H2

Hé/\/\/
2-pentylbenzaldehyde

Figure 5. Proposed mechanism for the formation of 2-pentylbenzaldehyde from
the interaction of 2,4-decadienal and acetaldehyde.
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decadienal + deoxyalliin model system can be grouped into: those generated from
thermal degradation of deoxyalliin, those generated from thermal degradation of
2,4-decadienal, those generated both from thermal degradation of 2,4-decadienal
and deoxyalliin, and those generated from the interactions of 2,4-decadienal and
deoxyalliin. Allyl sulfide, one unknown compound (Figure 6 shows its mass
spectrum), allyl disulfide, allyl mercaptan, 1,2-dithiacyclopentane, (allylthio)acetic
acid, and 2-methyl-l,4-dithiane were found to be the predominant volatile
compounds in those compounds generated from the thermal degradation of
deoxyalliin. Allyl mercaptan was proposed to generate from deoxyalliin through
the hydrolysis process; allyl sulfide and allyl disulfide could then generate from
allyl mercaptan through the oxidation process or free radical rearrangement.(/1).
(Allylthio)acetic acid was also proposed to generate from deoxyalliin through the
deamidation and decarboxylation process. Besides ammonia, hydrogen sulfide and
acetaldehyde were also proposed to be generated from the degradation of
deoxyalliin. The formation mechanisms of most of those compounds degradated
from deoxyalliin were also reported (11).

100

19

50 1
148
74
45
4 41 73|
| 39| 5|9 75 121
0 rl'll'I'I'Il‘l'l'l"l'l'_r'l"l'l'l'i'
20 40 60 80 100 120 140 160 180

Figure 6. Mass spectrum of the known volatile compound peak No. 32 in Figure
1 (B).

Hexanal again was found to be the predominant compound in those
compounds generated from thermal degradation of 2,4-decadienal. Acetaldehyde
identified in this model system is thought to be generated both from the
degradation of deoxyalliin (/1) and the retro-aldol degradation of 2,4-decadienal
(21-22).

Seven volatile compounds, ie. n-hexanethiol, 2-butylthiophene, 2-
pentylpyridene, 2-hexythiophene, 3-hexylthiophene, 2-pentylbenzaldehyde, and 5-
formyl-2-penylthiophene are thought to generate from the interactions of 2,4-
decadienal and alliin. Among these compounds, 3-hexylthiophene, 2-
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pentylpyridine, and 2-pentylbenzaldehyde were found to be the dominant
compounds. Besides 3-hexylthiophene, all thiophenes and 2-pentylpyridine
identified here also have been identified from the 2,4-decadienal and cysteine (13),
and 2,4-decadienal and alliin model system. Figures 2, 3 and 4 give the proposed
mechanisms for the formation of 2-hexylthiophene, 2-pentylpyridine, and 2-
pentylbenzaldehde from the interactions of 2,4-decadienal and deoxyalliin,
respectively.

The proposed mechanisms for the formation of 3-hexylthiophene from the
interaction of 2,4-decadienal and deoxyalliin were shown in Figure 7. In these
proposed mechanisms, 2,4-decadienal was broken down to acetaldehyde and 2-
octenal through the retro-aldol degradation process first. After the addition of
hydrogen sulfide to these aldehydes and followed by the condensation and
dehydration, 3-hexythiophene was formed.

n-Hexanethiol was proposed to generate from the interactions of hexanal,
one of the degradation volatile compounds of 2,4-decadienal and hydrogen sulfide,
one of the degradation products of deoxyalliin. 2-Butylthiophene was proposed
to come from the interactions of hydrogen sulfide and 2-octenal, one of the
degradation products of 2,4-decadienal. 5-Formyl-2-pentylthiophene was proposed
to be the interaction product of 2,4-decadienal and hydrogen sulfide.

2 Acetaldehyde
H/“\%\%\/\/\ + H0 —> +
2,4-decadienal 2-Octenal
OH
4° /
CHs~ C + H,S —>» CHj= C—-SH
“u \y
Acetaldehyde
+ OW/\/
OH
H
8 2-Octenal
OH
=

3-hexylthiophene

Figure 7. Proposed mechanism for the formation of 3-hexylthiophene from the
interaction of 2,4-decadienal and H,S.
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Volatile Compounds Generated from the Degradation of 2,4-Decadienal. As
shown in Table IV, fifteen compounds were found to be generated from the
degradation products of 2,4-decadienal with hexanal and 2-octenal to be the
predominant compounds. Most of these compounds have been reported to be the
retro-aldol or oxidation products of 2,4-decadienal (21,22). The total amount of
2,4-decadienal remained plus that of its degradation products shown in Table IV
is far higher than the total amount of 2,4-decadienal which remained, plus that of
its degradation and interaction products as shown in Table II or Table III. This
difference may suggest that the interaction of 2,4-decadienal and alliin or
deoxyallin not only can generate volatile flavor compounds but probably can also
generate some nonvolatile compounds.
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Chapter 6

Relationship of Temperature to the
Production of Lipid Volatiles from Beef

A. M. Spanier, A. J. St. Angelo, C. C. Grimm, and J. A. Miller

Southern Regional Research Center, Agricultural Research Service,
U.S. Department of Agriculture, 1100 Robert E. Lee Boulevard,
New Orleans, LA 70124

Analysis of flavor volatiles is typically performed by gas chromato-
graphy utlhzmg variously coated columns for separation. This
method is fraught with many potential problems such as artifacts
that arise due to the amount of water contained in the sample, the
preparation and end-point cooking temperature of the sample, the
temperature used to sparge the volatiles from the sample, and the
capillary oven temperature and rate of elution or retention of the
volatiles on the capillary column. This paper presents data
demonstrating the effect of end-point cooking temperature and
sparging/purging temperature on the development of volatile
profiles in cooked/stored beef. Both types of heating produced
different volatile profiles. Based on these data, the manuscript
describes how various analytical methods can lead to potentially
faulty impressions of the true perceivable meat flavor volatiles
when the temperature parameters are not fully considered.

MEAT FLAVOR PERCEPTION

Human perception of flavor is a fine balance between the sensory input of both
desirable and undesirable flavors. It involves a complex series of biochemical
and physiological reactions that occur at the cellular and subcellular levels (1).
The final sensory response or perception to food is both initiated and
transduced via stimulation of two major neural networks, the olfactory and
gustatory systems (the smell and taste systems, respectively) by the food’s lipids,
carbohydrates, proteins, and their reaction products. While all three major
flavor producing groups are important to the overall flavor perception, this
report will focus on those flavor components that are principally olfactory and
thus volatile in nature.

This chapter not subject to U.S. copyright
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The flavor of food is a main driving factor involved in a consumer’s
decision to purchase a food item. Therefore, it is necessary that the food
technologist have a thorough understanding of how food flavor deteriorates if
s/he is to prepare products that consumers will purchase repeatedly. Such
knowledge is particularly important in meat and meat products, since the
deterioration of meat flavor is a serious and continual process (-5) that involves
both the loss of desirable flavor components (5, 6) and the formation of off-
flavor compounds (7-10). Many of these flavor producing components are
associated with the process of lipid oxidation (11).

The term "meat" encompasses a wide variety of foods of muscle origin;
these include, and are not limited to, beef, poultry, pork, lamb, and their
associated products. It stands to reason that this impressive list of muscle foods
constitutes a commercially important food product. It is for this reason that
muscle foods have long deserved, and still warrant, a great deal of research
effort designed to reveal their flavor secrets. The species specific flavor of
muscle foods (beef in particular) and the largest proportion of muscle food
flavor come from volatile components primarily of lipid origin. While much is
known as a result of prior research, much of the chemistry of meat flavor still
remains a mystery to flavor chemists.

Meat flavor development and deterioration have been shown to be
affected by the actions and interactions of several antemortem and postmortem
factors. Antemortem factors include, and are not limited to, the age, breed, and
sex of the animal as well as the animal’s nutritional status, and fat level and
composition. Postmortem factors include the length of aging, the manner of
cooking, and the manner of storage after cooking. The manner of cooking can
include items such as wet vs. dry cooking, convection vs microwave, the rate of
heating, the final end-point cooking temperature, and the animal’s final fat level
and composition. The manner of storage after cooking also affects the final
flavor of the beef and includes refrigerated vs. frozen, aerobic vs anaerobic. Of
all these factors, temperature is perhaps the most important in the production
of flavor in beef. The effect of temperature on meat flavor is a function of both
the cooking temperature and the analytical temperature used to determine the
composition of the meat’s flavor components. This chapter will present
information that should shed some valuable light into areas where much of the
previous research efforts may have been sidetracked. The remainder of this
report will address the effect of these two temperature factors on meat flavor
development and analysis.

COOKING TEMPERATURE

Top round (semimembranosus) muscle was used in this investigation. It was
either USDA select or USDA choice having a fat content of 3.22% and 4.55%,
respectively (12). Select cuts were used for the intact roast model while choice
was used in studies utilizing ground beef.

Eff f end-point cooking temperature (Packed Columns): One inch
cubed (40 gram) mini-roasts were prepared from top round obtained from

In Lipidsin Food Flavors, Ho, C., et d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Publication Date: July 7, 1994 | doi: 10.1021/bk-1994-0558.ch006

July 15, 2012 | http://pubs.acs.org

80 LIPIDS IN FOOD FLAVORS

Angus-cross beef. Figure 1 shows representative examples of the mini-roasts
cooked to end-point temperatures of 125°F, 140°F, 155°F, and 170°F (or
52°C, 60°C, 68°C, and 77°C, respectively). The photograph indicates that
there is a geometric progression of temperature into the interior of the roast
and the coloration changes to a more "well done" appearance as the
temperature increases. These photographs of roasted meat, by virtue of their
different structural and color appearance, suggest that the internal portion of
the roast may have undergone different chemical reactions and thus has a
different chemical composition than the outer portion of the roast. This would
suggest that the inner and outer regions of the roast might share differences in
flavor.

The direct effect of temperature on the enzymatic activity of a roast has
been demonstrated previously (3). These earlier studies demonstrated the
progressive inactivation of specific proteins and enzymes (notably hydrolases)
with cooking of beef to higher end-point temperatures (EPT). In addition to
measurement of enzyme activity in cooked beef, evaluation of the protein
profile/composition of extracts of meat cooked to various EPT revealed that the
protein composition of the muscle, measured by gel electrophoresis, changed as
a function of increased EPT (3). The presence of significant remaining
proteolytic activity along with the increased proportions of low molecular mass
protein material appearing in cooked meat suggests that increases in cooking
temperatures are responsible for the production of large numbers of flavor
components as well as flavor precursors. The latter, particularly the sulfur
containing peptides, can react with reducing sugars to form Maillard reaction
products and other heterocyclic flavor components upon cooking or re-cooking.

The process of cooking disrupts the tissue and membranes that serve as
a source of many of the lipid precursors and lipid volatiles associated with
desirable and undesirable flavors (3, 7, 10, 11, 13-15). In addition to the
membrane alterations due to cooking temperatures and proteases activation (3),
lipases could also be activated and thereby contribute to the production of
additional flavor precursors or reactions. Cooking exposes or liberates various
lipid components from their normal subcellular localization (via thermal
denaturation and dissociation), making them more accessible to oxygen and
other catalysts of lipid oxidation such as free iron. The process of lipid
peroxidation should be measurable by assessment of the volatile profile and by
assessment of the levels of thiobarbituric acid reactive substances (TBARS).
These analyses were performed on samples taken from inner and outer portions
of the minicube roast model. Examination of the data (Figure 2) reveals that
storage leads to a progressive increase in TBARS and in lipid volatiles (as
demonstrated by the increase in hexanal levels), no matter what the final EPT.
The higher the EPT (155°F/68°C > 125°F/52°C) the greater the level of
these lipid oxidation markers in the meat. The inner portion of the roast
(Figure 1), having a lower temperature than the outer region of the roast (1)
always shows lower levels of these markers than does the outer layer of the
roast such that 155°Fguery > 155°Finnery > 125°Fueery > 125° Fingen:

In Lipidsin Food Flavors, Ho, C., et d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Publication Date: July 7, 1994 | doi: 10.1021/bk-1994-0558.ch006

July 15, 2012 | http://pubs.acs.org

6. SPANIER ET AL.  Temperature & Production of Lipid Volatiles from Beef 81

140F/60C

170F/77C

Figure 1:  Photos of mid-section of beef minicube roasts [semimembranosus
muscle; top round; 40 grams/whole minicube; ~3.8 cm/edge (55.3 cm’)]
cooked to the end-point temperature identified in the photo. Cooking
was in a typical convection oven set to 350°F/177°C.
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Figure 2:  Effect of storage (40°F/4°C) on the development of off-flavor
volatiles (hexanal) and markers (thiobarbituric acid reactive substances;
TBARS) in the core (IN) and outer (OUT) sections of minicube roasts
cooked to end-point temperatures of 125°F/52°C and 155°F/68°C.
Storage was for 0, 2, and 4 days (see 4 for details).
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The temperature dependency in off-flavor volatile production is shown
to occur through the range of 125°F to 155°F. On the other hand, at 170°F,
the TBARS and hexanal levels appear to decrease (Figure 3). This apparent
decline in measurable volatile (hexanal) level in the miniroast is thought to be
due to the release of these volatiles from the sample into the environment,
much like the bouquet of odors one would perceive if one walked into the
kitchen before dinner is served. Another observation is to note that these
temperature-dependent changes appear to become readily evident or
measurable only after a period of storage (compare front two rows of data in
Figure 3 with back two rows of data) since no appreciable difference is seen in
the samples of freshly cooked meat. This suggests that while the structure and
chemistry of the meat are affected immediately during the initial cooking
process (Figure 1), the development and/or appearance of off-flavor volatiles
is seen only after the meats are stored. In other words, increased EPT causes
both structural (Figure 1) (13) and compositional (2, 3, 7, 13, 14) changes in
beef whereby the structure has been modified and precursors are available for
oxygen and other free-radical initiating components (e.g., free iron; 4) to drive
the peroxidation of lipids and thus enhance the undesirable flavor in meat after
storage. Storage dependent changes are well documented and are discussed
briefly below (4-7, 10, 13-15).

Precooked beef products, often referred to as "convenience” and
“institutional" foods, comprise 35% of all the beef sold and consumed in
America today; this represents almost $10 billion in consumer expenditures on
meat. Therefore, a thorough understanding of the flavor of beef and what
factors affect the flavor would be critical to continued sales in this large market.
Hornstein and Crowe (16) and others (17-19) suggested that, while the fat
portion of muscle foods from different species contributes to the unique flavor
that characterizes the meat from these species, the lean portion of meat
contributes to the basic meaty flavor thought to be identical in beef, pork, and
lamb. The major differences in flavor between pork and lamb result from
differences in a number of short chain unsaturated fatty acids that are not
present in beef. Even though more than 600 volatile compounds have been
identified from cooked beef, not one single compound has been identified to
date that can be attributed to the aroma of "cooked beef." Therefore, a
thorough understanding of the effect of storage on beef flavor and on lipid
volatile production would be helpful to maintain or expand that portion of the
beef market.

Storage of precooked meat leads to the production of flavor volatiles
typically associated with off-flavors (I5). These volatiles include, but are not
limited to, pentanal, hexanal, heptanal, 2,3-octanedione, 2-pentylfuran and
nonanal when examined in packed columns. Figure 4 presents data from a
typical chromatographic profile for precooked/stored ground beef patties.

Effect of purging temperature (Packed Column): The data presented

above raises a very important question. If temperature will affect the volatiles
produced by the beef, can the temperature used to sparge, purge and desorb the
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Figure 3:  Effect of cooking temperature on the production of lipid oxidation
products in freshly cooked (0d) and cooked/stored (2d) whole beef mini-
roasts (40 grams/cube).
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volatiles from their matrix (the meat and the column) also affect the types and
kinds of volatiles seen during analysis? To answer this question, we utilized
dynamic purge-and-trap gas chromatography using a packed column. Packed
columns were chosen because of their tolerance for high levels of water such as
that found in muscle foods.

Freshly cooked/reground beef patties, and those stored at 4°C for 0, 1,
2, and 4 days, were analyzed by dynamic purge-and-trap gas chromatography
(Figure 5). Volatile detection was via a Tracor Model 100AT detector,
described by Brown et al. (20) for egg volatiles. This detector combines flame
photometric detection (FPD; used in sulfur mode) with flame ionization
detection (FID). A Tekmar 25 mL needle impinger-assembly was used to
substitute for the generally accepted Tekmar semi-automatic purge and trap
concentrator (Model LSC-3; 21). One (1.0) gram of freshly cooked/reground
beef patty was sparged for 30 minutes at either 50°C, 75 ° C or 100° C within the
needle impinger assembly. Nitrogen was used as a carrier gas at flow rate of
20 mL/min. The beef volatiles, after passing through a transfer line and a six
port, 1/16", Valco™ valve (Valco Instruments, Houston, TX 77255), were
trapped/concentrated directly onto a packed Tenax GC - 8% poly-metaphenyl
ether column (10 ft x 1/8") held at ambient temperature (20° - 21°C). Samples
were allowed to concentrate on the column for 30 minutes. Volatiles were
eluted from the column by purging with nitrogen for a total of 60 minutes
(nitrogen flow: 20 mL/min; column heated from 25°C to 250°C at 3°C per
minute). The sample tube was removed from the injection port after
completion of volatile stripping/sparging process and replaced with a tube
containing a few milliliters of water to effect steam distillation. The six port
valve permitted switching to a valve purge position that allowed the valve and
transfer lines to be cleaned between runs by steam distillation from an impinger
tube containing water alone.

The carbonyl components found in precooked/stored meat sparged at
three different temperatures (50°, 75°, 100°C) were analyzed (Figure 6).
Volatile profiles were similar to those seen in Figure 4 with the exception that
the intensities and areas of various peaks differed significantly. Notable
variability in the temperature-dependent quantitation of the volatiles was seen
with low carbon number materials, i.e., from methanol to 2,3-butanedione, while
the typical increases in volatile levels with storage ware seen for volatiles
ranging in mass from 3-methyl butanal to decanal. These latter carbonyl
compounds showed their lowest levels and most difficulty in quantitation at
sparging temperatures of 50°C. Replicability, peak heights, and peak patterns
appeared to reach their optimum level at sparging temperatures of 75 °C; their
patterns at 100°C were similar to that at 75°C (Figure 7). Previous studies
have shown similar results (6).

Unlike the carbonyl compounds, sulfur containing components show a
very high degree of temperature dependance (Figure 8). Precise assessment of
the content and composition of sulfur compounds is essential in the study of
meat flavor since the sulfur containing compounds [long known to be involved
in the generation of Maillard reaction products, MRPs (22)] play a vital role in
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Figure 6: Packed column gas chromatographic profile with flame ionization

detection (FID) of cooked ground beef stored for 0, 1, 2, and 4 days at
40°F/4°C (as described in Figure 4). The samples were otherwise
identical except for heating and sparging the sample (see Figure 5) at

50°C, 75°C and 100°C.
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is plotted as 1/4th the actual value so that all peaks would appear on the

diagram.
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Figure 8: Packed column gas chromatographic profile with flame photometric
detection (FPD) of cooked ground beef stored for 0, 1, 2, and 4 days at

40°F/4°C (as described in Figures 4 and 6).

The samples were

otherwise identical except for heating and sparging the sample (see
Figure 5) at 50°C, 75°C and 100°C.
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the production of flavor in meat (23). A significant proportion of the organic
compounds that are known to produce meat-like flavor contain sulfur and a
significant number of these are aldehydes. The specific aldehydes produced
during the Maillard reaction and the specific amounts of aldehyde produced are
controlled by the specific amino acid and sugars used in the reaction,
respectively (22). It would be reasonable to expect that the production of MRPs
can be controlled through control of reactants and reaction conditions such as
temperature. There is an ever growing list of MRPs found in synthetic mixtures
and in meat, but published quantitative correlations between the levels of MRPs
and the sensory response of these compounds in meat are not to be found.
Although much is known about the formation of MRPs ir vitro, little is know of
their formation and influence on the overall sensory perception and flavor of
meat in vivo.

The relative impact of sulfur-containing compounds to beef flavor cannot
be understated (24). For that reason it is important to have methods available
that will yield accurate assessment of the true composition of the flavor
components of foods. Analysis of the sulfur compounds found in cooked ground
beef has indicated that several of the herterocyclic compounds such as 4-
methylthiazole, 2-acetylthiazole, benzothiazole, and 2-furylmethanethiol are
fairly stable (6). These latter compounds were identified in ground beef patties
that had undergone a fairly strenuous 4 hour steam distillation-extraction
protocol. On the other hand, use of milder methods having efficiency of
recovery greater than 95% indicated that precooked ground beef did not contain
any thiazoles at least at levels greater than 2.5 parts per billion (14).

Other sulfur-containing compounds in meat are thought to be formed by
Strecker degradation of cysteine, methionine and alanine and from hydrogen
sulfide. Hydrogen sulfide is produced via several mechanisms including free-
radical reactions (25). Hydrogen sulfide, which has been shown to be a product
of the degradation of dimethyl trisulfide (26), can also react with several
components of meat to give ethanedithiol, (methylthio)ethanethiol, and
dimethyltrithiolane; the three latter have been shown to increase in meat during
storage (6). The data in Figure 9 demonstrate clearly the increase in the tissue
level of hydrogen sulfide during prolonged storage of precooked meat
particularly at sparge temperatures above 75°C. This correlates well with the
decline in dimethyl trisulfide. The abundance of free radicals during storage
and the susceptibility of the sulfur amino acids to radical damage (26) would
contribute to an increase in hydrogen sulfide content with storage.

The content of dimethyl sulfide, dimethyl disulfide, and dimethyl
trisulfide decreases with increased storage no matter what the sparging
temperature (Figure 8 and Figure 9). Similar results were observed for dimethyl
trisulfide in more harshly extracted samples (6). Dimethyl disulfide, an
oxidation product of methanethiol, can react to form dimethyl trisulfide and
dimethyl sulfide. Subsequently, dimethyl trisulfide may be degraded to hydrogen
sulfide, carbonyl sulfide and methanethiol (25; 27).
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Figure 9: Effect of Purge Temperature on the concentration and resolvability
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While the general trend of the data at most sparging temperatures is to
show a decrease in some sulfur-containing compounds (dimethyl sulfide,
dimethyl disulfide, and dimethyl trisulfide) and an increase in other sulfur-
containing compounds (hydrogen sulfide, carbonyl sulfide, and methane thiol),
it is important to note that temperatures that are either too low (50°C) or too
high (100°C) can lead to misinterpretation of the data. The latter is due either
to inefficient extraction of the volatile components from the products (low
temperatures) or due to the conversion of one form of a sulfur-containing
compound to another (high temperatures, Figures 8 & 9). The data suggest that
a sparging temperature of 75 ° C, which is the final temperature of most cooked
beef products, is probably the optimum temperature to analyze meat for the
level of sulfur-containing (Figure 9) and carbonyl containing (Figure 7) products.
Independent studies of enzyme activity (hydrolases) and volatile production (3)
also point to 75°C as an optimum temperature for investigation of flavor
volatiles.

f end-point cooking temperature (M ) lumns): In an
effort to enhance the number of resolvable volatiles and to minimize the
distance the volatiles would need to travel between the sample and the column,
a Short Path Thermal Desorber™, SPTD (Scientific Instruments Services (SIS)
of New Jersey), was used. This system injected the volatiles directly onto a
megabore column. A megabore column was used in lieu of a capillary column
since this column, like the packed column, has the capacity to handle much of
the water associated with muscle foods. Diatomaceous earth was used between
the sample and the column to absorb much of the water. Sample injection,
purge, and cryofixation was for 10 minutes at -25°C through a SPTD. The
sample was eluted from a 60 meter, DB-5 0.75 mm ID column placed in a
Hewlett-Packard 5890™ gas chromatograph, with a ramp of -25°C to +100°C
at 5°C/min followed by a ramp of 100°C to 250°C at 10°C/min. Benzo-
thiophene was used as the external standard. Because several experimental
groups were to be compared, all figures were drawn with the abscissa at the
same maximum value, i.e., 2000. Presentation of the data in this manner cuts
the major peak (hexanal) short on the graph. Therefore, the peak height and
peak area of hexanal were inserted on the figures. Analysis of beef volatiles
using the megabore column with the SPTD showed the familiar pattern of
increase in volatiles that occurs with progressive storage (Figure 10). Sparging
is considered consistent between samples since the level of the benzothiophene
external standard is constant. In addition to the typical pattern of increase in
volatiles with storage, the megabore column has permitted the resolution of
several additional volatile components.

f purging temperature (M re Col : The inherent ability
of megabore columns (connected to the SPTD) to resolve more components
than the packed column is utilized to examine the effect of sparge temperature
on the extraction and resolution of volatiles from beef. When precooked beef
stored for 2 days is examined by sparging at different temperatures, one readily
observes an increase in the concentration of resolved volatiles with increasing
sparging temperatures (50°C, 70°C, and 90°C). This is clearly seen in Figure
11, where representative volatiles, pentanal, hexanal and heptanal are identified.
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Figure 10: Effect of storage on the development of carbonyl compounds in

cooked ground beef. A megabore column was used for concentration,
separating, and resolving the beef components. The column was
connected directly to the SPTD (short path thermal desorber of SIS) and
the volatiles isolated as indicated in the insert. Benzothiaphene was used
as an external standard. '
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As in Figure 10, sparging is considered consistent between samples since the
level of the benzothiophene external standard is constant. It is important to note
that, as with the packed column, it is not yet known whether the data from the
megabore column examining the effect of purging temperature on the
production of new volatiles is a result of actual production of new volatiles not
initially present or whether it is a result of carryover with vaporized water or
with the enhanced vapor pressures at the higher temperature.

SUMMARY and CONCLUSIONS

Meat flavor deterioration has been shown in numerous documents to be a
dynamic process in which free-radical reactions are involved in the deterioration
of meat flavor observed during storage. These reactions affect the stability of
the lipids and sulfur-containing compounds and lead to the formation of
undesirable flavors. The compounds that are formed as a result of these
degradation reactions have unique flavor characteristics and ranges of formation
and contribute to the overall loss in desirable meaty flavor. While future
research will need to determine the full effect of storage time and meat flavor
deterioration on the content and composition of the volatile compounds that
contribute to desirable and undesirable meat flavors, this study clearly
demonstrates that the analytical temperature (sparge temperature) needs to be
more cautiously examined and better understood if we are to have a ‘true’
picture of the flavor components of food.
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Chapter 7

Changes of Headspace Volatile Compounds
Due to Oxidation of Milk Fat During
Storage of Dried Dairy Products

Y. B. Lee and C. V. Morr

Department of Food Science and Technology, Ohio State University,
Columbus, OH 43210

Flavor quality is one of the most important factors for determining
consumer acceptance of dairy and other food products. Lipid
oxidation and Maillard browning reactions that occur during storage
of spray dried dairy products result in the formation of volatile off-
flavors that greatly impair their flavor quality, thereby limiting their
value as ingredients in formulated food products.

Analytical methodologies previously available for isolation,
fractionation and identification of volatile compounds formed
during storage of dried dairy products are time consuming, tedious
and are sometimes subject to error due to artifact formation and
incomplete compound recovery. The recently developed dynamic
headspace analysis (DHA) technique is suitable for identifying and
monitoring changes in concentrations of volatile compounds
produced in dried dairy products during storage.

The major objective of this research was to study the
changes of headspace volatile compounds produced by oxidation of
milkfat in selected, commercial, spray dried dairy products by
DHA. A secondary objective was to design a miniaturized water
activity (a,) control chamber for conducting accelerated storage
studies on dried dairy products, and that can be sampled for
headspace volatile compounds.

Although considerable research has been done on the development of off-flavors in
milk and fermented dairy products over the past 10-15 years, relatively little attention
has been given to research on off-flavors in dried milk and dairy products (I-4). Two
major mechanisms are usually involved in flavor deterioration of dried milk and
dairy products, i.e., lipid oxidation and Maillard browning reaction (3,5,6). Ferretti
and Flanagan (2) identified 24 volatile compounds in the steam distillate from
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commercial spray dried whey powder that included alkylpyrazines, furans, pyrroles,
o-methyl-y-butyrolactone, isobutyramide, N-methyl-2-pyrrolidinone, 3-hydroxy-2-
butanone, benzaldehyde, phenol, benzyl alcohol, maltol, dimethylsulfone, and several
organic acids. No attempt was made to distinguish those compounds produced by
lipid oxidation from those produced by Maillard browning reaction. Although storage
temperature is very important for preventing or inhibiting these chemical reactions
(7), moisture and lipid concentration of the dried products is also extremely
important in this regard (8). Atomization of milk or whey concentrates into > 150°C
air during spray drying would likely promote initiation of the lipid oxidation
mechanism. Once initiated, reaction of unsaturated lipids with peroxides,
hydroperoxides and free radicals to form the undesireable volatile compounds
responsible for the "oxidized" off-flavor would be accelerated.

Oxidized milkfat is commonly described as having an "oxidized" or
"cardboard" flavor (9), which differs from the "stale" flavor formed in dried whey
and whey protein concentrate (WPC) products. Oxidation of milkfat results in the
formation of undesireable volatile compounds in dried milk and whey products (10)
and is one of the most important factors limiting the manufacture and utilization of
these products. Linoleic, linolenic and several unsaturated fatty acids in milk are
especially susceptible to oxidation (9). Aldehydes and other lipid oxidation products
from these unsaturated fatty acids are chemically reactive and are believed to
promote the Maillard browning reaction (10). Phospholipids are more readily
oxidized than the neutral glyceride lipid fraction and is therefore considered as one
of the off-flavor precursors in milk (117).

Experimental

Dried milk products. Commercial dried dairy products obtained for this study
included: whole milk powder (WMP) that contained 26% milkfat from Maple Island,
Inc., Stillwater, MN; nonfat milk powder (NFMP) that contained 0.8 % milkfat,
potassium caseinate (PC) that contained < 1% milkfat, and whey protein concentrate
(WPC) that contained 7% milkfat from DMV Ridgeview, La Crosse, WI; whey
protein isolate (WPI) that contained < 1% milkfat from Le Sueur Isolates, Le Sueur,
MN; and sweet whey powder (WP) that contained 1% milkfat from Holmes Cheese
Company, Millersburg,OH.

Miniaturized a, control chamber. The a, control chamber design is shown in Figure
1. A saturated slurry of sodium nitrite (NaNO,) crystals in water was layered on the
bottom of a 125 ml serum bottle (Wheaton, Millville, NJ). This arrangement
provided a theoretical a,, of 0.59 (12). Six 0.5g aliquots of each dried dairy product
were weighed into separate 10 x 75 mm, borosilicate glass, disposable culture tubes
(VWR Scientific, Cleveland, OH) and sealed with a teflon-coated septum (Supelco,
Bellefonte, PA) and an aluminum cap (Supelco).

Accelerated storage of dried dairy products. The serum bottle was held 2 days in the
dark at room temperature to equilibrate a, of the samples to 0.59. It was
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[¢——— aluminum cap
(cat. no. 3-3250M,
\ Supelco)
rubber septum
(cat. no. 3-3200M,
Supelco)

125 ml serum bottle
(cat. no. 223748,
Wheaton 400)

10 x 75 mm culture tube
(cat. no. 60825-538,
VWR Scientific)

0.5 g of spray dried
dairy sample

liquid layer (2 mm thick)

41— sodium nitrite slurry
(8 mm thick)

Figure 1. Design of humidity (a,) control device consisting of a saturated aqueous
NaNO,; slurry in a sealed 125 ml serum bottle.

subsequently exposed to accelerated storage for 6 days at 60°C in the dark and stored
in a -20°C freezer until analyzed by DHA.

Dynamic headspace analysis (DHA) of volatile compounds. Serum bottles were held
at room temperature, i.e., 20-24°C, for 30 min and attached to the dynamic headspace
analyzer (DHA) as shown in Figure 2. Headspace volatile compounds were purged
10 min with ultrapure helium carrier gas at a flow rate of 40 ml/min and trapped
onto a Tenax TA chemical column (Tekmar, Cincinnati, OH). Trapped volatiles were
desorbed by heating the trap 4 minutes at 160°C and cryogenically focussed at a -
150°C capillary interface that was cooled with liquid nitrogen. Focussed compounds
were thermally injected onto the capillary gas chromatographic column by heating
to 180°C within 1 minute. Compounds were separated with a 30 m x 0.25 mm x
0.25 pm film thickness DB-WAX column (J&W Scientific, Folsom, CA) in a gas
chromatograph (model 5890 11, Hewlett Packard). The column was heated from an
initial temperatures of 32°C to 160°C at a rate of 2°C/min. A total ion
chromatograph (TIC) of eluted compounds was obtained with a mass-selective
detector (model 5971A, Hewlett Packard) and compounds were identified by
comparison of their retention index values with those of reference compounds (/3)
and by computer-matching their mass spectra with that in reference NBS49K.L
(Hewlett Packard).
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Figure 2. Diagram of the dynamic headspace analysis (DHA) equipment with the
125 ml sealed serum bottle used as a, control and external sample device.

Results and Discussion

Volatile compounds in control, dried dairy products. The six spray dried dairy
products prior to accelerated storage exhibited a highly acceptable bland and clean
odor. The mass spectrum of the unidentified volatile compound exhibiting the largest
TIC peak fractionated from all dried milk products except WPC prior to accelerated
storage, with a retention time of approximately 6 min, has a base peak at m/z 41.
The largest TIC peak eluted from the headspace of WPC with a retention time of 6.8
minutes, was identified as trichloromethane. None of these compounds are believed
to be responsible for the off-flavors observed in stored, dried dairy products.

Volatile compounds in stored, dried dairy products. Identification of volatile
compounds from the spray dried dairy products that have been stored 6 days at 60°C
and a, 0.59 are provided in Table I. Uniquely different TIC profiles were obtained
for each spray dried dairy product after accelerated storage.

Contrary to expectations, NFMP exhibited a TIC profile corresponding to
higher concentrations of most volatile compounds than in the TIC from WMP. Since
NFMP contains a much lower concentration of milkfat than WMP, this phenomenon
may likely be due to differences in lipid composition of the two products. For
example, NFMP lipids might be expected to contain predominantly smaller sized
milkfat globules with higher proportions of phospholipids and lipoprotein-containing
milkfat globule membranes and proportionately less neutral triglycerides than WMP
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lipids. Concentrations of 18:1, 18:2; and 18:3 fatty acids in bovine milk
phospholipids are 46.7, 12.4, and 3.4 mole %, respectively (14). Differences in
phospholipid concentrations in milk and milk products are given by Kurtz (15).
Milkfat in whole milk and skim milk contains 0.87 and 17.29% phospholipid,
respectively. These lipid compositional differences could well explain the the greater
production of volatile compounds in NFMP than in WMP. In addition, differences
in the design and operation of the spray dryer as well as in compositional and
processing-related factors, i.e., antioxidants, prooxidants, heat treatment, pH, and
homogenization, affect the oxidation reaction in milk and dairy products (/6).

Major differences were observed in the TIC profiles for WP, WPI and WPC,
which were more complicated than for WMP or NFMP. The reasons for these
differences are not known, but may be due to the major variations in processing
technologies used to manufacture them. For example, WP is made from Swiss cheese
whey, a by-product of the cheese manufacturing industry. Milk is subjected to
biochemical action of casein coagulating enzymes and lactic acid bacteria during
cheese curd formation which may alter the susceptibility of the residual whey lipids
to oxidation after spray drying. Membrane fractionation and other processing steps
in the manufacture of WPC and WPI may also alter the susceptibility of residual
whey lipids after drying. Differences in protein-milkfat ratios in the various whey
and milk powders may also result in an altered microstructure of their particles such
that the milkfat is more or less protected against oxidation. Differences in polar
lipids, lipoproteins and other milkfat globule membrane components may also have
a bearing on the formation of volatile compounds in dried dairy products during
accelerated storage. The highly unsaturated phospholipid fraction associated with the
milkfat globule membrane material is believed to be the site of oxidative
deterioration in fluid milk an cream (17).

PC and WPI, the two dried dairy products with the lowest milkfat
concentrations, exhibited considerably less production of headspace volatile
compounds than the other products during accelerated storage. The best spray dried
dairy products from a flavor stability standpoint should be PC and WPI, which
contain lowest lipid concentrations. However, additional and more costly processing
steps, i.e., ion exchange adsorption for making WPI, are required for manufacturing
these latter products (18).

Mechanisms for volatile compound formation in dried dairy products. The two main
mechanisms for volatile compound formation in dried dairy products during storage
are Maillard browning reaction and lipid oxidation (3,5,6). The substantial
concentration of protein and lactose in all of these dried dairy products makes it
virtually impossible to rule out the Maillard browning reaction in these studies. In
fact, it is possible that these two reactions may be synergistic in nature in dried dairy
products. Intermediate and final products from one reaction may actually catalyze the
other reaction. Thus, many of the volatile compounds identified in TIC from stored,
dried dairy products undoubtedly result from both of these chemical reactions.
Volatile compounds expected to arise from milkfat oxidation, were recovered
from the headspace of dried dairy products by DHA after being subjected to
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accelerated storage for 6 days at 60°C by DHA (Table I). These included: aldehydes
i.e,, 2-methyl propanal, butanal, 2-methyl butanal, 3-methyl butanal, hexanal,
heptanal, octanal and nonanal; and ketones, i.e., 2-butanone, 2-heptanone, 6-methyl-
2-heptanone, 2-octanone, and 2-nonanone. Esters that were identified included: acetic
acid, ethyl ester; ethanethioic acid, S-methyl ester; and thiocyanic acid, methyl ester.
Acids and lactones were not detected in the headspace of stored, dried dairy
products, due likely to their low volatility at the temperature employed for purging.

Milkfat contains roughly 30% oleic acid and approximately 3% linoleic acid
(19). Oleic acid is oxidized to form octanal, nonanal, 2-undecenal and 2-decenal, and
oxidation of linoleic acid results in the formation of hexanal, 2-octenal and 2,4-
decadienal via the hydroperoxide mechanism (20). Aldehydes, which possess a
common ion fragment with a mass/charge (m/z) ratio of 44 (2/), were among the
most abundant compounds formed by lipid oxidation of dried dairy products in the
present study. Chromatograms of all volatile compounds isolated from NFMP, WP,
and WPC that exhibited a m/z ratio of 44 are shown in Figure 3. Comparison of
results for these three spray dried dairy products indicates that the three most
abundant aldehydes were in decreasing order hexanal (RT 8.3 min), heptanal (RT
12.8 min), nonanal (RT 25.2 min), and octanal (RT 18.7 min). These results would
not be expected on the basis of the percentages of oleic and linoleic acids

WPC stored at 60°C over saturated NaNO, solution to maintain an a,, of 0.59
for 6 days exhibited the highest concentrations of the four aldehydes, hexanal,
nonanal, heptanal, and octanal, of all dried dairy products studied. WPC also showed
the poorest flavor stability among the dried dairy products studied. The reasons for
the high susceptibility of WPC to lipid oxidation is not known. WPC contained 7%
milkfat and the powder was quite fluffy, thus allowing a more intimate contact of
substrate with the residual oxygen from the headspace atmosphere in the serum
bottle. It is also likely that WPC had a smaller particle size distribution than the
other dried products. Information on the fatty acid composition of the residual lipids
in WPC is lacking but it is possible that these lipids may contain a higher percentage
of fatty acids that are more suscptible to oxidation than the other dried dairy
products. It is for this reason that researchers are attempting to remove the residual
lipids from cheese whey prior to manufacturing WPC (/8).

Water activity is an important factor that affects the off-flavor formation of
spray dried dairy products during storage. The minimum rate of lipid oxidation in
milk-based infant foods is at or near an a, of 0.24 (22). However, Maillard reaction
products, which are simultaneously formed during storage of dried dairy products,
functioned as antioxidants (23), thus making it difficult to evaluate the relationship
between a, and lipid oxidation rate.

It was shown previously that the use of NaNO, for controlling a, during
accelerated storage resulted in a greater degree of lipid oxidation in dried dairy
products than was obtained with other a,-controlling chemicals (24). The release of
N,O by NaNO, into the headspace is believed to catalyze the lipid oxidation reaction
(24,25).

Conclusions
Although all of the dried dairy products, i.e., whole milk powder, nonfat dry milk,

potassium caseinate, whey protein concentrate, whey protein isolate and whey
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Figure 3. Forty four ion chromatogram (44 IC) of volatile compounds from whole

milk powder (WMP), whey powder (WP), and whey protein concentrate (WPC) after
accelerated storage.

powder, exhibited a clean and bland flavor before accelerated storage, DHA results
revealed different susceptibilities to lipid oxidation during 6 days of accelerated
storage at 60°C and a, of 0.59. DHA 44 ion chromatograms were used as a reliable

indicator of the

degree oxidation experienced by these dried dairy products during

storage. The humidity (a,)-controlling device effectively controlled a, during
accelerated storage and also allowed direct sampling of headspace volatiles for DHA
of the stored products. The order of decreasing lipid oxidation rates for dried dairy
products was: WPI and PC < WMP < WP, NFMP and WPC.

Literature cited

1. Ferretti, A.; Flanagan, V.P. jnbeimiiain1971a 54, 1764.

2. Ferretti,
3. Ferretti,

A.; Flanagan, V.P. dnlisiimmiigin 1971b, 54, 1769.

A.; Flanagan, V.P. N2, 20, 695.

In Lipidsin Food Flavors, Ho, C., et d.;

ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Publication Date: July 7, 1994 | doi: 10.1021/bk-1994-0558.ch007

July 15, 2012 | http://pubs.acs.org

7. LEE AND MORR  Headspace Volatile Compounds Due to Oxidation 107

L

10.

11.
12.
13.

14.

15.

16.

17.

18.
19.
20.
21.

22.

23.

24.
25.

McGugan, W.A., Larmond, E.; Emmons, D.B. _

1979, 12, 32.

Ramshaw, E.H.; Dunstone, E.A. jubsinisléts 1969, 36, 215.

Min, D.B.; Tickner, D.B.; Lee, S.H.; Reineccius, G.A. dufigadaiai 1990, 55,
401,

Driscoll, N.R.; Brennand, C.P.; Handricks, D.G. J Dairy Sci. 1985, 68, 1931.
Morr, C.V.; Ha, EY.W. il 1991, I, 1.

Hammond, E.G. In Flavor Chemistry of Lipid Foods, Min, D.B.; Smouse,
T.H., Eds.; American Oil Chemist's Society: Champaign, IL, 1989; pp 222-
236.

Hill, LM.; Hammond, E.G.; Carlin, A.F.; Seals, R.G. dulidiltintgh 1969, 52,
1917.

Sattar, A; deMan, JM. [ NG 275, 7. 13.

Dean, J. A.; Lange's Handbook of Chemistry, McGraw-Hill: New

York, NY, 1985; pp 10-84.

Jennings, W.; Shibamoto, T. Qualitative Analysis of Flavor and
Fragrance Volatiles by Glass Capillary Gas Chromatography;
Academic Press: New York, NY, 1980; pp 30-113.

Morrison, W.L In Topics in Lipid Chemistry, Gunstone, F.D., Ed.; Logos
Press Ltd.: mminsiisismsl 1970, Vol. 1; pp 51-106.

Kurtz, F.E, In Fundamentals of Dairy Chemistry, Webb, B.H.; Johnson,
AH.; Alford, J.A,, Eds.; AVI Publishing Co.: Westport, CT, 1974 2nd
Edition; pp 125-219.

Weihrauch, J.L. In Fundamentals of Dairy Chemistry; Wong, N.P.; Jenness,
R.; Keeney, M.; Marth, E.H., Eds.; Van Nostrand Reinhold Co.: New York,
NY, 1988, 3rd Edition; pp 215-278.

Badings, H.T. Cold-storage Defects in Butter and their Relation to the
Autoxidation of Unsaturated Fatty Acids; Ph.D. Thesis, Agricultural
University, Vageningen, The Netherlands, 1970.

Morr, C.V. inmiifasissini 992, 46, 110.
Dairy Handbook; Alfa-Laval: Lund, Sweden, pp 13.

Kinsella, J. E. (mheiliankiighn1969, 36-42.

Silverstein, R. M.; Basserler, G. C.; Morrill, T. C. Spectrometric
Identification of Organic Compounds; John Wiley & Sons, Inc.: New York,
NY, 1991.

Roozen, J. P; Linssen, J. P. H. In Lipid Oxidation in Food, St. Angelo, A.
J, Ed.; ACS Symp. Ser. 500, American Chemical Society: Washington, D.
C., 1992, pp 302-309.

Waller, G. R.; Beckel, R. W.; Adeleye, B. O. In The Maillard Reaction in
Foods and Nutrition; Waller, G. R.; Feather, M. S., Eds.; ACS Symp. Ser.
215; American Chemical Society: Washington, D. C., 1983, pp 125-140.
Lee, Y. B. Ph.D. Dissertation, Ohio State University, Columbus, OH, 1993.
Labuza, T. P. In Moisture Sorption:Practical Aspects of Isotherm
Measurement and Use; American Association of Cereal Chemists: St. Paul,
MN, 1984; p 65.

RECEIVED November 4, 1993

In Lipidsin Food Flavors, Ho, C., et d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Publication Date: July 7, 1994 | doi: 10.1021/bk-1994-0558.ch008

July 15, 2012 | http://pubs.acs.org

Chapter 8

Lipid-Derived Aroma Compounds in Cooked
Potatoes and Reconstituted Dehydrated
Potato Granules

Juan P. Salinas, Thomas G. Hartman, Karl Karmas, Joseph Lech,
and Robert T. Rosen

Center for Advanced Food Technology, Cook College, Rutgers, The State
University of New Jersey, New Brunswick, NJ 08903

Volatile compounds that contribute to flavor of steam cooked
mashed potatoes and reconstituted dehydrated potato granules were
characterized. Aroma components were isolated and concentrated
using continuous steam distillation - extraction procedures and/or
by dynamic headspace concentration using porous polymer
adsorbent trapping media. The steam distillation extracts and
adsorbent traps were subsequently analyzed by gas chromatography
- mass spectrometry (GC-MS), the latter using short path thermal
desorption methodology.  Quantification was achieved using
matrix-spiked internal standard methodology. Comparison of the
two isolation techniques revealed both qualitative and quantitative
differences in the extracted profiles which were highly
reproducible. The purge and trap - thermal desorption methodology
produced GC-MS chromatograms with enhanced recoveries of light
end components while the steam distillation extracts contained
greater amounts of higher boiling semivolatile species.

In the United States, potatoes are mainly used for processing and as a fresh
product. Most of the processed potatoes are frozen, made into chips, dehydrated,
or canned. Because of the current increasing demand for easy to cook yet
nutritional products, dehydrated mashed potatoes have become a very popular
product over many other convenience foods on the market. However, aside from
their convenience and nutritional benefits, dehydrated potato products lack fresh
potato flavor and they may contain off-flavors (/-7). The lack of fresh flavor has
been attributed to both the loss of volatiles during the drying process (8) and the
off-flavors generated during the processing and storage as a result of nonenzymatic
browning (5-10) and lipid oxidation reactions (I-3,8, 10).

Sapers et al. (3) were the first to investigate a hay-like off-flavor developed

0097—6156/94/0558—0108$08.36/0
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in flakes during storage. This off-flavor was associated with the development of
increasing amounts of n-hexanal and other lipid oxidation products such as: »-
pentanal, n-heptanal, 2-heptanone, 2-pentylfuran, 2-hexenal, benzaldehyde and
three unknowns. A direct correlation between hexanal concentrations and the off-
flavor development was found (11,12). The use of antioxidants, oxygen
scavengers, and nitrogen have been found effective in the reduction of lipid
oxidation during storage. Konstance et al. (/2) demonstrated that using the
antioxidant BHA alone or with BHT, or using oxygen scavenger laminated
pouches could increase the shelf-life of dehydrated potatoes (explosion puffed) to
at least one year.

Other off-flavors are also produced as a result of nonenzymatic browning
reaction products. For instance, Sapers (5) studied a "puffing" off-flavor
described as scorched, wet fur or laundry-like which was developed during the
processing of explosion puffed dehydrated potatoes. He was able to reproduce the
off-flavor when 2-methylpropanal, 2-methylbutanal and 3-methylbutanal were
added to conventionally dehydrated potatoes as a mixture. These methyl
substituted aldehydes are the Strecker degradation products of valine, isoleucine,
and leucine, respectively. A different off-flavor described as "toasted" was also
detected in explosion puffed potatoes. Sapers et al. (6) associated the combination
of several nonenzymatic browning reaction products with the intensities of the
"toasted" off-flavor. The compounds 2,5-dimethylpyrazine, 2,3- and/or 2,5-methyl
ethylpyrazine, trimethylpyrazine and two unknowns were found to have pyrazine-
like aromas (burnt, toasted, roasted, nutty, popcorny and bready). The compound,
5-methylfurfural contributed to the aroma characteristic of the thermal degradation
of the proline-glucose mixture. Meanwhile, benzaldehyde, a Strecker aldehyde of
phenylglycine, imparted a "burnt" aroma.

In dehydrated potato products, the susceptibility to chemical changes
responsible for the off-flavor generation during processing will directly depend,
among other factors, on the cultural, environmental and processing conditions.
The effect of certain raw material and processing variables on the flavor quality
and stability of the potato flakes was investigated by Sapers et al. (4). They
concluded that the presence of natural pro-oxidants in the peel and of sprouts and
rots present in defective potatoes used in the manufacturing of flakes will increase
their susceptibility to lipid oxidation during storage. In addition, their stability will
further be affected by the removal of natural antioxidants (e.g., phenolic acids,
quercetin, and caffeic acid) from the potato during cooking and cooling with
maximum process water.

The objective of this study was to characterize the volatile flavor
compounds from conventionally air dried reconstituted potato granules and to
identify offending species in off-flavored samples. In addition, the effect of aging
of the raw potatoes on the flavor of mashed potatoes prepared from partially
peeled (95%) potatoes and cooked under steam was investigated. The
development of a rapid, sensitive, and highly reproducible analysis methodology
using a short path thermal desorber accessory for assessing flavor quality of potato
products is also described herein.
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Experimental

Materials. Samples of conventionally dehydrated potato granules (8%
moisture) and unpeeled Russet Burbank potatoes were obtained from Basic
American Foods (Blackfoot, ID). Methylene chloride solvent was capillary-
analyzed grade and was acquired from J. T. Baker (Phillipsburg, NJ). 2-
Phenoxyethanol, d-8 toluene and d-8 naphthalene internal standards were
purchased from Aldrich Chemical Co. (Milwaukee, WI). Tenax-TA adsorbent,
60/80 mesh was obtained from Alltech Associates, Inc. (Deerfield, IL). Carbotrap
20/40 mesh was from Supelco, Inc. (Belefonte, PA). The model TD-1 Short Path
Thermal Desorber and all desorption accessories were obtained from Scientific
Instrument Services Inc. (Ringoes, NJ). The glass components for the
simultaneous steam distillation-extraction apparatus and the Snyder distillation
column were purchased from Kontes (Vineland, NJ).

Potato Cooking Procedure. A 12 quart stainless steel pot was filled to a depth
of approximately 5 inches with high purity distilled deionized water (Milli-Q
purified) and heated to a boil on a stove. Meanwhile, approximately 6 Ibs of
washed potatoes were peeled using a hand held peeler in such a way that about
5% of the peel remained on the potato. This was done because potatoes used in
the manufacturing of dehydrated potatoes are not peeled completely (95%) because
they use an economical but less effective method of peeling. The peeled potatoes
were then cut cross-wise into sections approximately 1.25 inches thick using a
stainless steel knife on a clean cutting surface. The potato slices (1600 grams)
were then placed inside a stainless steel mesh wire basket which was placed inside
the cooking pot and suspended about 4 inches above the boiling water. Steam
cooking minimizes loss of water soluble antioxidants and/or pro-oxidants. The pot
was then covered with a lid and the product cooked for 35 minutes or until the
cooked potatoes were easily mashed with a fork. Cooked potatoes were then
mashed in a stainless steel mixing bowl using a household hand held masher until
a creamy consistency was obtained. The mashed potatoes were then rapidly
transferred into the simultaneous steam distillation-extraction apparatus or the
headspace purge and trap apparatus (Figure 1) as described in the flavor extraction
protocol. Dehydrated potato granules were reconstituted in the isolation apparatus
using the conditions described in the following section.

Flavor Extraction and Isolation

Simultaneous Steam Distillation-Extraction. All samples were prepared
for gas chromatography (GC) and GC-MS analysis using the technique of
simultaneous steam distillation-extraction in the apparatus originally described by
Likens and Nikerson (13) (the technique is often referred to as Likens-Nikerson
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Figure 1. Headspace purge and trap apparatus.
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extraction). This technique provides for simultaneous steam distillation and solvent
extraction of the distillate on a continuous basis. The following procedure was
used.

To 2500 ml of boiling water (ultra high purity glass distilled) in a 5.0 liter
round bottom flask were added 2.5 grams of salt, 250 grams of dehydrated
potatoes and some teflon boiling chips. When the isolation was performed using
freshly prepared mashed potatoes, the following modified protocol was employed.
To a 5 liter beaker was added 1150 grams of fresh mashed potatoes, 2.5 grams of
salt and 1600 ml of boiling water. The sample was then thoroughly mixed to
form a thin paste or slurry which was rapidly transferred into the 5.0 liter flask
along with some teflon boiling chips. The flask was then fitted with an inverted
distillation trap to act as a foam breaker (in the event of excessive foaming) and
the assembly was attached to the Likens-Nikerson apparatus. The potato slurry
was then spiked with 2-phenoxyethanol internal standard (100 ppb w/w based on
solids content of approximately 250 grams). The apparatus was charged with 200
ml of methylene chloride, and the system was distilled and extracted for 3 hours
at 100°C.

Once the extraction was complete the methylene chloride extract was
removed from the apparatus and transferred quantitatively into a 250 ml size
Kuderna-Danish concentrator fitted with a three ball Snyder column. The extracts
were then concentrated over a steam bath to a volume of approximately 5.0 ml.
The sample extracts were then finally concentrated to a volume of 1.0 ml using
a gentle stream of nitrogen. Aliquots of these extracts (1.0 ul) were then injected
directly into the GC and GC-MS for analysis. The extracts were also subjected to
sensory analysis by sniffing. The extracts were stored in glass vials with teflon
lined screw capped lids, protected from light. The headspace in the vials was
flushed with nitrogen and they were stored at -80°C prior to and following
analysis.

Blank runs were routinely conducted using the Likens-Nikerson apparatus
described but without the potato product. This served as a control so that any
artifacts originating from the isolation apparatus itself (impurities in the water,
methylene chloride, internal standard, glassware, etc.) would be readily identified
and disregarded.

Purge and Trap Thermal Desorption. In this technique volatile aroma
compounds were purged from the samples using a high purity inert gas such as
nitrogen. The flavor compounds were then trapped on a porous polymer trap
containing Tenax and Carbotrap (50:50). The adsorbent traps were then thermally
desorbed directly into the GC-MS system for analysis.

For all the potato samples, 250 grams of dehydrated potato product (or
equivalent peeled and sliced cooked potatoes) and 2.5 grams of salt were mixed
with water (ultra high purity glass distilled) and mashed into a paste. The potato
mash was then spiked with 1 ppm of d-8 toluene and 100 ppb of d-8 naphthalene
internal standards, and quickly transferred into a 5 liter 3-neck round bottom flask.
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The flask was then sealed at one end with a fitting assembly containing the
purging gas rod, and at the other end with a reflux condenser column containing
the adsorbent trap. The third opening was sealed with a glass stopper and teflon
sleeve. The wet potato mash was heated at 100°C for 1 hour on a steam table
during which time the volatile compounds were purged from the product into the
Tenax-Carbotrap adsorbent traps using nitrogen as a sparge gas at a rate of 40
ml/min. The charged traps were then dried with high purity nitrogen at a rate of
40 ml/min for 60 min at 30°C. The dried charged traps were then thermally
desorbed directly into the GC-MS system using a SIS model TD-1 short path
thermal desorption system operated at 220°C for 5 minutes. The GC injection
port was maintained at 250°C and 10:1 split ratio was employed. The column was
temperature programmed from -20°C to 40°C at a rate of 10°C/min and 40°C to
280°C at a rate of 4°C/min. The mass spectrometer was operated using electron
ionization scanning masses 35-350 once each second throughout the GC run.

Instruments and Conditions. Gas chromatographic analyses were conducted using
a Varian 3400 gas chromatograph (GC) equipped with a flame ionization detector
(FID). Data was acquired and processed using a Varian 4290 integrator and a VG
Multichrom computerized data system. The GC was equipped with a 60 meter x
0.32 mm i.d. DB-1 capillary column containing a 0.25 pm film thickness. Helium
was used as a carrier gas with a flow rate of 1.0 ml/min which converts to a linear
carrier velocity of 20 cm per second. For the analysis of the flavor extracts, the
GC injector temperature was 250°C and 1.0 pl aliquots of flavor extracts were
made in the splitless injection mode. At 0.5 minutes after injection, the injector
split ratio valve was activated to initiate a 100:1 split ratio to serve as a septum
purge throughout the remainder of the run. The column oven was temperature
programmed from 35°C (held 5 min) to 280°C at a rate of 2°C per minute, then
a 60 minute hold at the upper limit.

Combined GC-MS analyses were conducted using a Varian 3400 gas
chromatograph directly interfaced to a Finnigan MAT 8230 high resolution
magnetic sector mass spectrometer. All chromatographic conditions were identical
to those described previously. The mass spectrometer was operated in electron
ionization mode scanning masses 35-350 continuously at a rate of 1.0 seconds per
decade. Data were acquired and processed using Finnigan MAT SS300 data
system. Computerized library searches of mass spectra were conducted using the
National Institute of Standards and Technology (NIST, formally the U.S. National
Bureau of Standards) mass spectral data base. Any mass spectra which were not
identified by the computer library were manually searched against the EPA-NIH
and Wiley NBS registries of mass spectra which contain approximately 120,000
entries. Spectra which were not found in any library were manually interpreted
to the best of our ability and this often resulted in structural characterization of the
unknown species although absolute structure assignments were not always
possible.
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Quantification. Quantification of the flavor components in the extract
samples was accomplished by using 2-phenoxyethanol as a surrogate internal
standard. This compound is not found naturally in potato flavor but it contains
chemical functionality similar to many potato flavor compounds (aromaticity,
alcoholic, ethereal, etc.) so that its extraction efficiency is a good overall measure
of flavor yield. On the other hand, for the headspace purge and trap analysis, d-8
toluene and d-8 naphthalene internal standards were utilized. Both are synthetic
chemicals and are easily retained by the adsorbent resins. Because of their
difference in boiling points (d-8 toluene = 110°C, d-8 naphthalene ~ 217.7°C),
they were able to cover the wide range of volatile chemicals present in the flavor
of potato. Concentration levels of the individual flavor compounds in all the
samples were calculated by dividing the integrated peak area of the internal
standard into that obtained for the flavor components using the GC-FID and/or
GC-MS data. The data treatment assumes a response factor of 1.0 thus
simplifying the calculations and providing for semi-quantitative estimates of
concentrations. This is a reasonably accurate method of quantification since
analytical reference standards for all of the hundreds of flavor compounds
observed are not readily available for purposes of calculating individual response
factors.

Results and Discussion

Core Volatile Compounds. In the analysis of all steam cooked and reconstituted
dehydrated potato samples, more than 200 different volatile compounds were
identified. However, only 79 compounds were commonly present in all potato
samples (core volatile flavor compounds). Many of the volatiles identified have
never been reported before as volatile flavor components of fresh cooked potatoes
or mashed potatoes. Table I lists the core volatile flavor components of mashed
potatoes.

By far the majority of the core volatile compounds found were those
resulting from lipid peroxidation. The early part of the chromatograms was
dominated by aldehydes, ketones and alcohols resulting from lipid peroxidation.
Midway through the GC run the chromatograms contained aliphatic and olefinic
hydrocarbons as well as alcoholic, ketonic, and aldehydic derivatives which were
also peroxidation products. The end of the runs contained mostly free fatty acids
and oxidized analogues as well as esters and waxes. Throughout the runs Strecker
degradation and Maillard reaction products were also present as well as natural
flavor compounds and breakdown products of tocopherols. Most of the natural
flavor compounds identified consisted of terpenoid compounds such as a-thujene,
a-pinene, B-pinene, a-terpinine, p-cymene, y-terpinine, dimethylstyrene, thujyl
alcohol and limonene. These terpenes were not listed as core volatiles because
they were not consistently found in all samples. However, they could have been
present at levels lower than the instrument's limit of detection.
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Table L Core Volatile Components of Fresh Cooked and Reconstituted
Dehydrated Potatoes
Sulfur compounds

Dimethyl disulfide
* Dimethy! trisulfide
Methional
Aldehydes
Acetaldehyde
3-Methylbutanal
* Pentanal
2-Hexenal
4-Heptenal
Heptanal
cis-2-heptenal
Phenylacetaldehyde
* 2,4-Octadienal
Ethyl benzaldehyde

Decanal
2,4-Decadienal
Ketones
* 2-Butanone
* 1-Penten-3-one
* 1,2-Cyclohexanedione
3-Octen-2-one
* 2-Nonen-4-one
* Farnesyl acetone
Alcohols
* Furfuryl alcohol
* 1-Octanol
Phenylethyl alcohol
* cis-Farnesol
Furans
Tetrahydrofuran
* 2-Ethylfuran
* 5-Methylfurfural
Pyridines and Pyrazines
* Pyrazine
Methylpyrazine

*

2-Pyridine methanol
2-Acetylpyridine

Diethyl sulfide
Dimethyl tetrasulfide
2-thiophene carboxaldehyde

2-Butenal
2-Methylbutanal
Hexanal
2-heptenal
2-Octenal
Benzaldehyde
Octanal
Nonanal
2,6-Nonadienal
2-Nonenal
2,4-Nonadienal
2-Undecenal

2,3-Butanedione
2-Heptanone
2-Methyl-3-octanone
3,5-Octadien-2-one
Geranylacetone

1-Octen-3-o0l
2-Octen-3-ol
p-Menthadienol
Nerolidol

2,3-Dihydro-4-methylfuran
2-pentylfuran
Furfural

Pyridine

2,5-Dimethylpyrazine
2-Ethyl-6-methylpyrazine

Continued on next page
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Table I. Continued

Miscellaneous Compounds

Toluene * Styrene
* a-Copaene * Tetradecane
BHT (antioxidant) * Pentadecane
Hexadecane Chlorpropham (sprout regulator)
* Eicosane Palmitic acid
Methyl palmitate Methy! linoleate
Linoleic acid Polyunsaturated long chain alcohol
Heptadecanoic acid Propyl octanoate
* Tricosane

* indicates newly identified compound of fresh cooked potatoes.

Although, fresh potatoes contain only an average of 0.1% fat (fresh weight
basis) (14), the polyunsaturated linoleic acid and linolenic acid constitute 39.1%
and 32.2%, respectively, of the fatty acid composition in air-dried potatoes (15).
Therefore, it is expected that the potato fat will be relatively susceptible to
oxidative deterioration. Indeed the entire chromatograms presented chemical
products of lipid oxidation and sometimes several oxidized high boiling lipids.
The lipid oxidation compounds identified included 18 aldehydes, six of which
have never been reported as flavor compounds of fresh cooked potatoes. These
compounds are 2-butenal, pentanal, octanal, 2,4-octadienal, and 2-undecenal. In
addition, cis-2-heptenal was tentatively identified. Most of these aldehydes are the
oxidative products of oleic acid (e.g., 2-undecenal), linoleic (e.g., pentanal,
octanal) and linolenic acid (e.g., 2-butenal, 2-heptenal). The compound 2-heptenal
has a strong cardboard-like aroma and is probably derived from higher
homologues than oleic, linoleic, and linolenic acids, or by oxidation of smaller
C18 unsaturated acids. Although pentanal and octanal were previously identified
in autoxidized dehydrated potatoes granules (2), they have not been reported in
fresh cooked potato products to date. Other important lipid oxidation aldehydes
identified included the aliphatic aldehydes hexanal, heptanal, nonanal, and decanal.
Amongst these aldehydes, the generation of hexanal in potato products has been
the subject of most investigations (3,11,12).

Hexanal is a major product of autoxidized linoleic acid and is commonly
present in autoxidized oils and fats. It has long been used as an index of oxidative
deterioration in potato products. Sapers (3) related the presence of a hay-like off-
flavor in potato flakes during storage to the development of increasing amounts
of hexanal and other lipid oxidation products such as pentanal, heptanal, 2-
heptanone, 2-pentylfuran, 2-hexenal, benzaldehyde, and three unknowns. The
development of hexanal arrives from the intermediate 2-octenal which is a
degradation product of 2,4-decadienal (16). As expected, both intermediate
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compounds, 2-octenal and 2,4-decadienal, were found at concentrations lower than
the product hexanal. The mechanism of formation follows the classic Farmer
autoxidation (17,18,19) or an alpha/beta double bond hydration followed by a
retro-aldol condensation mechanism (20).

Another compound resulting from the degradation of 2,4-decadienal (from
linoleic acid) is aromatic benzaldehyde (21). The latter is naturally found in
essential oils and is responsible for the almond-like flavor of almonds. Other
important lipid derived aldehydes are 2,6-nonadienal and cis 4-heptenal. Both were
identified as flavor components of mashed potatoes. However, They were first
recognized as part of the boiled potato flavor by Josephson and Lindsay in 1987
(16). The compound 2,6-nonadienal is the oxidation product of linolenic acid, and
imparts a characteristic "green" flavor for example, in cucumbers. The retro-aldol
condensation product of 2,6-nonadienal is cis-4-heptenal. The latter has been
found to exhibit boiled potato-like aroma in diluted concentrations (0.1-0.4 ppb)
but, at concentrations greater than 0.7 ppb, cis-4-heptenal contributes to a staling-
type off-flavor (16). In this investigation, cis-4-heptanal was found at
concentrations greater than 5.0 ppb, thus probably contributed to stale-type flavors
in the product. Newly identified ketone species included 2-butanone, 2,3-
butanedione (diacetyl), 1-penten-3-one, 2-methyl-3-octanone and 3,5-octadien-2-
one. Cyclohexanedione was tentatively identified.

The diketone, diacetyl, is one of the most important ingredients used for
imitation butter flavors. Most of the unsaturated ketones detected are the result
of the decomposition of secondary lipid oxidation products. For instance, 3,5-
octadiene-2-one is the decomposition product of the five-membered cyclic
peroxide form in autoxidized linolenic acid (22). The methyl ketone is probably
formed by beta-oxidation of fatty acids. In addition to the ketones mentioned,
geranylacetone and farnesylacetone, which are lycopene pigment oxidation
products, were observed in fresh mashed potatoes for the first time. Lycopene can
exist in the free state in plant tissue, and is the pigment responsible for the color
of tomatoes. Although the lipid system tends to oxidize more easily, lycopene
with its high unsaturation (8 isoprenoid units) will be susceptible to oxidation by
free radical formation. Alcoholic derivatives of carotenoids such as cis-farnesol
and nerolidol were also identified. Another compound worth mentioning is the
formation of 2-pentylfuran from the autoxidation of linoleic acid (23). This cyclic
compound forms from the oxidation of the C-10 vinyl radical that forms as a
result of the hydroperoxidation and cleavage of the C-9-OOH of linoleic acid.
The oxidized vinyl radical will then cyclizise to C-13 to form pentyl furaldehyde
which then decomposes into 2-pentylfuran (22). This compound has been reported
in the flavor volatiles of baked, raw, and boiled potatoes (24,25,26). It contributes
to the green, beany, grassy notes of the mashed potato flavor.

In addition to the large number of lipid derived aroma compounds,
nonenzymatic browning reaction products also contributed to the overall flavor of
mashed potatoes. One of the most important nonenzymatic browning compounds
identified in the flavor of mashed potatoes was methional, a Strecker aldehyde of
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methionine. It has an odor threshold of 0.2 ppb in water, and contributes to the
boiled potato-like aroma of mashed potatoes. This compound has been identified
previously in boiled and baked potato volatiles (24,25). Methional can also further
decompose to methyl mercaptan and dimethyl disulfide which have low odor
thresholds, thus contributing to the overall flavor. In addition to methional, five
other sulfur containing chemicals were identified including dimethyl disulfide,
diethyl sulfide, and newly identified dimethyl trisulfide, dimethyl tetrasulfide, and
2-thiophenecarboxaldehyde.

Dimethyl disulfide is the product from the oxidation and dehydration of
two molecules of methyl mercaptan. Further decomposition of dimethyl disulfide
will yield dimethyl trisulfide and dimethyltetrasulfide which are formed by
disproportionation. All these chemicals have odors characteristic of onions at very
low odor threshold values (0.16-12 ppb/water). Other Strecker aldehydes which
were consistently found in the flavor of mashed potatoes were 2-methylbutanal
and 3-methylbutanal. Both have been associated with the puffing off-flavor of
explosion puffed dehydrated potatoes at large quantities (5,6,8,9). However, when
diluted to low concentrations (<20 ppm) they have a sweet, chocolate, sometimes
roasted or toasted flavor. In this investigation, both compounds were detected at
concentrations less than 20 ppm, thus, probably contributing to the toasted, sweet
notes of the potatoes.

A few pyrazines and pyridines associated with nonenzymatic browning
reaction in potatoes were also identified. Newly identified pyrazines and pyridines
include pyrazine itself and 2-pyridinemethanol. These compounds are formed
during heating when an alpha amino acid reacts with an alpha dicarbonyl (Strecker
degradation). The resulting Strecker aldehydes and a-aminoketones further react
to yield these important heterocyclic aroma compounds. Both these compounds
impart characteristic roasted, maybe sweet notes to the aroma of the product.
Other heterocyclic compounds include pyridine, methylpyrazine, 2,5-
dimethylpyrazine, 2-ethyl-6-methylpyrazine, and 2-acetylpyridine. They all have
been previously identified in the flavor profiles of baked potato (27).

The presence of several furans such as furfural, 5-methylfurfural, 2-
ethylfuran, 2,3-dihydro-4-methylfuran, and 2-pentylfuran were also observed.
Furfural, which forms from glucose pyrolysis and the Maillard reaction,
contributes to the generation of a toasted flavor in dehydrated potatoes (6). 2,3-
Dihydro-4-methylfuran is being reported here for the first time in potatoes.
However, its contribution to the overall mashed potato aroma was not established.
In general, furans are formed from the decomposition of Amadori and Heyns
products in the Maillard reaction. Although they can also form from the
cyclization of oxidized fatty acids fragments such as in the case of 2-ethylfuran
and 2-pentylfuran. In contrast to the beany, grassy aroma of 2-pentylfuran, the
newly identified 2-ethylfuran imparts sweet and burnt aromas.

Two synthetic materials are presented as core volatile compounds of
mashed potatoes, butylated hydroxytoluene (BHT) and chlorpropham. Although
they are synthetic materials, BHT and chlorpropham are frequently used in raw
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and processed potatoes, and can effect to the overall flavor of the mashed
potatoes. Chlorpropham, commonly known as CIPC or under the trade name
Sprout-Nip, is a plant growth regulator used to inhibit sprouting in potatoes during
storage. Sprouts contain pro-oxidants and phenolic compounds which impart an
undesirable bitter and astringent taste to potatoes (28) therefore their growth must
be inhibited. The potential for CIPC to cause flavor/off-flavor to the mashed
potatoes was not investigated here. However, studies by Mazza and Pietrak (29)
showed that aromatic based solvents used to apply CIPC can impart a musty,
earthy, potato bin-like aroma and taste to the potatoes. In our investigation, one
of the potato samples that had been treated with CIPC contained an off-flavor
described also as bin-like. The chromatogram showed a region consisting mainly
of petroleum type distillates including several alkyl substituted benzenes. These
substituted benzenes were identical to those found in the investigation by Mazza
and Pietrak, and may be responsible for the off-odor. The other synthetic
chemical that was added was BHT. This chemical is one of the most widely used
antioxidants in foods, animal feed, petrol products, synthetic rubbers, plastics,
animal and vegetable oils, soaps, etc. In potatoes, BHT is added to the dehydrated
product in order to reduce or avoid the destruction of fatty acids by oxidation, thus
extending the shelf-life. The use of BHT to minimize lipid peroxidation was only
partially successful owing to the fact that highly polyunsaturated species such as
linoleic acid (18:3) preferentially autooxidize even in the presence of BHT. Low
levels of lipid peroxidation are important in the flavor of potatoes. However, if
allowed to proceed unchecked it may often be the cause of objectionable odors
and/or flavors in food products.

Effect of Storage Time on Raw Potatoes. The effect of the raw potato age on the
flavor of cooked mashed potatoes was observed. Three different age raw potatoes
1-2 months old, 4 months old, and 13-14 months old potatoes were cooked and
mashed to obtain the volatile profiles. The raw potatoes were held under cellar
storage conditions of 6.1°C and the relative humidity was maintained just under
the point of condensation. After Processing the raw potatoes, results indicated that
the 1-2 months old potatoes contained the lowest level of overall volatiles. Both
lipid oxidation type aroma compounds and those resulting from the Maillard
reaction were low in this sample. In contrast, the 13-14 months old potatoes
produced a volatile profile which was dominated by Maillard type aroma
compounds. The 4 months old potatoes had lower amounts of Maillard type
compounds than the 13-14 months old potatoes but higher levels of lipid oxidation
derived flavor than any of the other raw potato samples. The chromatograms of
the 1-2 months old (Figure 2), 13-14 months old (Figure 3), and 4-months old
(Figure 4) potatoes are shown.

The flavor and aroma characteristics from the 4-months old potatoes were
dominated by lipid oxidation notes which imparted an undesirable rancid, potato-
chip like aroma to the product. This sample contained concentrations of lipid
oxidized compounds almost 8000 times higher than the 1-2 months old product,
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Figure 2. Volatile profile of fresh cooked 1-2 months old potatoes
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Figure 3. 13-14 Months old potatoes exhibiting high levels of nonenzymatic
browning compounds

In Lipidsin Food Flavors, Ho, C., et d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Publication Date: July 7, 1994 | doi: 10.1021/bk-1994-0558.ch008

July 15, 2012 | http://pubs.acs.org

8. SALINAS ET AL.  Lipid-Derived Aroma Compounds in Potatoes 121

80
. 1
- 111 n
-
. 16 P
ed- pentylfuran
; - 8. J-mez-z-om
i 9. nonanol
E A 10. 3,5-octsdien-2-one
E L s u . nonanal
‘%‘ | :
1, B
2 |
=
. i 6
| 2
3q- ‘ 3 18 1. chi hain
13
. ‘ n 20
20— 14
- 4 J 0]
| Wl !
— T w—
o 20 10 60 80 00 120 %0

time (minutes)

Figure 4. Four months old potatoes exhibiting high levels of lipid oxidation
compounds

as calculated by the levels of hexanal. Several lipid oxidation-derived products
that were not found in the 1-2 months old potatoes were detected in the 4 months
old sample. They included 5 unsaturated ketones, 6 aldehydes, 3 hydrocarbons,
and 4 alcohols (Table II). These compounds were not found in the 1-2 months old
sample because there was not enough time to permit significant lipid oxidation.
In the 13-14 months sample, however, these compounds were masked by the
excessive concentrations of Maillard reaction products.

Fatty acids become more available as time progresses during storage.
Cherif (30) noticed that the total fatty acid content of potato tubers increase during
storage at 10°C and 28°C. Moreover, at 0 and 4°C the total fatty acid content not
only increased but it was also accompanied by an increase in the degree of
unsaturation. Therefore, it is believed that the 4 months old potatoes had a higher
concentration of free unsaturated fatty acids which made the product more
susceptible to oxidation. In addition, the presence of sprouts, blackspots and other
defects in the raw potatoes can be transferred into the mashed product during
processing when the peel is not completely removed. These defects occur during
storage at temperatures of 4.4°C or above. Sprouts, blackspots, and other defects
contain pro-oxidants that can accelerate the oxidation of fatty acids.
Commercially, about 95% of the peel is successfully removed, and potatoes are
stored in cellars at temperatures greater than 4.4°C. Therefore, these defects
become an important factor in the formation of lipid oxidation volatiles.
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Table I.  Lipid Oxidation Volatiles in Oxidized 4 Months Old Potatoes

Component Concentration (ppb)
2-Ethyl furan 484.90
3-Penten-2-one” 138.66
Hexanal 8007.30
3-Hexen-2-one’ 5.80
2-Hexenal 204.90
6-Methyl-3,5-heptadien-2-one” 25.10
2-Heptanone 159.40
4-Heptenal 52.57
Heptanal 164.60
2,4-Heptadienal” 69.29
Nonane" 12.30
Benzaldehyde 107.25
2-Heptenal 1213.30
Unknown unsaturated ketone® 29.26
1-Hepten-3-ol” 258.00
2,4-Heptadienal isomer 178.80
2-Pentyl furan 1694.20
3-Octen-2-one 42.49
Octanol 978.80
3,5-Octadiene-2-one 38.30
2-Octen-1-ol" 6.60
3,5-Octadien-2-one isomer 56.17
2,4-Octadienal 30.75
Nonanal 106.60
2-Nonen-4-one 27.29
3-Nonen-2-one’ 29.17
2,6-Nonadienal 20.76
2-Nonenal® 139.58
Nonanol® 10.13
2,4-Nonadienal 54.10
2-Decenal” 5.90
2-decen-1-ol" 20.25
cis-2,4-decadienal 716.60
2,4-Decadienal isomer 3005.60
2-Undecenal 206.80
Dodecanal® 9.05
2,4-Undecadienal” 51.99
3-Nonyn-2-one 13.84
Continued on next page
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Table II. Continued

Component Concentration (ppb)
2-Dodecenal” 121.90
Hexadecane” 13.77
Heptadecane” 11.10

* Indicates lipid-derived compounds not found in 1-2 months old potatoes.

The 13-14 months old potatoes had a volatile profile which was dominated by
Maillard type reaction products. They included several furans, pyrans, furanones,
furaneols, pyrazines, pyridinones, pyridines, pyrroles, oxazoles, imidazoles,
thiophenes and other sulfur containing chemicals (Table ITII). These compounds
arise mainly from reactions of reducing sugars (such as glucose) with the free
amino groups of amino acids, peptides and protein components. These potatoes
were slightly spongy to the touch due to their age. It is known that the sugar
content of potatoes increases when they are stored at low temperatures. Therefore,
it is likely that a higher percentage of starch in the matrix of these potatoes had
been broken down by amylolytic enzymes to simple sugars such as glucose which
was then available for the Maillard reaction. Although not illustrated in the data,
many lipid oxidation products were determined to be important contributors to the
flavor. However, sensory evaluation of the 13-14 months old potato extract
indicated that Maillard-type flavors dominated.

The 1-2 months old potatoes contained most of the flavor impact
compounds designated in Table I. These potatoes demonstrated the lowest levels
of overall volatiles because many Maillard and lipid oxidation type compounds
were not completely generated. This should be expected since lipid oxidation and
the breakdown of starch into sugars progresses with age. Therefore, in this sample
these two important groups of flavor compounds were found at reduced levels.

Continuous Steam Distillation/Solvent Extraction Vs. Headspace - Purge & Trap -
Thermal Desorption for Dehydrated and Raw Potatoes.  Head-space vapor
analysis and several time consuming extraction and isolation procedures involving
distillation/solvent extraction have been described for the analysis of dehydrated
potatoes (6,9). In this study a continuous steam distillation/solvent extraction
procedure (/3) and a rapid analysis protocol involving dynamic head-space
concentration / thermal desorption were compared. Both methodologies proved
to be quantitative and reproducible. The headspace - purge & trap - thermal
desorption (HS-P&T-TD) technique demonstrated to be more reliable for the
earlier part of the chromatograms in the analysis of some furans, aldehydes,
ketones, alcohols, aliphatic and olefinic hydrocarbons. On the other hand, the
continuous steam distillation was more efficient for the extraction of the high
boiling compounds including the free fatty acids for both dehydrated and fresh
cooked potatoes. A fresh cooked potato sample was chosen to compare the flavor
chromatograms obtained by both techniques in Figure 5. Sulfur containing
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FLAVOR PROFILE OF POTATOES BY STEAM DISTILLATION - EXTRACTION

FURAN
9. 2-PHENOXYETHANOL (1.S.,5 ppm)
10. DECANAL

29:00 49:09 60:00 80:00 109:98 120:90 149:09

FLAVOR PROFILE OF POTATOES BY PURGE & TRAP - THERMAL DESORPTION

] ! Jkl bl — ﬂl“nu....._..‘_

T T R T T
20:9@2 49:08 60:00 80:00 189:99

Figure 5. Comparison between the volatile profile obtained by steam distillation-
extraction and by headspace purge and trap thermal desorption techniques.
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Table III. Non-enzymatic Browning Reaction Products Present in 13-14 Months

Old Potatoes

Component

Concentration (ppb)

3-Methylbutanal
2-Methylbutanal
2,5-Dimethylfuran
Pyrazine

Pyridine

Dimethyl disulfide
Propyl methyl sulfide
1-H-pyrrole
4,5-Dimethyloxazole
2,3-Dihydro-4-methylfuran
3,4-Dihydro-6-methyl-2H-pyran
2-Methyl-3(2H)-dihydrofuranone
Tetrahydrothiophene
1-Ethyl-1H-pyrrole
2-Methylpyridine
1-Methyl-1H-imidazole
Methylpyrazine

Furfural

Methylfurfural
2-(Methoxymethyl)-furan
2-Methyl-1H-pyrrole
Dimethylpyrazine
3-Methyl-1H-pyrrole
Trimethyloxazole
S-Methyl-2(3H)-furanone
Furfuryl alcohol
Allylfuran
2H-pyran-2-one
Methional

2-Acetylfuran
Dimethylpyrazine isomer
2,5-Dimethylpyrazine
Ethylpyrazine
2,3-Dimethylpyrazine
C-3 substituted pyrazine
C-3 substituted pyrazine
Ethylpyridine

750.00
1200.00
37.10
92.38
834.60
20.26
17.71
318.07
452
69.89
4.65
76.10
19.82
19.24
39.47
42.96
427.54
833.15
4.67
12.92
62.42
13.10
20.98
3.88
88.82
1061.99
9.74
85.00
174.81
143.26
8.15
503.30
80.02
56.51
2.19
4.02
8.92

Continued on next page
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Component

Concentration (ppb)

5-Methylfurfural
N-methyl-2-pyridineamine

Furan carboxilic acid, methyl ester
1-(2-Methyl-1-butenyl)-pyrrolidine

Trimethylfuran

2-Furan methanol acetate
2-Ethyl-5-methylpyrazine
2-Ethyl-3-methylpyrazine
2-Ethyl-6-methylpyrazine
Pyridine carboxaldehyde
2-Ethenyl-6-methylpyrazine
2-Ethenyl-5-methylpyrazine
2-Acetylpyridine
Phenylacetaldehyde

Methoxy methyl pyrazine
2,2-Bisfuran

2-Acetyl ethyl furan
Furaneol
Dimethyltetrahydro-2-furaneol
1-Pentyl-1H-pyrrole
Pentylpyrrole
2,3-Dihydrobenzofuran
2,6-Diethylpyrazine
3-Ethyl-2,5-dimethylpyrazine
2,2-Methylene bisfuran
2,5-Diethylpyrazine
2-(2-Methyl vinyl)pyrazine
2-Allyl-5-methylpyrazine
Dimethyl propyl pyrazine
1-Ethenyl-2(1H)-pyridione
Dimethyl propyl pyrazine
2,3-Diethyl-5-methylpyrazine
3,5-Diethyl-2-methylpyrazine

Diethyl methyl pyrazine isomer

1H-pyrrole-1-(2-furanmethyl)
Diformylthiophene

2-(2-Furanmethyl)-5-methylfuran
2,5-Dimethyl-3-(2-methylpropyl)pyrazine

73.95
1.82
5.35
9.88

34.45

39.00

137.86

49.37

78.78

12.84

10.99
6.90
7.01

2479.54
3.04

26.82

37.41

20.73
3.96

13.70
3.87

31.96

28.42

121.94

12.80
6.37
9.61
295

18.54
2.73

12.24
7.10

26.01
7.18

28.83
5.17

96.16

30.45

Continued on next page
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Table III. Continued

Component Concentration (ppb)
2-Ethenyl benzofuran 11.04
Unknown pyrazine 20.13
2,2-[oxy bis(methylene)] bisfuran 28.88
1-Acetyl-2-hydroxy-5-methylbenzene 289.47
2,5-Dimethyl-3-isopropylpyrazine 5.10
Dimethyl butyl pyrazine isomer 20.33
2,2-(1,2-Ethenediyl)bis furan 2.44
Dimethyl butyl pyrazine isomer 2.01
Dimethyl butyl pyrazine isomer 1.70
Dipyrrole 7.10

volatile compounds which have low odor thresholds such as dimethyl disulfide,
dimethyl trisulfide, and dimethyl tetrasulfide were detected using the thermal
desorption technique only. The HS-P&T-TD technique also provided for a very
rapid analysis of the volatiles and semivolatiles that comprise the potato flavor.
This technique contrasts with the extremely time consuming and laborious solvent
extraction and isolation protocols. For example, it would normally take over eight
hours to prepare a sample using the solvent extraction technique, while it took
approximately only 1.5 hrs using the HS-P&T-TD technique. In addition to the
simple and rapid analysis, the HS-P&T-TD technique did not require any organic
solvent extraction step thus reducing the workers' exposure to potential hazardous
vapors and eliminating disposal cost associated with these solvents. Since the HS-
P&T-TD technique was only a two step analysis trapping and desorbing the flavor
volatiles, the artifact contamination associated with complex solvent extraction and
isolation protocols were minimized.

Conclusion

The core flavor of mashed potatoes consists of naturally occurring and thermally
generated volatile compounds. These compounds arise mainly from the oxidation
of fatty acids, especially highly unsaturated fatty acids, and from the degradation
and interaction of amino acids and sugar-amino acids. The extent to which these
reactions affect the flavor of the final product will depend on the age of the raw
potatoes, storage conditions and processing techniques. Both lipid oxidation and
nonenzymatic browning reactions will increase with raw potato age. The thermal
desorption technique was preferred over the simultaneous steam distillation
technique for its simple and rapid flavor profiling.
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Chapter 9

Lipid-Derived Flavor Compounds in Fresh
and Dehydrated Tomato Products

Karl Karmas, Thomas G. Hartman, Juan P. Salinas, Joseph Lech,
and Robert T. Rosen

Center for Advanced Food Technology, Cook College, Rutgers, The State
University of New Jersey, New Brunswick, NJ 08903

Lipid derived flavors are produced in tomatoes during ripening via
the action of endogenous enzymes such as lipoxygenase. They
may be further influenced by nonenzymatic oxidative
decomposition reactions which occur during processing and storage.
This investigation focused on the determination of lipid oxidation
derived flavors in the fresh and dehydrated tomato products using
dynamic headspace concentration (purge and trap - thermal
desorption) gas chromatography-mass spectroscopy (GC-MS)
procedures. The effects of ripening and the lipoxygenase activity
upon the generation of lipid oxidation compounds in fresh tomatoes
were studied. Comparisons were made to dehydrated sun-dried
tomatoes. The lipid oxidation profiles detected in these systems
and their role in flavor development are discussed.

Tomato is the world's third most popular fruit. The world wide production is
approximately 49,202,000 metric tons (/). The knowledge of the volatile and
semivolatile compounds present is important in understanding which ones
contribute most to its flavor, overall quality and biochemical changes. These
changes result from ripening and processing such as heating, drying, canning and
storage. Many investigations have been carried out to determine the volatile and
semivolatile composition of tomatoes and tomato products and over 400
compounds have been previously identified (2). Many of these are products of
lipid oxidation and Maillard browning reactions. Lycopene and p-carotene
breakdown products are common oxidative decomposition products as are the
appearance of Strecker aldehydes from thermal processing. Other typical
compounds are the C6 aldehydes and alcohols as a result of lipoxygenase activity.
Of the over 400 compounds that have been found in tomatoes none have the
character impact of tomato (2). However, the major contributors to fresh tomato

0097—6156/94/0558—0130$08.00/0
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aroma have been determined to be cis-3-hexenal, B-ionone, hexanal, B-
damascenone, 1-penten-3-one, 3-methylbutanal, trans-2-hexenal, 2-isobutylthiazole,
1-nitrophenylethane and frans-2-heptenal (3).

Some of the methods used for tomato analysis are simultaneous steam
distillation and solvent extraction, headspace analysis and dynamic headspace
concentration (4,5). Of these methods the headspace concentration (purge and
trap) methods are most similar to the methods used in this paper. In some
investigations tomato flavor volatiles were purged and trapped on to Tenax
adsorbent and then eluted with diethyl ether (6,7,8,9). In our experiments the
organics are desorbed off of Tenax and Carbotrap or Carbosieve S-IIT with heat
(short path thermal desorption) (10,11).

It was the objective of this study to develop a rapid analytical method
(combined purge and trap and short path thermal desorption) for assessing the
volatiles of fresh and dehydrated tomato products. The differences between sun
dried and fresh tomatoes were profiled. This investigation is the first report on
the volatile flavor profile of sun-dried tomatoes. It is hoped that this work can
eventually lead to better understanding of the quality of tomatoes as the result of
changes in ripening and processing.

Materials

Samples of sun-dried tomatoes were purchased from a local food store. Samples
of fresh tomatoes of the variety "Mountain Pride" was purchased from a local
farmer. D-8 toluene (internal standard) was obtained from Aldrich Chemical
Company (Milwaukee, WI). Tenax TA was obtained from Alltech Associates
(Deerfield, IL). Silanized glass wool, Carbotrap 20/40 mesh, and Carbosieve S-III
60/80 mesh was from Supelco Inc. (Belefonte, PA). The short path thermal
desorption supplies and accessories were from Scientific Instrument Services (SIS)
Inc. (Ringoes, NJ).

Experimental

Sun dried tomatoes were cooled with liquid nitrogen and then ground to a powder
with a Bell Art Micromill which was cooled with dry ice. The powdered sun-
dried tomatoes (5 g) were placed into a 1/2 inch x 14 inch glass tube. Both ends
of the glass tube were plugged with silanized glass wool. An internal standard
was matrix spiked (200 ppb based on the total weight of the powdered sun-dried
tomatoes) into the sample. The glass sample tube was attached to the SIS Purge
and Trap System. In two separated experiments, the tube was purged and trapped
for 30 min at 80°C and 50°C with nitrogen at a flow rate of 40 ml/min onto a
Tenax-Carbotrap trap. Each trap was dried 45 min using 40 ml/min flow of dry
nitrogen to remove water. The Tenax/Carbotrap trap was then thermally desorbed
into the GC-MS at 220°C for 5 minutes.

Fresh tomatoes, unblanched and blanched, (10 min in boiling water) were
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blended to a slurry with a Cuisinart model DL8 food processor. The slurried
tomatoes (100 g) were added into a 100 ml Wheaton Purge & Trap Apparatus. An
internal standard of d-8 toluene was matrix spiked at the 165.3 ppb level (dry
basis) (/2) into the slurried tomatoes. The sample was purged and trapped for 30
min at 53°C with nitrogen at a flow rate of 40 ml/min onto a Tenax-Carbotrap
trap. The trap was dried 45 min using 40 ml/min flow of dry nitrogen at room
temperature to remove water. The trap was then thermally desorbed into the GC-
MS.

The traps from the purge and trap step were thermally desorbed into the
GC-MS using an SIS model TD-1 short path thermal desorption system. The
desorption conditions were 220°C for five minutes. The gas chromatograph was
a Varian 3400 installed with a 60 m x 0.32 mm DB-1 capillary column (J&W
Scientific Co.) with a 0.25 pum film thickness. The injector temperature was
250°C; the split ratio was 10:1. The column was temperature programmed from -
20°C (hold time of 5 min during the thermal desorption step to achieve
cryofocusing) to 40°C (0 min hold) at a rate of 10°C/min; then to 150°C (0 min
hold) at a rate of 2°C/min; and finally to 280°C at a rate of 4°C/min with a 20
min hold at the upper limit. The GC column was inserted directly into the ion
source of the mass spectrometer via a heated transfer line maintained at 280°C.
The mass spectrometer was a Finnigan Mat 8230 high resolution double focusing
magnetic sector instrument. The mass spectrometer was operated in electron
ionization mode (70 eV) scanning masses 35-350 once each second with a
interscan time of 0.8 seconds. The mass spectrometer data was acquired and
processed using a Finnigan MAT SS300 Data system. All mass spectra obtained
were background subtracted and library searched against the National Institute of
Standards and Technology mass spectral reference collection (10). The
Wiley/NBS Registry of Mass Spectra and DB-1 Kovats retention time indices
were used to help identify compounds (9,13,14).

Results & Discussion

Figures 1 and 2 show the chromatograms obtained for sun-dried and fresh
tomatoes using purge and trap - short path thermal desorption GC-MS. The major
compounds are also listed in the chromatograms. Table I show all the compounds
identified and their relative concentrations (based on comparisons to the internal
standard d-8 toluene). Most of the compounds detected have already been
reported in the literature as tomato volatiles. Additionally, Figure 3 shows some
of the compounds trapped by Carbosieve S-III and Tenax which were not retained
by Carbotrap and Tenax. Four additional low molecular weight compounds could
be detected with this method. Since no internal standard was injected with these
four compounds, the level could not be ascertained.

In this analysis the major volatile compounds in both sun-dried and fresh
tomatoes are lipid derived. In sun-dried tomatoes the lycopene and other
carotenoid breakdown products (15-19) are the major compounds present. These
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Table L. Volatile Compounds Identified in Sun-dried and Fresh Tomatoes

Compound Estimated concentration (ppb)
Sun-dried Fresh
2-Methylpropanal 15.9 -
3-Methyl-2-butanone 57.2 -
2-Methylfuran 10.3 -
2-Methyl-3-buten-2-o0l 78.7 -
3-Methylbutanal 674.4 68.3
2-Methylbutanal 396.2 4.0
1-Penten-3-one 17.0 -
3-Methyl-2-butanone 5.9 -
Pentanal 37.6 75.5
Acetic acid 168.1 13.4
Heptane 114 -
2-Ethylfuran - 71.0
2,5-Dihydro-3,4-dimethylfuran 24 -
3-Penten-2-one 72.2 -
Dimethyldisulfide 145.4 1.5
2-Ethoxypropane 158.8 -
1-Methylthiopropane 117.5 -
2-Pentenal 17.9 -
2-Methyl-2-butenal - 25.2
3-Methyl-1-butanol 58.0 -
2,3-Dihydro-4-methylfuran 59.4 35
3-Methyl-1-butanol 40.1 -
2-Methyl-1-penten-3-ol 7.6 -
3-Hepten-2-one - 11
Hexanal 195.8 44422
Octane 6.7 -
2-Furfural 826.7 -
trans-2-Hexenal 2.0 1718.5
cis-3-Hexen-1-ol - 291.7
2-Methyl-3-penten-1-ol 3.6 -
Xylene 71.8 -
Pentyl acetate - 34.7
1-Hexanol 20.8 40.0
Methional 157.5 -
2-Heptanone 8.9 -
Heptanal 11.3 -
Continued on next page
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Table I. Continued

Compound Estimated concentration (ppb)

Sun-dried Fresh
2-Acetylfuran 58.6 -
2,6-Dimethylpyrazine 73.9 -
Pentanoic acid 130.2 -
Heptanal - 17.5
5-Ethyl-2(5H)-furanone - 129.3
Dimethylphenol 128.1 -
Benzaldehyde 177.9 88
2-Heptenal 47.0 101.4
5-Methyl-2-furfural 222.0 -
Dimethyltrisulfide 478 54.6
Butanoic acid - 18.1
6-Methyl-5-hepten-2-one 1988.9 370.5
2-Pentylfuran 119.6 138.2
6-Methyl-5-hepten-2-ol 158.1 -
Octanal 3.2 59.2
v-Hydroxyhexanoic acid - 64.4
Phenylacetaldehyde 908.8 71
2-Isobutylthiazole 78 216.9
B-Thujene 5.8 -
B-Terpinene - 36.3
D-Limonene 46.5 17.1
2,6-Dimethyl-5-heptenal (Melonal) 3359 8.7
4-Methylbenzaldehyde 42.1 -
3,4-Dimethylstyrene 22 -
6-Methyl-3,5-heptadien-2-one 216.3 -
Nonanal 92.9 66.5
3-(4-Methyl-3-pentenyl) furan (Perillen) 249.4 329
1-Isocyano-2-methylbenzene 14.1 -
Fenchol 7.7 -
2-Nonenal 82.1 243
2,4-Dimethylbenzaldehyde 98.1 -
Methylacetophenone 344 -
Methyl salicylate 36.7 139.9
Decanal 4.8 49.4
4,6,6-trimethyl-bicyclo-[3.1.1.]-hept-3-en-2-one 215.8 -

(Berbenone)
Continued on next page
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Table I. Continued

LIPIDS IN FOOD FLAVORS

Compound Estimated concentration (ppb)
Sun-dried Fresh
2-Vinylbenzofuran 113 -
B-Cyclocitral 82.0 17.1
Dodecane 17.0 -
B-Citral (Neral) 205.5 18.5
3-Methyl-1-naphthalenol 2.9 -
2-Decenal - 11.0
a-Ethylidiene benzeneacetaldehyde 139.6 -
a-Citral (Geranial) 2749 378
Decahydro-1,6-dimethylnaphthalene 1.9 -
2,4-Decadienal 28.6 116
2-Undecenal - 5.0
Tridecane 254 -
Eugenol acetate 0.7 -
1,2-Dihydro-4,6,8-trimethylnaphthalene 1.7 -
a-Ionene 23 -
1,4,4a,5,6,8,8a-Octahydro-2,5,5,8a-tetramethyl-
1-naphthalenemethanol 26.2 -
B-Damascenone 36.5 -
a-Copaene 10.7 -
Tetradecane 23.9 -
da-Ionone 9.9 -
4-(2,2,3,3-Tetrabutyl) phenol® 10.6 -
6,10-Dimethyl-5,9-undecadien-2-one 712.3 246.7
Epoxy-B-ionone 174 -
B-Ionone 37.6 4.6
Butylated hydroxytoluene (BHT)* 107.7 -
2,6-Di-tert-butylphenol® 126.5 -
Faresene 17.2 -
Pseudo-Ionone isomer 427 -
Farnesal 335 -
Nerolidol 6.5 -
Pseudo-Ionone isomer 155.6 -
2-Methylpropanoic acid 22 -
Farnesylacetone 28.7 -

‘migrants from packaging material
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compounds are 6-methyl-5-hepten-2-one, 6-methyl-3,5-hepten-2-one, 6-methyl-5-
hepten-2-ol, melonal, farnesylacetone, geranylacetone (6,10-dimethyl-5,9-
undecadien-2-one), farnesal, famesene, B-cyclocitral, o-citral, B-citral, B-
damascenone, a-ionone, B-ionone, pseudo-ionone, epoxy-B-ionone, a-ionene and
xylene. Strecker aldehydes (16) are also present in sun-dried tomatoes. Some
of these compounds are 3-methylbutanal, 2-methylbutanal, acetaldehyde,
methional, 2-methylpropanal, and phenylacetaldehyde. This indicates that free
amino acids and reducing sugars are key precursors to browning flavor in
tomatoes. Other Maillard browning products such as furfural were also found.
In the literature 3-methylbutanal and furfural have been used as processing
indicators (20-21). The sun-dried tomatoes were noticeably “browned” so the
appearance of Maillard reaction compounds including Strecker aldehydes should
definitely be expected.

In fresh unblanched tomatoes the linoleic and linolenic fatty acid
breakdown (via the lipoxygenase enzyme) lead to the C6 aldehydes and C6
alcohols formation (2,5,22). Thus the major compounds are hexanal, hexanol, cis-
3-hexenol and trans-2-hexenal. The major portion of trans-2-hexenal was a GC
artifact caused by isomerization of the cis-3-hexenal (Chapter 19, this volume).
At high concentrations hexanal can give rancid flavor while at lower
concentrations it contributes to the green flavor note of tomato (2). Some of the
breakdown products of lycopene, B-carotene as well as Strecker aldehydes, and
other Maillard browning products were present in the fresh unblanched tomatoes
but at lower levels in comparison to sun-dried tomatoes.

Figure 4 shows the concentration of hexanal versus tomato type and
processing technique. In all blanched samples, hexanal levels were relatively low.
In fresh unblanched tomatoes the concentration of hexanal is the greatest.
Hexanal levels increase as a function of ripening; this can be explained by the
enzymic breakdown of linoleic acid by lipoxygenase (2,5,23). During the sample
preparation steps used in our work, the tomatoes were blended to a slurry leading
to cellular breakdown and the elevated activity of lipoxygenase. Blanching
tomatoes decreased the amount of hexanal produced due to the denaturation of
lipoxygenase enzyme. In sun-dried tomatoes the level of hexanal is lower than
in fresh unblanched tomatoes. This is due to deactivation of the enzyme due to
the low water activity in the dehydrated product.

Figure 5 shows the concentration of frans-2-hexenal for various tomato
samples. The cis-3-hexenal has a stronger green note than the frans-2-hexenal.
Both compounds contribute to tomato aroma (2) and low concentrations of cis-3-
hexenal and trans-2-hexenal contribute to desirable flavor notes. Little or no trans-
2-hexenal was detected in the sun-dried tomatoes.

Figure 6 shows the concentration of cis-3-hexenol for various tomato
samples. The cis-3-hexenol concentration levels can be explained similarly to the
hexanal description previously given. The cis-3-hexanol has a green note flavor
which contributes to tomato aroma (2). No cis-3-hexenol was detected in the sun
dried or blanched tomatoes.

Figure 7 shows the concentration of 6-methyl-5-hepten-2-one versus tomato
type and processing technique. As pointed out earlier, this is the major compound
identified in sun-dried tomatoes. This compound is reported to have fruity flavor
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Figure 4. Concentration of hexanal versus tomato type and processing

technique. I: sun-dried tomatoes, P&T at 80°C; II: sun-dried
tomatoes, P&T at 50°C; III: red tomatoes, P&T at 53°C; IV:
medium ripe tomatoes, P&T at 53°C; V. green tomatoes, P&T at

53°C.
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Figure 5. Concentration of trans-2-hexenal versus tomato type and processing

technique. I: sun-dried tomatoes, P&T at 80°C; II: sun-dried
tomatoes, P&T at 50°C; III: red tomatoes, P&T at 53°C; IV:
medium ripe tomatoes, P&T at 53°C; V: green tomatoes, P&T at

53°C.
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Figure 6. Concentration of cis-3-hexen-1-0l versus tomato type and

processing technique. I. sun-dried tomatoes, P&T at 80°C; II: sun-
dried tomatoes, P&T at 50°C; III: red tomatoes, P&T at 53°C; IV:
medium ripe tomatoes, P&T at 53°C; V: green tomatoes, P&T at

53°C.
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Figure 7. Concentration of 6-methyl-5-hepten-2-one versus tomato type and
processing technique. I: sun-dried tomatoes, P&T at 80°C; II: sun-
dried tomatoes, P&T at 50°C; III: red tomatoes, P&T at 53°C; IV:
medium ripe tomatoes, P&T at 53°C; V: green tomatoes, P&T at
53°C.
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quality at low concentration while at higher concentrations it may impart off-flavor
(15). In sun-dried tomatoes the concentration of 6-methyl-5-hepten-2-one is
greater than in fresh products. During sun drying, conditions are optimal for the
photooxidation and or nonenzymatic oxidation degradation of lycopene. In the
fresh tomatoes it appears that the level of 6-methyl-5-hepten-2-one increases as a
function of ripeness. In the blanched tomatoes the level of 6-methyl-5-hepten-2-
one is less than in the unblanched, and this may indicate that there is a
combination of both thermal and enzymic breakdown occurring.

Thus chemical changes in tomatoes can be used to reflect different levels
of processing and ripening. The relevant pathways include lipid breakdown as
well as Maillard browning. Indicator compounds can be selected specifically to
represent age and degree of processing.
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Chapter 10

Aroma Generation in Extruded and Heated
Wheat Flour

Hui-Ing Hwang!, Thomas G. Hartman?, Mukund V. Karwel?,
Henry V. Izzo', and Chi-Tang Ho'?

Department of Food Science! and Center for Advanced Food
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Rutgers, The State University of New Jersey, New Brunswick, NJ 08903

Aroma generation in wheat flour processed by heating and
extrusion cooking at different temperatures and moisture contents
was investigated. Volatile components of the heated and extruded
wheat flour were analyzed by gas chromatography (GC) using a
short-path thermal desorption technique and identified by mass
spectrometry (MS). Lipid oxidation products, Maillard-type
flavors, and some sulfur-containing compounds were identified in
both processes. The quantitative analysis showed that Maillard-
type flavors were predominant in the heating process. Lipid
oxidation products were the major compounds in the extrudates
prepared at high-moisture content and low-die temperature. By
lowering water content and increasing die temperature during
extrusion processing, lipid degradation compounds decreased and
the Maillard products dominated the flavor profile. The lipid
oxidation products significantly increased in the sample extruded
at low-moisture content and high-die temperature during storage.

Lipid oxidation is one of the most important reactions in fat-containing food.
During cooking or processing of food, various lipid degradation products are
generated and cause either pleasant or undesirable odors. In food, lipids can be
oxidized by both enzymatic and nonenzymatic mechanisms (/). Basically, the
lipid oxidation reaction involves a free radical mechanism and the different
decomposition pathways may lead to a large number of volatile products including
alkanes, alkenes, aldehydes, ketones, alcohols, esters, and acids. The
polyunsaturated fatty acids such as linoleic, linolenic, and arachidonic are the most
susceptible to lipid oxidation. However, random oxidation may also occur in
saturated fatty acids at relatively high temperatures (2).

Since food is a complex system, those compounds produced from lipid
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oxidation may easily react with other food components to generate more
complicated products. It has been reported that lipid degradation products such
as 2,4-decadienal and hexanal can interact with Maillard reaction intermediates to
form long-chain alkylpyrazines as well as other heterocyclic compounds (3-5).

Extrusion has been used in the food industry for over 50 years. Extrusion
provides the most efficient means of converting electrical and mechanical energy
into thermal energy for cooking feed and food formulations (6). Therefore, the
extrusion process has been applied to a wide variety of food including textured
vegetable protein (TVP), ready-to-eat breakfast cereals, animal feed, and snack
foods (7). In most of the flavor studies relating to extrusion processing, efforts
have been concentrated on the effect of the pre- or post-extrusion application to
the retention of volatile compounds (8-10). Since the extrusion process is
considered a high-temperature short-time process, many reactions, especially lipid
degradation, could occur. In addition, the interaction between lipid degradation
and other food reactions, such as the Maillard reaction, might also become
possible. The goals of this study were to investigate the effect of the extrusion
process on lipid degradation as well as on the relationship between the Maillard
reaction and lipid degradation. The stability of extrudates during the storage was
also evaluated. Furthermore, a comparison in the volatile generation between the
extrusion process and the heating process was studied.

Experimental

Materials. High-gluten wheat flour [14.0% protein (d.b.), 0.52% ash, and 14%
moisture] was purchased from the Bay State Milling Co. (Clifton, NJ) and is sold
under the trade name Bouncer. Deuterated toluene (d-8 Toluene) was obtained
from Aldrich Chemical Co. (Milwaukee, WI). Tenax-TA (2,6-diphenyl-p-
phenylene oxide) adsorbent 60-80 mesh was obtained from Alltech Associates
(Deerfield, IL). Carbotrap (activated graphitized carbon) adsorbent 20-40 mesh,
C,-C,; n-paraffin standard, and silanized glass wool were purchased from Supelco
Inc. (Belefonte, PA).

Extrusion Process of Wheat Flour. The extruded samples were prepared on a
Wemer Pfliederer ZSK-30 co-rotating twin-screw extruder (Werner Pfliederer,
Ramsey, NJ) with a barrel diameter of 30.85 mm and an L/D ratio of 29:1. The
extruder barrel was electrically heated and contained five independently controlled
heating zones. Die temperatures were recorded by a thermocouple insert at the die
plate and the die had two holes of 3.0 mm diameter each. Wheat flour was fed
into the extruder with a K-Tron Series 7100 loss-in-weight feeding system (K-Tron
Corp., Pitman, NJ). Water was fed into the first extruder section, immediately
after the feed section, by a metering pump (U.S. Electric Motors, Milford, CT).
Total feed moisture was varied by changing the amount of water delivered by the
metering pump and feed rate of the wheat flour while maintaining a constant total
mass flow rate. Two sets of samples were extruded. In the first set, the sample
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was extruded at 185°C, with a 16% moisture feed (w/w), screw speed of 500 rpm,
and a mass flow rate of 225 g/min. The other sample was extruded at 160°C,
with a 20% moisture feed (w/w), screw speed of 500 rpm, and a mass flow rate
of 225 g/min. These extrudates were stored in closed glass jars at 4°C before
analysis.

Volatile Isolation from Extrudates. Thirty grams of extrudate were ground in a
benchtop grinder (Glen Mills, Maywood, NJ) with dry ice to prevent heat-labile
volatiles' destruction. The ground sample (10 g) was packed in the center of a
glass tube and the silanized glass wool was placed on the two ends of the tube.
One microliter of 1.001 mg/ml deuterated toluene was spiked into the tube as the
internal standard. The tube was further sealed in a Scientific Instrument Services,
Inc. (SIS) solid sample purge-and-trap apparatus (Ringoes, NJ). Nitrogen was
used at a flow rate of 40 mL/min to purge the volatiles into a silanized glass-lined
stainless steel desorption tube (4.0 mm id. x 10 cm length) from Scientific
Instrument Services, Inc. (Ringoes, NJ). It consisted of 3 cm bed volume of
Tenax-TA adsorbent and 3 ¢cm bed volume of Carbotrap adsorbent. This volatile
isolation was carried out at 80°C for one hour.

Volatile Generation and Isolation from the Heating Process. Two different
temperatures (160°C and 180°C) were chosen for the heating process. For each
sample, fifty grams of wheat flour, which contained 14% of moisture, were placed
in a reaction vessel and heated at a desired temperature for one hour. The heated
sample was transferred into a glass tube and the silanized glass wool was placed
on the two ends of the tube. One microliter of 1.001 mg/ml deuterated toluene
was spiked into the tube as the internal standard. The volatile isolation of the
heated samples was carried out by an SIS solid sample purge-and-trap apparatus
and the condition was exactly the same as mentioned above.

Volatile Analysis by Gas Chromatography-Mass Spectrometry (GC-MS). The
desorption tube which was prepared from the isolation procedure was connected
to an SIS model TD-1 Short Path Thermal Desorption unit. This desorption unit
was interfaced with a Varian 3400 gas chromatograph coupled with a Finnigan
MAT 8320 high-resolution double focusing magnetic sector mass spectrometer
(TD-GC-MS). The desorption tube was then injected into the GC and thermally
desorbed the volatiles to the injection port of the GC at 220°C for 5 min.
However, the temperature of the GC chamber was maintained at -20°C by dry ice
to cryofocus the volatiles as a narrow band at the head of the capillary column
during the desorption process. After the desorption tube was removed from the
injection port of the GC, the volatiles were analyzed by GC-MS. The GC was
operated with an injector temperature of 250°C, with a split ratio of 10:1, and a
helium carrier flow rate of 1.0 ml/min. The GC column was a nonpolar fused
silica capillary column [60 m x 0.32 mm (i.d.), 0.25 pum thickness, DB-1; J&W
Scientific Co.] and was temperature programmed from -20°C to 280°C at a rate
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of 10°C per minute with a 20 minute hold at the upper limit. Volatiles were semi-
quantified via peak area ratio calculation to that of the internal standard,
deuterated toluene. Linear retention indices for the volatiles were determined
through the use of a C,-C,; n-paraffin standard according to the method of Majlat
et al. (11). The mass spectrometer electron ionization was set at 70 eV and the
source temperature was 250°C with a filament emission current of 1 mA, scanning
masses 35-350, and a 0.8 second interscan time. All mass spectra obtained were
identified by utilizing an on-line computer library (NIST).

Results and Discussion

A total eight-one compounds has identified in Table I. The lipid degradation
products identified included aldehydes, ketones, alcohols, hydrocarbons, and 2-
pentylfuran. The Strecker aldehydes as well as Maillard reaction-derived
heterocyclic compounds such as furans, pyrroles, and pyrazines were also
identified. In addition, sulfur-containing compounds such as dimethyl disulfide,
thiazoles, and thiophenes were found.

Although the lipid content of wheat flour is low (approximately 2-3%
w/w), wheat lipids are rich in linoleic, linolenic, and oleic acids (12). The
oxidative products of linoleic acid, which is the most abundant fatty acid in wheat
flour (13), included pentanal, hexanal, 2-t-octenal, 4-t-nonenal, 2--nonenal, 2,4-
nonadienal, 2-#,4-t-decadienal, 1-pentanol, 1-hexanol, and 2-pentylfuran. 2-£,4-¢-
decadienal, which had a pleasant deep-fat-fried flavor could further convert to a
number of components such as 2-octenal, hexanal and acetaldehyde through
further oxidation or retro-aldolization reaction (/4). Benzaldehyde has also been
considered as a thermal degradation product of 2-7,4--decadienal and its formation
pathway has been suggested by Bruechert et al. (15).

In addition to linoleic acid, oleic acid was also the major fatty acid of the
lipids occurring in wheat flour (/3). Compounds such as heptanal, nonanal,
decanal, and 2-r-decenal were produced from autoxidation of oleic acid. The
compounds generated from the autoxidation of linolenic acid included 2-hexenal,
2-t-heptenal, 2-1,4-t-heptadienal, 2-t-penten-1-ol, and 3-2,5-t-octadien-2-one.

The heterocyclics included furans, pyrroles, and pyrazines. These were
typical Maillard reaction products. Alkylpyrazines are generally recognized as
important contributors to the flavors of all roasted, toasted, or similarly heated
foods (16). The most direct route to their formation resulted from the interaction
of a-dicarbonyl compounds with amino acids through the Strecker degradation
reaction.

Sulfur-containing compounds were investigated in the present study and
were significant contributors to the thermal production of flavors. Those sulfur-
containing flavors were generated from the thermal degradation of cysteine and
methionine. The formations of dimethyldisulfide, dimethyltrisulfide, and
methylpentylsulfide resulted from the interaction of two methylthio radicals, that
were produced from methionine degradation, or from the reaction between
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Table L. Volatile Aroma Compounds Identified from Extrudates

Quantitation (ng/g of extrudates)

Compounds L E-1° EA-1* E-2° EA-2°
Carbonyls
butanal 583 - - - 17.59
pentanal 695 - 21462 18250 864.10
hexanal 807 236.60 77898 1183.50  830.03
heptanal 914 56.60 21.50 129.00 200.36
nonanal 1130 - 3425 15840 114.54
decanal 1238 - 23.56  120.90 -
dodecanal 1437 - 27.84 - -
3-methylbutanal 662 19290 12206 117.50 1.93
2-methylbutanal 671 123.10 78.03 67.50 797
2-hexenal 790 - - - 59.79
2-t-heptenal 959 - - - 13.68
2-t-octenal 1077 - - 165.50 24.25
4-t-nonenal 1122 - - - 34.08
2-t-nonenal 1179 - - 72.33 47.45
2-t-decenal 1320 - - - 13.87
2-butyl-2-octenal 1093 - - - 57.58
2-t,4-t-heptadienal 1010 - 4.40 - 180.48
2,4-nonadienal 1275 - 7.54 - 65.76
2-t,4-t-decadienal 1350 - 73.16 74.20 -
benzaldehyde 970 121.40 75.62 33510 215.18
phenylacetaldehyde 1055 61.30 33.65 - 24.25
4-hydroxy-2-t-octenal 1094 - - - 5.73
2-butanone 598 4430 - 28.30 -
2-hexanone 798 34.80 - - -
2-heptanone 904 92.60 28.84 113.80 132.65
6-undecanone 1333 - - - 13.25
5-methyl-2-isopropyl-

cyclohexanone 1089 - 19.21 - -
3-methyl-3-buten-2-one 700 - 26.25 - 23.74
3-t-octen-2-one 973 - 91.18 - 393.14
3,4,5-trimethyl-2-cyclo-

penten-1-one 1066 - - - 2425
3-t,5-t-octadien-2-one 1088 - 62.15 126.60  498.59
2-methyl-5-isopropyl-

2-cylcohexen-1-one 1276 - - 35.80 -

Continued on next page
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Table L. continued

Quantitation (ng/g of extrudates)

Compounds L* E-1° EA-1° E-2° EA-2°

Carbonyls - continued

1-hydroxy-2-propanone 7117 80.10 12.05 - -
3-hydroxy-2-butanone 754 - 67.73 43.80 -
1-hydroxy-2-heptanone 1078 - - - 314.73
2,3-butanedione 594 55.10 17.94 - -
2,3-pentanedione 699 114.60 - - -
2,3-octanedione 1002 - - - 33.81
acetic acid 711 178.40 12.05 - 15.67
Alcohols
1-butanol 689 54.90 200.61 122.70 13.22
1-pentanol 760 - - 78.30  180.74
1-hexanol 890 86.70 - 390.40 35.85
2-t-penten-1-ol 700 - - 71.10 -
l-octen-3-ol 1004 - - 141.33 126.92
7-octen-4-ol 1024 - - - 5.53
3-methyl-1-butanol 788 84.90 23.88 281.30 4.02
4-(1-methylpropyl)-phenol 1353 - - 90.13 -
Hydrocarbons
heptane 723 - - 60.64 -
nonane 936 - - 39.08 35.85
undecane 1147 - - 53.74 -
dodecane 1253 - 6.63 - -
tetradecane 1460 - 62.06 156.82 52.03
pentadecane 1569 - 343.69  261.45 -
hexadecane 1673 - 366.78  133.23 -
toluene 778 - 21.50 71.23 -
xylene 867 - - - 17.05
naphthalene 1223 - 7.54 85.35 34.08
1-methylnaphthalene 1341 - - 69.64 -
1,8-dimethylnaphthalene 1474 - 28.01 113.65 34.74
trimethylnaphthalene 1599 - - 99.77 -
Continued on next page
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Quantitation (ng/g of extrudates)

Compounds L* E-1° EA-1° E-2° EA-2®
Furans
2-ethylfuran 711 - - 75.40 53.42
2-acetylfuran 925 - 11.04 - -
2-furfural 832 - 28.84 243.00 165.66
2-furfuryl alcohol 876 184.50 19.90 - -
2-pentylfuran 1020 - 64.49 409.50 180.48
Nitrogen-containing compounds
IH-pyrrole 768 66.00 - 31.40 -
2-methyl-IH-pyrrole 850 - - 24.90 -
pyrazine 739 348.80 216.18 35.80 -
methylpyrazine 838 843.50 381.57 - -
2,5-dimethylpyrazine 931 398.70 430.97 126.60 135.34
2,3-dimethylpyrazine 937 78.00 21.50 - -
vinylpyrazine 945 70.60 - - -
2-ethyl-5-methylpyrazine 1017 112.30 28.84 31.00 -
trimethylpyrazine 1021 - 64.49 - -
2-vinyl-5-methylpyrazine 1039 - 16.08 - -
3-ethyl-2,5-dimethyl-

pyrazine 1103 - 102.85 56.70 77.36
Sulfur-containing compounds
dimethyldisulfide 749 62.80 - 46.95 17.08
dimethyltrisulfide 987 - - 51.20 -
thiazole 739 - - 35.80 -
2-methylthiophene 781 52.30 - - -
2-formylthiophene 980 119.10 3.03 - -

Total 395490 4283.09 644284 5397.82

I, = Calculated retention indices with n-paraffins (Cs-C,s) as references; "E-1 =
Extruded at 185°C with a moisture feed of 16% without storage; EA-1 = extruded
at 185°C with a moisture feed of 16% after one year storage; E-2 = extruded at
160°C with a moisture feed of 20% without storage; EA-2 = extruded at 160°C
with a moisture feed of 20% after one year storage; “Not detected
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methylthio radicals and other radicals such as alkyl radicals formed from lipid
degradation. Some thiazoles and thiophenes have been reported as volatile
compounds derived from the thermal interaction of cysteine and reducing sugars.
These thiazoles and thiophenes were involved in the development of "meaty"
flavors (17).

The data from Tables I and II shows that the total amounts of volatiles
produced from the heating process were 4 to 20 times higher than those from the
extrusion process. During the extrusion process, pressure builds up within the
extruder barrel as the plasticized material progresses towards the die. As the food
exits at the die, steam is flashed off due to the pressure differential between the
extrudate and the surrounding environment. Flavors and odors may be
lost/removed during expansion at the extruder die (7). Therefore, most of the
volatiles were lost at the die. Volatile generation under heating conditions
produced a stronger flavor due to less loss. The yield of volatile formation from
heating at 180°C was larger than at 160°C. This indicated that temperature
enhanced the production of volatile compounds during the heating process.

The volatile compounds were further classified into three different
categories that included lipid degradation, Maillard reaction, and others. The
relative percentages for these three different types of classifications are shown in
Figure 1. Sample E-2, which was extruded at a die temperature of 160°C with a
20% moisture feed, contained about 80% of lipid degradation products, whereas
sample E-1, which was extruded at a die temperature of 185°C with a 16%
moisture feed, contained larger amounts of Maillard-type of compounds than the
lipid degradation products. It has been known that the Maillard reaction has a
maximum reaction rate at intermediate moisture levels. It was also reported that
the rate of Maillard reactions was enhanced by increasing the extrusion
temperature and was offset by increasing the moisture content (18-19). Therefore,
it is reasonable that the sample E-1 had dominant Maillard-type flavors. In
addition, the results indicated that the volatile compounds from the Maillard
reaction were predominant in both of the heated samples that contained 14%
moisture. It also appears that there were more Maillard-type flavors produced
when the sample was heated at a higher temperature. The flavor profile of the
sample E-1, which was extruded at a higher die temperature, was similar to that
of the products formed by the heating process.

Few studies mentioned flavor as a positive attribute of a cooking extruder
probably because the volatile compounds are lost as the material exits the extruder
at the die. Many extrusion processors have relied on the post-extrusion flavor
application or the introduction of thermally resistant flavors prior to the extrusion
process (20). Based on the present study, it is suggested that by carefully
controlling the extrusion parameters, a desirable flavor profile, which is similar to
that of the heating process, could be obtained.

Sample E-1, which contained a large amount of unoxidized fatty acids, was
very susceptible to lipid oxidation during the storage process. Therefore, the total
yield of the lipid degradation products in sample EA-1, which is sample E-1 stored
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Table IL. Volatile Aroma Compounds Identified from the Heated Samples

Quantitation®

Compounds L W-160° W-180°
Carbonyls
pentanal 695 0.27 0.73
hexanal 807 0.96 1.34
nonanal 1130 0.24 A
decanal 1238 0.13 -
3-methylbutanal 662 037 1.65
2-methylbutanal 671 0.39 2.00
2-methyl-2-t-butenal 737 0.21 -
2-1,4-t-octadienal 893 0.23 0.16
benzaldehyde 970 0.96 -
2-butanone 598 0.92 -
2-hexanone 798 0.17 -
2-heptanone 904 0.56 0.69
2-pentadecanone 1701 0.13 -
3-methyl-2-butanone 685 0.11 -
2-methyl-3-pentanone 692 0.14 -
2-methyl-5-isopropyl-2-

cylcohexen-1-one 1276 0.04 -
2-hydroxy-3-pentanone 799 - 0.26
I-(acetyloxy)-2-propanone 850 - 0.18
Alcohols
1-butanol 689 - 0.95
I-hexanol 890 0.48 -
l-octen-3-ol 1004 0.23 -
3-methyl-1-butanol 788 0.85 0.79
Hydrocarbons
undecane 1147 0.03 -
tetradecane 1460 0.02 -
pentadecane 1569 0.07 -
1-tridecene 1505 0.11 -
naphthalene 1223 0.06 -

Continued on next page
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Quantitation®

Compounds L} W-160° W-180°
Furans
2-furfurylalcohol 876 1.64 11.19
2-pentylfuran 1020 - 3.08
Nitrogen-containing compounds
pyrazine 739 0.09 391
methylpyrazine 838 5.38 24.24
ethylpyrazine 912 422 -
2,5-dimethylpyrazine 931 - 21.99
2,3-dimethylpyrazine 937 0.30 -
2-ethyl-5-methylpyrazine 1017 3.07 11.31
isopropenylpyrazine 1060 - 0.28
2-ethyl-3,5-dimethylpyrazine 1075 - 1.26
3-ethyl-2,5-dimethylpyrazine 1103 0.96 2.78
3,5-diethyl-2-methylpyrazine 1153 0.16 0.85
3-isopentyl-2,5-dimethyl-

pyrazine 1311 0.08 -
Sulfur-containing compounds
dimethyldisulfide 749 0.21 1.25
dimethyltrisulfide 987 0.10 -
methylpentyldisulfide 1135 0.05 -
thiazole 739 0.09 -
4-methylthiazole 803 - 0.27
2-formylthiophene 980 - 0.37
2-pentylthiophene 1163 0.08 -

Total 24.11 91.53

*Values in micrograms per gram of wheat flour; °I, = Calculated retention indices
with n-paraffins (C,;-C,;) as references; ‘W-160 = Heated at 160°C; W-180 =
heated at 180°C; “Not detected.
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Figure 2. Postulated formation pathways of 4-hydroxy-(E)-2-octenal and 1-
hydroxy-2-heptanone from 2-octenal (SOURCE: Adapted from ref. 21. Copyright
1993, American Chemical Society).
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for one year, significantly increased (Figure 1). However, the amount of the lipid
degradation compounds in sample EA-1 was still lower than that in sample E-2,
which was extruded at die temperature of 160°C with a 20% moisture feed. It
shows that the rate of lipid degradation was much slower in the storage process
than in the extrusion process. Although the total amounts of lipid degradation
products did not significantly change between sample E-2 and sample EA-2, which
is sample E-2 stored for one year, some of the new lipid degradation products
were found in sample EA-2 such as 2-hexenal, 2-t-heptenal, 2-z-decenal, 2-butyl-2-
octenal, 1-hydroxy-2-heptanone, and 4-hydroxy-2-f-octenal. It implies that the
lipid degradation still occurred in sample EA-2; however, it was not shown in the
total yield of the lipid degradation products. This was because some lipids
gradually degraded to oxidative compounds and some of the oxidative compounds
volatilized to air or underwent further reactions. For example, 2-butyl-2-octenal
can be formed from the dimerization of hexanals via the aldol addition reaction.
These results indicated that the yield of hexanal in sample EA-2 was lower than
in sample E-2. In addition, 1-hydroxy-2-heptanone and 4-hydroxy-2-z-octenal
identified in sample EA-2 were the degradation products of 2-r-octenal. The
formation mechanisms of 1-hydroxy-2-heptanone and 4-hydroxy-2-#-octenal shown
in Figure 2 have been proposed by Grein et al. (21). The yields of the Maillard-
type flavors decreased in both extrudates during the storage process. Even though
the Maillard reaction could occur during storage, its rate was very slow in these
studies.
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Chapter 11

Effect of Packaging on the Lipid Oxidation
Storage Stability of Dehydrated Pinto Beans

Thomas G. Hartman, Karl Karmas, Juan P. Salinas, Reginald Ruiz,
Joseph Lech, and Robert T. Rosen

Center for Advanced Food Technology, Cook College, Rutgers, The State
University of New Jersey, New Brunswick, NJ 08903

This investigation studied the development of lipid oxidation
flavors in precooked dehydrated pinto beans stored in different
packaging environments. The total lipid content and the fatty acid
composition of the beans were determined. The volatile flavor
constituents of a commercial product were also characterized. To
simulate various packaging environments the precooked, dehydrated
beans were stored for up to six months under the following
conditions: 1) exposed to air, 2) exposed to air with added
butylated hydroxytoluene (BHT), 3) under nitrogen headspace and
4) under nitrogen headspace with added BHT. Throughout the
storage stability study, samples were periodically monitored for the
presence of hexanal and other oxidative decomposition products.
This was accomplished using purge & trap - thermal desorption -
gas chromatography - mass spectrometry methodology. The
oxidative stability of the product as influenced by the various
storage conditions (in decreasing order of oxidation) was found to
be air 2 air with BHT > nitrogen > nitrogen with BHT.

Pinto beans are a grain legume cultivar of the family Fabaceae, commonly called
the pea or bean family, formerly the Leguminocae. Phaseolus vulgaris is the
genus and specie. They are a nutritious food source which contains high quality
protein, complex carbohydrates, vitamins, minerals, high fiber and a relatively low
lipid content that is rich in polyunsaturates. They are the primary ingredient in
"refried beans", an ethnic food preparation of Mexican origin that has become
increasingly popular in the United States and abroad. Refried beans are typically
prepared by soaking pinto beans in water for an extended period (~24 hours) to
promote moisture uptake and softening. The soaked beans are then mashed,
mixed with additional lipid, salt and/or spices and are cooked by various methods

0097—6156/94/0558—0158308.00/0
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such as frying or pressure cooking. As a convenience to the consumer, instant
refried beans are produced commercially by canning or in a precooked dehydrated
form. The dehydrated product is then simply reconstituted with boiling water to
produce an instant preparation. The highly polyunsaturated nature of the lipid in
the beans limits the oxidative stability of the product, especially after processing.
The storage stability and flavor attributes of the precooked dehydrated product are
the focus of this investigation.

Numerous studies have been conducted on the chemical composition,
processing, cultivation, usage and nutritional aspects of pinto beans. A
comprehensive review of the early literature has been compiled by Sathe,
Deshpande and Saunkhe (). They report the proximate composition of dry pinto
beans as moisture (9%), protein (25%), fat (1.3%), fiber (5%) and carbohydrates
(69%). However, it is noted that considerable variation is encountered when
analyzing different lots of beans. Presumably, different cultivars and agricultural
variation account for these observations. An earlier investigation on the proximate
composition of raw dry pinto beans by Meiners et. al. (2) reported moisture
content (15%), protein (19%), fat (1.2%), fiber (6%) and ash (4%). The protein
quality and anti-nutritional properties of pinto beans were the basis for a study
conducted by Hove, King and Hill (3). Based on rat feeding trials they reported
a protein efficiency ratio of zero for raw pinto beans. However, after cooking the
efficiency ratio increased dramatically indicating that cooked pinto beans offer a
source of high quality dietary protein. The poor efficiency observed in the raw
beans is attributed to the presence of protease inhibitors and other anti-nutritional
factors common to pinto beans and other legume seeds. Although pinto beans
offer an excellent source of protein, vitamins, minerals, lipid and carbohydrates
consumer acceptability has been limited by its tendency to cause flatulence. This
is due to the relatively high content of flatulence-causing sugars such as raffinose
and stachyose that are present in the beans. In a study conducted by Borejszo and
Khan they reported a reduction in these flatulence-causing sugars following high
temperature extrusion of pinto bean high starch fractions (4). Presumably, the
high temperature, short time extrusion conditions favored consumption of these
sugars via Maillard and/or thermal degradation reactions.

Several early investigations focussed on the lipid composition of pinto
beans. Korytnyk and Metzler determined the total lipid content to be 1.85% (5).
They reported the fatty acid percentages to be myristic (trace), pentadecanoic
(trace), palmitic (32.5), stearic (4.6), oleic (7.2), linoleic (31.2), linolenic (22.0)
and behenic (2.5). A study conducted on pinto beans by Takayama, Muneta and
Wiese found the total crude lipid and the ratio of triglycerides to phospholipid (6).
The crude lipid content of pinto beans obtained from several northeastern U.S.
growing areas averaged 3%. The ratio of triglycerides to phospholipid was found
to be nearly 1:1. The investigators determined the fatty acid composition on a
mole % basis for both forms of conjugated lipid. The triglycerides were found
composed of myristic (0.1), palmitic (16.0), stearic (0.5), oleic (8.7), linoleic (26.7)
and linolenic (47.9). The fatty acid composition of the phosphatides were palmitic

In Lipidsin Food Flavors, Ho, C., et d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.

159



Publication Date: July 7, 1994 | doi: 10.1021/bk-1994-0558.ch011

July 15, 2012 | http://pubs.acs.org

160 LIPIDS IN FOOD FLAVORS

(40.0), stearic (0.6), oleic (49.5) and linoleic (10.0). From this data it appears that
the neutral lipid fraction in pinto beans harbors most of the highly unsaturated
fatty acids. A more recent review compiled by Pattee et. al., reports the total lipid
content of pinto beans to be 1.85% with a 1.6:1 molar ratio of triglycerides to
phosphatides (7). The reported fatty acid composition of the beans was found
similar to previous investigations. This review also discusses the effects of
enzymatic (lipoxygenase) and nonenzymatic oxidizing lipid in legumes with
respect to flavor, storage stability, nutrition and processing. However, little
information is devoted specifically to pinto beans. Pinto beans like other legume
seeds contain lipoxygenase enzyme activity that normally requires deactivation
during processing. The effects of blanching methods and post blanch treatments
on the quality attributes of canned dry pinto beans was the focus of a study
conducted by Davis, Twogood and Black (8). They determined that hot water at
96°C for 4 minutes or 4-8 minutes of steam produced adequate blanching with
minimal deterioration of product quality.

Many flavor investigations have been conducted on legume seeds but
relatively few have focussed specifically on pinto beans. A study by Lovegren et.
al., profiled the volatile compounds in dry pinto beans and other legume seeds
using gas chromatography - mass spectrometry (GC-MS) methodology (9). They
reported the presence of over 23 volatile compounds detected in dry bean samples
and list a range of observed concentrations. However, the authors analyzed many
dry bean samples (pinto, red kidney, black, navy, mung, lima and soybeans) and
did not distinguish which compounds if any were specific to pinto beans. Most
of the compounds described were typical lipid oxidation products and/or Strecker
aldehydes from the Maillard reaction. Furthermore, nearly all samples analyzed
were reported to contain chlorinated compounds such as chloroform,
dichlorobenzene and trichlorobenzene. Aromatic compounds such as benzene,
toluene, naphthalene and methylnaphthalene were also consistently observed.
Despite the claims by the authors that these compounds are natural products it is
highly suspect that many of them (especially the chlorinated compounds) are
artifacts in origin.

This investigation represents the first report of volatile compounds in a
commercial instant refried bean food preparation of which the major constituent
is pinto bean. It also details the lipid oxidation storage stability of the precooked
dehydrated product in different packaging environments. Purge & trap - thermal
desorption - GC-MS analytical methodology that has been described previously
was employed for this study (10,11). For the sake of completeness the raw pinto
beans used to produce the product were analyzed for total lipid and fatty acid
composition.

Experimental

Materials and Methods. Samples of raw pinto beans and a commercial instant
refried bean (pre-cooked and dehydrated) preparations were supplied by Basic
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American Foods (Plover, WI). The raw dry pinto beans were grown in South
Dakota. The instant refried bean product is produced in a proprietary process that
involves washing, soaking, cooking and dehydration. A freshly manufactured
product was provided for testing. Methanol solvent was capillary-analyzed grade
and was acquired from J.T. Baker (Phillipsburg, NJ). Whatman # 1 filter paper
was from Fisher Scientific Company (Springfield, NJ). The internal standard d-8
toluene and antioxidant butylated hydroxytoluene (BHT) were obtained from
Aldrich Chemical Company (Milwaukee, WI). Glass 1-quart mason jars were
from Ball Corporation (Muncie, IN). Carbotrap 20/40 mesh adsorbent and acid
washed, silane treated glass wool were obtained from Supelco, Inc. (Belefonte,
PA). Tenax-TA 60/80 mesh adsorbent, custom designed stainless steel mason jar
lids with valves, SIS model TD-1 Short Path Thermal Desorber, SIS Solid Sample
Purge and Trap Apparatus and all thermal desorption accessories were generously
donated by Scientific Instrument Services (SIS) Inc. (Ringoes, NJ). The GC
capillary column, a DB-1, 60 meter x 0.32 mm i.d. x 0.25 um film was from J&W
Scientific Company (Folsom, CA).

Volatiles Analysis of Instant Refried Bean Product. The volatiles in the instant
refried bean product were profiled using purge & trap - thermal desorption - GC-
MS methodology that has been described previously (10,11). The precooked
dehydrated refried bean product was reconstituted with boiling water according to
the manufacturers instructions (1347 g of product + 2739 g boiling water). The
product was mixed by stirring and then allowed to sit for several minutes covered.
An aliquot (10 g) of reconstituted product was then transferred into an SIS Solid
Sample Purge & Trap Apparatus. The sample was then matrix-spiked with d-8
toluene internal standard at a level of 1.0 ppm w/w by the addition of 1.0 ul of
a 10.0 mg/ml solution in methanol. The apparatus was maintained at 80°C for 30
minutes during which time the volatiles were sparged with nitrogen at a flow rate
of 40 ml/min. The volatiles were trapped on SIS glass lined stainless steel
adsorbent tubes (10 cm L x 3.0 mm i.d.) packed with 50 mg of 60/80 mesh
Tenax-TA and 50 mg of 20/40 mesh Carbotrap. After sample collection excess
moisture was removed from the adsorbent trap by a flow of nitrogen (40 ml/min.)
for 15 minutes. The adsorbent trap was then thermally desorbed directly into the
GC using an SIS model TD-1 Short Path Thermal Desorption module operated at
220°C for S minutes at a carrier gas (helium) flow rate of 10 ml/minute. The GC
was a Varian 3400 containing a 60 meter x 0.32 mm i.d. x 0.25 pum film thickness
DB-1 capillary column with a carrier gas (helium) flow rate of 1.0 ml/min. The
injector temperature was 220°C and a 10:1 split ratio was employed. The column
temperature program was -20°C (held 5 minutes during thermal desorption to
achieve cryofocussing) to 280°C at a rate of 10°C per minute. The GC column
was directly interfaced to the mass spectrometer ion source via a heated transfer
line maintained at 280°C. The mass spectrometer was a Finnigan MAT 8230 high
resolution, double focussing, magnetic sector instrument operated in standard (70
eV) electron ionization mode. The source temperature was 250°C and the
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instrument was operated at a resolution of 1000. The instrument was scanned
continuously between masses 35-350 once each second with an interscan time of
0.8 seconds. Mass spectra were acquired and processed using a Finnigan Mat
SS300 computerized data system. Individual mass spectra were all background
subtracted and library searched against the NIST mass spectral reference
collection. Additional libraries such as the Wiley, EPA-NIH, Eight Peak Index
and our own custom collection of mass spectra were also consulted if necessary.
Structural assignments were further confirmed on the basis of GC retention time
order and manual interpretation. Semi-quantitative analysis was achieved by
integration of the GC-MS total ion chromatograms. The peak area integration
values for all compounds were divided by that obtained from the d-8 toluene
matrix-spiked internal standard to obtain semi-quantitative estimates of
concentration. No response factor corrections or calibrations curves were utilized.

Lipid Oxidation Storage Stability. The precooked dehydrated pinto beans (200
g) were placed in 1-quart glass mason jars fitted with custom designed stainless
steel lids. The lids contained sparging tube inlet and exhaust valves equipped with
Teflon-faced silicone septa seals. To simulate various packaging environments the
product containing mason jars were conditioned as follows:

1) product alone with air headspace

2) product with air headspace and added BHT (180 ppm w/w)

3) product alone with nitrogen headspace

4) product with nitrogen headspace and added BHT (180 ppm w/w)
The BHT antioxidant was added to the product by applying 3.6 ml of a 10 mg/ml
stock solution in methanol to a 4 inch diameter sheet of Whatman # 1 filter paper.
The methanol was allowed to evaporate and then the paper was cut into sections
approximately 1 cm?. The cut up filter paper was then placed into the mason jars
containing the product and shaken. This was intended to simulate the use of
commercially available packaging that is supplied impregnated with antioxidant.
Migration of BHT into the product was subsequently verified by the presence of
a large peak in the GC-MS chromatograms. The nitrogen atmosphere was created
by purging the product through the sparge inlet in the jars for approximately 10
minutes with the vent valve in the open position. Both valves were then closed,
thus providing a leak-tight seal. The jars were then stored at room temperature
in the dark for the duration of the study. At various time intervals (1, 12, 57 &
187 days) 10 g aliquots of product were removed and tested for hexanal
concentration. The analysis methodology was exactly the same as described for
the volatiles profiling except that the dehydrated beans were analyzed in the dry
form without reconstitution with boiling water.

Lipid Analysis and Fatty Acid Composition. Samples of raw dry pinto beans
were analyzed for total crude lipid and fatty acid composition using standard
AOCS methodology. The analyses were performed by Bittner Laboratories
(Blackfoot, ID).
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Results and Discussion

The total crude lipid content of the raw dry pinto beans was found to be 1.86%
w/w. The individual fatty acids present in the lipid and their percentages are
summarized in Table I. The observed values are in reasonable agreement with
those obtained by previous investigators (6-8).

Table I. Fatty Acid Profile of Raw Dry Pinto Beans

Fatty Acid % of Total Lipid
myristic (14:0) 0.16
palmitic (16:0) 19.08
palmitoleic (16:1) 0.16
stearic (18:0) 1.96
oleic (18:1) 9.31
linoleic (18:2) 27.84
linolenic (18:3) 40.51
arachidic (20:0) 0.08
behenic (22:0) 0.36
lignoceric (24:0) 0.55

Although the total lipid content is low, the relatively high percentage of
polyunsaturates such as linolenic and linoleic acid predispose the product to the
development of oxidative off-flavors unless strict precautions are taken. In the
intact beans the lipid is in a conjugated highly compartmentalized form (7). The
shielding properties of the waxy cuticle and cell structure of the bean combined
with the presence of natural antioxidants offers a high degree of protection.
However, once the cellular structure of the beans have been ruptured during
processing the lipid becomes highly susceptible to oxidation via lipoxygenase
and/or autoxidation. The lipoxygenase activity is generally eliminated by the
effects of thermal processing but non-enzymatic oxidation remains problematic.
Prudence must be applied to minimize the effects of prooxidants during processing
and storage of the product. Since the beans contain chlorophyll and other potential
photosensitizing agents the effects of singlet oxygen catalyzed photooxidation must
be considered. Product exposure to metals such as copper must also be minimized
due to their well-known prooxidant activity. Furthermore, the water activity of the
final dehydrated product should be controlled such that it falls within a range (~0.3
- 0.5) to minimize both lipid oxidation and Maillard reactions during storage. It
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is well known that over drying of products often leads to higher levels of lipid
oxidation. This is presumably because hydroperoxides are partially stabilized by
the hydrogen bonding effect of boundary layer water in intermediate moisture
content systems.

The volatile compounds detected in the reconstituted instant refried beans
are presented in Table II. Compounds are listed in the order of elution from the
GC. Approximately 70% of the peaks on the GC-MS chromatogram were
positively identified. Many of the remaining 30% were branched aliphatic
hydrocarbons with isoprenoid-type character and firm identification was not
possible. Many of these hydrocarbons are presumed to be degradates of
isoprenoid-type pigments and/or from the waxy cuticle of the bean.

An analysis of the volatile compounds shown in Table II indicates that at
least three systems are contributing to the overall flavor attributes of the refried
bean product. The homologous series of aldehydes and ketones are well known
lipid oxidation products and are present at levels above sensory threshold. They
undoubtedly contribute a grassy, beany, oxidized lipid note to the product. Many
of the compounds detected are derived from the Maillard reaction indicating that
reducing sugars and amino acids are important flavor precursors in this system.
For instance, 2 & 3-methylbutanal are the Strecker degradation aldehydes of
isoleucine and leucine respectively. Similarly the pyrroles, pyrazines and other
compounds such as furfural are all well known Maillard reaction products. These
compounds are indicators of high temperature processing. They are expected to
impart nutty, roasted, burnt and cooked notes to the product. Also important to
flavor are the sulfur containing compounds observed. The sulfuryl notes in the
refried bean product are very prominent. Compounds such as these presumably
arise from the thermal decomposition of sulfur-containing amino acids such as
methionine and cysteine. All of these classes of compounds blend together to form
the characteristic aroma of the refried beans.

The data pertaining to the storage stability study is summarized in Table

III. The data is also illustrated in graphic form in Figure 1.
The storage stability data clearly indicates that a nitrogen headspace provides the
best inhibition of lipid oxidation. It appears that no increased protection was
afforded by the combined use of nitrogen and BHT antioxidant. Similarly, no
significant differences were observed between product packaged with an air
headspace or containing added BHT except for a marginal improvement at 57 days
storage. This is probably because the conjugated triene system of highly
polyunsaturated fatty acids such as linolenic acid can preferentially oxidize even
in the presence of antioxidants such as BHT. In addition, it must be noted that
despite the slightly higher hexanal levels observed in the air packaged samples the
products at the end of the study were not at all rancid or otherwise unsuitable for
consumption.
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Compound Estimated Concentration (ppb)'
n-pentane 42
3-methylbutanal 268
2-methylbutanal 82
1-butanol 112
pentanal 264
1-methyl-1H-pyrrole 173
dimethy! disulfide 675
methyl propyl sulfide 408
dimethylsulfone 38
1H-pyrrole 595
toluene 450
hexanal 584
furfural 306
methylpyrazine 459
ethylbenzene 133
2-heptanone 186
heptanal 369
styrene 103
ethylpyrazine 681
n-nonane 293
benzaldehyde 886
dimethy! trisulfide 422
1-heptanol 177
6-methyl-5-hepten-2-one 254
2-ethyl-6-methylpyrazine 108
2-ethyl-3-methylpyrazine 992
2-vinyl-6-methylpyrazine 140
C-4 alkyl-substituted pyrazine isomer 434
3,5-octadien-2-one 452
nonanal 805
dipropyl disulfide 220
3,5-diethyl-2-methylpyrazine 198
decanal 391

'Estimated concentration based on peak area comparison to that of a matrix-spiked

internal standard (d-8 toluene)
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Table IIL. Effect of Packaging Environment on Hexanal Levels in Precooked
Dehydrated Pinto Beans

Storage Time

Hexanal Concentration (ppm)

(days) Air Air w/BHT Nitrogen Nitrogen w/BHT
1 0.19 0.19 0.19 0.19
12 0.81 0.84 0.14 0.12
57 132 1.00 0.27 0.29
187 0.71 0.80 0.34 0.25
Hexanal in Dehydrated Pinto Beans
Effect of Packaging Environment
14 P
£12 )
2. 1 / . \
5 08 ‘_‘VD\: ......
3 T =
206
[\
§ 0.4 e
=)
292 ﬁég = '
0+ } }
50 150 200
storage time in days (room temp)
=< air headspace {_1 air headspace w/ BHT
<> nitrogen headspace —+ nitrogen headspace w/ BHT

Figure 1. Hexanal concentration in precooked, dehydrated Pinto beans stored at
room temperature in various simulated packaging environments.
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Conclusion

Although the total lipid content of pinto beans is low a relatively high percentage
is composed of polyunsaturated fatty acids such as linoleic and linolenic. These
fatty acids limit the long term oxidative stability of the product unless care is
taken during processing and storage. Unless subjected to an oxidative stress a
properly manufactured product can be expected to easily attain a six month shelf
life without the expense of added antioxidant and/or modified atmosphere barrier
packaging. Packaging of product in a vapor barrier film with a nitrogen flushed
atmosphere significantly inhibits lipid oxidation and can extend shelf life of the
product. However, these advantages must be weighed against the increased cost
of such packaging systems.
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Chapter 12

Influence of Finishing Diets on Lamb Flavor
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Headspace gas liquid chromatography-mass spectrometry (GLC-
MS) was used to analyze volatiles from fat of lambs finished on
various diets in New Zealand and Missouri. Sensory analysis of
ground lamb was used to quantitate "strong", "grassy" and "lamby"
flavors. Sensory scores for all these attributes were lower in
samples from corn-finished animals than in those from forage-
finished animals. Radish top-fed lamb had lower flavor intensity
than lamb finished on ryegrass and clover, and lamb from
animals finished on blackeye (cowpea) forage had less grassy
flavor than lamb finished on alfalfa or grass. Strong flavor, which
was a combination of grassy flavor and lamby flavor, was
statistically related to diterpenoid and aldehyde contents; grassy
flavor was related to diterpenoid and acid contents; and lamby
flavor was related to aldehyde, ketone and acid contents.
Animals finished on the various diets could
beseparatedintoclasses by discriminant and canonical statistical
analyses of the volatile compound data from GLC-MS analyses.

Thirty years ago, Hornstein and Crowe (1) concluded that the characteristic
flavor of meat from different species resulted from constituent volatile lipids.
They later reported that the oxidation of unsaturated fatty acids contributed to
these unique flavors (2).

Volatile lipids constitute over 90% of the chemical ingredients identified
as contributing to meat flavor (3). The acceptance of these volatiles from
individual species of animals as desirable meat flavors is somewhat dependant
upon the training preference and the psychology of the individual evaluating the
flavor (4).

0097—-6156/94/0558—0170808.00/0
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Two major sources of lipids contribute to the undesirable flavor associated
with lamb flavor: the unique volatile compounds resulting from the metabolism
of lipids by the animal and their oxidation; and lipids resulting from precursors
in the diet consumed by the animals.

Characteristic Odor of Lamb

This topic was thoroughly reviewed by Young et al. (5), who concluded that the
characteristic odor of lamb is a result of volatiles in the lipid fraction. The
most convincing data relating lipid content and flavor was that published by
Wong et al. (6), who identified 40 short and medium class fatty acids in an acid
extract from heated mutton fat. They found that the primary acids associated
with mutton odor were the 4-methyl C, and C,, fatty acids and identified
4-methyl octanoic acid (Hircinoic acid) and 4-methyl nonanoic acid as the most
important even though they are present in lamb fat at very low concentrations
(7).

Garton et al. (8) suggested that the branched acids with methyl substitu-
ents at even-numbered carbon atoms result from the incorporation of methyl
malonyl Co. A (from propionate metabolism) instead of malonyl Co. A during
chain lengthening.

Purchas et al. (9) could not substantiate that individual fatty acids were
related to sheep flavor; and other lipids, such as oxidized products from
unsaturated fatty acids, have been identified as contributing to lamb flavor.
There is sufficient evidence in the literature to show that lamb odor is present
in non-oxidative systems (1, 10, 11).

Sulfur compounds have also received attention as contributors to sheep
flavor. It is assumed that H,S is evolved from the degradation of sulfur amino
acids, but there is no evidence that the amino acid profile of lamb is different
from that of other animals (12); and large quantities of H,S are evolved during
cookery of all meat.

The best evidence supports the theory that intermediate chain fatty acids
are responsible for the characteristic flavor of lamb.

Effect of Diet on Lamb Flavor

The effect of diet on lamb flavor has been a thoroughly studied problem.
Barbella et al. (13) first reported that the diet of lamb influenced the flavor of
meat. Most research on the influence of diet on lamb flavor has been directed
to the study of undesirable flavor resulting from feeding forage. "

Forage from grazing lands (supplemented with hay and silage) provides
63% of the feed for dairy cows, 73% of the feed for beef cattle and 90% of the
feed for sheep. Meat animals are fed 100% forage in many countries, and it
is anticipated that long-term population growth, high costs of growing feed
grains and consumer desire for lean beef may increase demand for forage
feeding. However, a major problem with forage feeding and finishing diets is
the resulting grassy flavor of the meat products.
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Grassy flavor is different from oxidized flavor and characteristic flavors from
meat of animal species. Berry et al. (14) may have been the first to coin the
term "grassy". Melton et al. (15, 16) found that the terms "dairy", "fishy", "milky-
oily", "off-flavor" and "putrid" were descriptive of beef patties from grass-fed
steers. Greater detail on descriptors used for describing off-flavors in meat
were published by Melton et al. (17, 18).

Stronger flavors from sheep finished on forage have been recognized for
many years. A summary of some of this work is given in Table L. It is obvious
from the above discussion that two factors are involved in the less desirable
flavor of lamb in selected consumer societies. Lamb tissue metabolically forms
volatile compounds that are recognized as the characteristic flavor of lamb that
is not universally accepted; and ingredients in forage feed of these animals can
result in low acceptance due to grassy flavor. Either or both of these attributes
can be compounded by oxidation of tissue occurring post mortem.

Table 1. Influence of Forage Pasture on Lamb Flavor

Pasture Type Authors Meat Flavor Results
White clover Cramer et al. (19) Clover fed stronger
versus than ryegrass
Ryegrass Shorland et al. (20)

Czochanska et al. (21)
Lucerne Park et al. (22) Intense, sharp
(alfalfa)
Rape Park et al. (22) Sickly
Vitch Park et al. (22) Intense flavor
Alfalfa Nicol and Jagusch (23)  Alfalfa most intense
versus odor
Other pasture Park et al. (24)
Weeds (panthenium Ford and Park (25) Taints

and wild turnip)

Studies were designed and carried out at our respective institutions to
improve the acceptability of lamb by examining the influence of various forage
types on its flavor. During this endeavor, volatile compounds thought to be
related to undesirable flavor of lamb were separated and identified, and their
relationship to lamb flavor and the feeding regimen was determined.
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Experimental Methods

Lambs were grown on a variety of forages at three institutions. Lambs were
finished to consumer weight on the forages by the Sheep Husbandry Depart-
ment of Massey University in New Zealand; the Animal Science Department
at the University of Missouri-Columbia (MU); and the Department of
Cooperative Research, Lincoln University. The flavor of the meat was
determined by sensory analysis, and the character of the volatile compounds
was determined by the headspace analysis method of Suzuki and Bailey (26).

Lamb Samples Studied. Separate studies were carried out on the loins of two
groups of animals. One group was raised and finished on forage in New
Zealand at Massey University and compared with loins from animals finished
on corn grain by the Animal Science Department at MU. This study consisted
of two trials of animals raised during two consecutive years. The other study
was of loin samples from animals raised by the Department of Cooperative
Research at Lincoln University. The latter study consisted of four separate
trials during a five year period.

Study I, Trial 1, was on loins of animals finished on pasture of four
separate forages: white clover (Trifolium repens), lucerne (Medicago sativa),
lotus (Lotus corniculatus) and perennial ryegrass (Lolium perenne). Data from
loin samples of these animals were compared with that from samples of animals
finished at MU on corn fed ad libitum or on fescue ad libitum supplemented
with two pounds of corn per day (fescue/corn).

Study I, Trial 2 was on animals raised in New Zealand on clover, lucerne,
lotus, radish and ryegrass compared to animals finished at MU on corn grain.

Study II consisted of four trials, but only the last three will be discussed
in detail because of the similarities to the trials in Study I.

Trials 2 and 3 of Study II consisted of 48 lambs fed in three groups of 12
each on a rotational paddock system of California blackeye cowpea (Vigna
unguiculata L. walp), Cultivar Vita 3 cowpea (an indeterminate type), alfalfa
and corn/soybean/oat hay meal. All four groups were fed ad libitum to an
average weight of 100 pounds. Ten animals from each group were selected for
study.

Trial 4 in Study II consisted of 24 lambs assigned to one of four groups
finished on California blackeye cowpea, sudan grass (sorghum vulgara
sudanensis), a cottonseed diet supplemented with corn meal and molasses to
give 16% protein, and grain/oat hay. All were fed ad libitum to a final weight
of 100 pounds.

Volatile Lipid Analyses. The method of Suzuki and Bailey (26) was used for
the headspace analysis of volatiles from lamb fat samples.

Sensory Analyses. Sensory analyses of the grassy and lamby flavors was carried
out by the quantitative descriptive analysis method of Stone et al. (27) as
modified by Suzuki (28) for the analyses of lamb. The sensory panel members
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used a non-structured quantitative scale from mild to strong to characterize the
flavor of samples in the first study and similar scales to quantify grassy flavor
and lamby flavor in the second study.

Statistical Analyses. Two-way analysis of variance described by Snedecor and
Cochran (29) was used to evaluate changes among variables. Stepwise
discriminant and cononical analyses were applied to GLC data to classify
animal samples into groups based on diet. In these methods the order of
variables was selected according to their F values, their multiple correlation
with other groups and their ratios to total variations (30). Analyses were
performed using SAS/STAT (31).

Results and Discussion

Sensory Analyses of Flavor Intensity. Study I of lambs raised in New Zealand
consisted of 72 animals that were finished on clover, ryegrass, lucerne and lotus
compared to lambs finished on fescue/corn and corn at MU. The flavor was
judged for intensity only. Meat samples in Trial 1 from animals finished on
clover, ryegrass and lucerne were all more intense in flavor than those from
animals finished on lotus, fescue/corn and corn ad libitum (Table II). The
corn-finished samples were significantly (P < 0.05) milder in flavor than those
from animals finished on lotus. Samples from animals finished on corn grain
were the mildest in flavor, although not significantly different from animals
finished on fescue/corn.

Table II. Mean® Flavor Scores® of Meat from Animals Fed on Different Diets
in New Zealand Study

Rations Flavor Intensity

Trial 1 Trial 2
Corn 33.6° 27.3°
Fescue/corn 42.4° N/A
Radish N/A 45.1¢
Lotus 68.6° 56.7%
Lucerne 77.7% 56.5%
Ryegrass 86.0° 65.6°
Clover 87.1° 63.8°
*N =60

® Range of scoring: 0 = very mild; 100 = very intense
<4¢ Means followed by same letter do not differ significantly (P < 0.05)
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Sensory results from animal samples studied in Trial 2 are also presented
in Table II. Samples from animals finished on ryegrass, clover, lotus, radish
and lucerne were more intense in flavor than those from animals finished on
corn. The flavor scores for samples from animals fed radish were significantly
(P < 0.05) milder than those from animals finished on ryegrass and clover, but
were stronger in flavor than samples from animals finished on corn.

From the results of these studies, meat from animals finished on corn
grain was milder than that of animals finished on forage. It was an advantage
to feed two pounds of corn grain to animals feeding on fescue even though
fescue contributes to grassy flavor (32). Radish tops produced animals with
relatively mild flavor compared to other forages. This may be a good
alternative diet for finishing lambs compared to other forages.

Sensory data on grassy and lamby flavors of samples from animals grown
in Study II, Trials 3 and 4 are summarized in Table IIl. The grassy flavor
intensity of grain-fed lambs in Trial 3 was significantly (P < 0.05) less than that
of alfalfa and California blackeye-fed lambs, and was also less (P < 0.056) than
lambs fed Vita 3. Lamb from animals finished on alfalfa was significantly
(P < 0.01) more grassy than that from animals fed grain/oat hay. Fat from
animals finished on grain/oat hay was significantly (P < 0.01) less lamby in
flavor than fat from animals finished on the three forages, and there was no
difference in the lamby flavor of samples from animals finished on the forages.

Table III. Mean Sensory Scores for Flavor of Lamb Fat in Study II

Type of Feed Grassy Flavor Lamby Flavor
Trial 3 Trial 4° Trial 3 Trial 4°

Grain/oat hay 33.7° 30.5¢ 39.4° 49.0°

California blackeye 44.3° 37.4% 55.3° 52.5°¢

Vita 3 43.6° 55.7°

Alfalfa 51.1% 53.0°

Cotton seed 42.6% 56.2°

Sudan grass 46.9° 44.9°

"N =170

®N =48

d¢ Values with different letters within the same column are significantly
different (*! = P < 0.05; % = P < 0.01; grain:Vita 3 at P < 0.056)

Samples from animals in Trial 4 finished on sudan grass had significantly
(P < 0.05) greater grassy flavor than those from animals finished on grain/oat
hay. There were no differences in grassy flavor among samples from animals
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finished with the other forages. There also were no differences in lamby flavor
among the various samples.

Considering all the data analyzed for grassy and lamby flavors of meat
from animals finished on cowpeas, alfalfa, sudan grass and grain, it appears that
grain is the best diet for finishing lambs to reduce these flavors. California
blackeye is a better forage for reducing grassy flavor than Vita 3 blackeye, and
both are better finishing diets than sudan grass and alfalfa in reducing grassy
flavor of lamb. Lamby flavor may also be reduced by feeding grain, but in
general this flavor was not influenced by the feeding regimen.

Volatile Organic Compounds from Lamb Fat. In the study of volatile
compounds from animals finished on forage in New Zealand and on corn grain
in Missouri, 47 volatile compounds were identified by mass spectrometry and
quantified by gas liquid chromatography (GLC). These compounds consisted
of 9 acids, 8 hydrocarbons, 7 terpenoids, 9 aldehydes, 7 ketones and 7 lactones.

The highest concentration of total volatiles was found in samples from
animals finished on ryegrass (Figure 1). The total volatiles from fat of animals
finished on lotus, lucerne and clover were about the same, and the total
volatiles from fat of animals finished on corn were the least in concentration.

Among the important volatiles analyzed were intermediate chain (C4-C,)
free fatty acids (Table IV). Decanoic acid was significantly (P < 0.05) more
concentrated in ryegrass, lotus, lucerne and clover than in the samples from
animals receiving corn grain. In general, the free fatty acids were higher in
concentration in the samples from animals finished on clover, lucerne, lotus and
ryegrass compared to those from animals finished on radish and corn grain, but
most of these. differences were not significant. These observations are
important because of the close relationship between these acids and hircinoic
acid identified by Wong et al. (6) as important in lamb flavor.

Wong et al. (7) reported that 4-methyl octanoic acid (hircinoic acid) was
a major contributor to lamb flavor, but this acid was not detected in samples
analyzed by the procedures used. However, the fatty acids analyzed were all
in the molecular weight range of hircinoic acid. All except nonanoic acid were
highly (P < 0.001) correlated with flavor strength evaluated by the taste panel.

Other volatile compounds correlating with flavor strength at this level (P
< 0.001) of significance were pentanal, -pinene, 2,3-octanedione, octanal, 2,4-
heptadienal, 2,3-nonanedione, 2-hydroxy-2-octanone, nonanal, 2-nonenal,
dodecane, 2-undecenal, phytane and phyt-2-ene. Most of the lactones were
nagatively correlated with lamby flavor. Hexanal, 2,4-hexadienal, 2-decenal, 2-
undecenal, 2-tridecane, 2-pentadecanone, phyt-1-ene, neophytadiene, phytadie-
ne, dihydrophytol and nonanoic acid were all significantly related to lamby
flavor at P 0.05 level or better.
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Table IV. Concentration of Volatile Fatty Acids from Fat of Lambs® Finished
on Different Diets (Study I, Trial 2)

Acids Concentration, ppm
(Standard Deviation)

Comn Radish  Clover Lucermme Lotus  Ryegrass
Hexanoic  7.78" 9.11% 1350  16.94° 17.28° 19.56¢

acid (5.69) (7.46) (5.80) (6.69) (15.02) (5.60)
Heptanoic ~ 2.94° 2.89° 3.17° 283 422 5.61¢
acid (1.84) (227) (0.89) (0.78)  (1.88) (2.00)
Octanoic 6.33% 5.89% 6.03% 533° 983 9.22¢
acid (3.21) (3.93) (1.74) (1.35) (3.50) (2.74)
Nonanoic  8.00* 7.61%¢ 3.11° 1.72°  12.61° 11.39¢
acid (6.51) (7.78) (2.44) (0.85) (17.91) (5.98)
Decanoic  9.17° 9.39° 15.11° 15.28° 24.33° 15.72¢
acid 2.72) (3.86) (4.10) (2.66)  (8.39) (6.34)

® Average of six animals
b4 Means followed by same letter do not differ significantly (P > 0.05)

Despite the high significant correlation levels, no one compound was
correlated highly with sensory lamby flavor. The highest correlation (0.652) was
found between phyt-2-ene and sensory flavor, which accounted for 43% of the
variation. A multiple regression equation relating some of these variables and
sensory lamb flavor was:

Lamb flavor strength =

29.50 + 42.05X, 5524X,, + 3.84X,, 32.86X,, + 0.84Xs 7.06Xy
+ 116.08X,, + 88.86X,,

[X, = heptanal; X,, = 2,3-octanedione; X, = 3-hydroxy-2-octanone;
X,; = tetradecane; X,, = neophytadiene; X;; = phyt-2-ene; X, = -
pentadecalactone; X,; = phytol]

These variables accounted for 76.5% of the variation in lamb flavor.
Seventeen components analyzed by GLC were selected by stepwise dis-
criminant analyses as predictor variables for separating the various samples
analyzed into full groups relative to finishing diets received by the animals.
These compounds selected in order of partial R? were: phyt-1-ene, a-pinene,
hexanal, phyt-2-ene, 2,3-octanedione, octadecane, 2-hexadecane, §-pentadeca-
lactone, pentanal, phytol, dodecane, 2-tridecanone, 2-heptadecanone, 2-nonenal,
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3-hydroxy-2-octanone, ¥-dodecalactone and 2-pentadecanone. Samples were
classified correctly into their treatment groups by stepwise discriminant and
canonical analyses.

Two-dimensional canonical scattergrams revealed expected cluster forma-
tion by the seven finishing diets relative to the concentration of the 20 volatile
compounds chosen by discriminant analysis (see Figure 2). Fat samples
analyzed were from animals fed on corn, fescue/corn, clover, lucerne, lotus,
ryegrass and radish (Figure 2, Samples 1 through 7, respectively). Lamb
samples having mild flavor scores (corn, fescue/corn and radish; Figure 2,
Samples 1, 2 and 7) were separated from the other forage-fed groups. Samples
from animals finished on clover, lucerne and lotus (Figure 2, Samples 3, 4 and
5) were closely assembled as if they were in one group. Fat samples from
ryegrass-fed lambs (Figure 2, Sample 6) formed a separate group.

Although the taste panel could not discriminate samples by flavor intensity
of lambs finished on different forage rations, multivariate statistical analyses of
flavor volatiles from lamb fat were successfully used to classify samples
according to their finishing diets.

Volatile organic compounds from lamb fat were also analyzed in Study II,
Trials 2, 3 and 4. Volatile compounds from the fat of these animals were
similar to those reported for Study I. Fifty compounds were quantitated by the
GLC method of Suzuki and Bailey (26). In Trial 2, Vita 3 blackeye samples
contained more terpenes than California blackeye or corn grain (Figure 3). In
Trial 3 (Figure 4), Vita 3 samples had more neophytadiene, phytadiene and
phytol, but alfalfa samples had more phyt-2-ene. In Trial 4 (Figure 5), sudan
grass had more terpenes than samples from animals receiving the other
treatments. Phyt-2-ene was the most concentrated terpenoid in all samples,
particularly so in the samples from sudan grass and alfalfa.

Overall results from these studies indicate that the amount of diterpenoids
in fat from grain-fed animals was lower than that from forage-fed animals; and
that fat from animals finished on cottonseed and California blackeye had diter-
pene values similar to those of animals finished on corn. The animals receiving
cottonseed also had corn in their rations.

-Lactones were found to be significantly higher in concentration in grain-
finished animals (Figures 6 and 7), and é&-lactones were more highly concen-
trated in the forage-finished animals. Five ketones were identified in fat from
lamb in these studies.

Although certain trends are apparent from the above data, no single
compound analyzed in these samples was highly correlated with grassy or lamby
flavor. The highest correlation between volatiles and grassy flavor was for
heptanoic acid, which accounted for 13% of the variation in grassy flavor, and
for 2-pentadecanone, which accounted for 25% of the variation in lamby flavor.

In order to obtain more quantitative relationships between sensory data
and volatile data in Study II, multiple correlation statistics were used. The
multiple correlation data relating grassy flavor and volatiles in this study was
as follows:
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Figure 1. Total volatiles of fat from lambs on different diets (Study I, Trial
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Figure 2. Scattergram (Can 1 versus Can 3) of fat from Study I, Trial 2
lambs based on quantitation of volatile compounds analyzed by GLC-MS.
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differences among feeding treatments in Study II, Trial 2. Bars with
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Figure 5. Concentrations of terpenoids in fat from lambs having significant
differences among feeding treatments in Study II, Trial 4. Bars with
different letters within a group are significantly different at P < 0.05. Error
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Figure 6. Concentrations of lactones in fat from lambs having significant
differences among feeding treatments in Study II, Trial 2. Bars with
different letters within a group are significantly different at P < 0.05. Error
bars indicate standard deviations.

In Lipidsin Food Flavors, Ho, C., et d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Publication Date: July 7, 1994 | doi: 10.1021/bk-1994-0558.ch012

July 15, 2012 | http://pubs.acs.org

182 LIPIDS IN FOOD FLAVORS

Grassy flavor intensity =

1117 + 21.68X,, + 15.90X,, 100X, + 14.57X,  7.07X, +
1.65X,; + 15.90X,,

[R? = 0.551; X,; = heptanoic acid; X,, = 2,3-nonanedione; X,, =
2-undecenal + decanoic acid; X3 = é-decalactone; X,, = neophyta-
diene; X,; = phyt-2-ene; X,, = phytadiene]

The equation for lamby flavor was:

Lamby flavor intensity =

2255 + 39.00X, + 15.86X,,_ 6.50X,, 16.03X,;, 29.28X, +
26.34Xs; + 341Xy, + 528X, 353Xy  3.78X5 + 175X

[R? = 0.915; X, = 2-heptenal; X,, = octanal; X,; = heptanoic acid;
X,7 = 2-nonenal; X,, = 2-undecanone; X,, = bovolide (2,3-dimethyl-
2,4-nonadiene-4-olide); X;; = hexadecane; X,; = 2-pentadecanone;
X, = phyt-1-ene; X, = dihydrophytol; X, = &-hexadecalactone]

Intermediate molecular weight fatty acids, aldehydes, ketones and
diterpenoids were associated with grassy flavor, while aldehydes, ketones and
bovolide were the only compounds identified to have a strong positive rela-
tionship with lamby flavor.

Stepwise discriminant analysis was applied to volatile data to classify
animals into groups based on diet in Trials 3 and 4. Volatile compounds
selected in Trial 4 are listed in Table V according to their strongest predictor
values. Unknown 3 was present in samples from animals fed cottonseed meal
and was very similar in structure and molecular weight to terpenoids.
Therefore we have two diterpenoid-like compounds, three ketones, two acids
and two lactones strongly associated with fat samples from animals relative to
diets.

These data were used to classify samples based on treatment by discrimin-
ant analysis and the data were eveluated by canonical analysis. The samples
were completely and accurately separated by discriminant and canonical
analyses into the appropriate feeding groups.

Figure 8 is a scattergram of Can 1 versus Can 2 relating volatile com-
pounds analyzed by GLC and samples from animals fed the various rations.
These results indicate that multivariate statistical analysis of data from flavor
volatiles from lamb fat can be successfully used to classify the lambs according
to their finishing diets.
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Figure 7. Concentrations of lactones in fat from lambs having significant
differences among feeding treatments in Study II, Trial 3. Bars with
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lambs based on quantities of volatile compounds analyzed by GLC-MS.
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Table V. Volatile Components from Lamb Fat Selected in Stepwise Discrim-
inant Analysis as Treatment Predictor Variables in Study II, Trial 4

Step Variable Partial R?

Entered Removed

1 Unknown 3 0.910

2 Phyt-2-ene 0.845

3 2-Pentadecanone 0.595

4 Y_Dodecalactone 0.542

5 Bovolide (2,3-dimethyl- 0.521
2,4-nonadiene-4-olide)

6 Acetic acid 0.553

7 2-Tridecanone 0.645

8 Hexanoic acid 0.398

9 Tetradecanone 0.348
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Chapter 13

Contribution of Lipid-Derived Components
to the Flavor of Alligator Meat

K. R. Cadwallader!, H. H. Baek!, H. Y. Chung!, and M. W. Moody?

!Department of Food Science, Louisiana Agricultural Experiment Station,
Louisiana State University Agricultural Center, Baton Rouge, LA 70803
?Louisiana Cooperative Extension Service, P.O. Box 25100,

Baton Rouge, LA 708945100

Volatile compounds were isolated from tail meat of both wild (ca. 4-,
7-, and 10-ft in length) and farm-raised (ca. 4-ft in length) alligators
by vacuum simultaneous distillation-solvent extraction (SDE) and
dynamic headspace sampling (DHS). Analysis of SDE and DHS
extracts by aroma extract dilution analysis (AEDA) revealed that six
lipid-derived compounds were predominant among the odor-active
compounds isolated. A seventh unknown compound having a
pungent, metallic aroma was also predominant. Hexanal and (Z)-4-
heptenal were found to contribute undesirable green, cut-grass and
fishy, rancid aromas, respectively, and are thought to be primarily
responsible for the off-flavor in alligator meat. Other predominant
odor-active compounds included 1-octen-3-one, (E)-2-nonenal, (E)-2-
octenal, and (E,Z)-2,6-nonadienal.

Alligator production has become an important industry in Louisiana and Florida.
Traditionally, hides were considered the only marketable product, but in recent
years, the sale of meat has accounted for over 25% of the total revenue generated.
The value of farm-raised alligator meat in Louisiana was over $2.2 million in 1992.
An additional $1.0 million was generated from the sale of wild alligator meat during
the September harvest. Alligator tail meat is high in protein (29.1%), low in fat
(2.9%), and low in cholesterol (64.8 mg/100 g) (I). Wild alligator meat is
considered inferior to farm-raised due to a fishy or rancid off-flavor (2), which may
be particularly strong in meat from older or larger animals

Qualitative and quantitative information on the volatile composition of fat from
both wild and farm-raised alligators has been reported previously (3). It was
believed that certain volatile lipid-derived compounds, e.g. hexanal, play important
roles in the off-flavor associated with alligator fat due to their predominance and low
aroma thresholds. However, the relative impact of volatile lipid-derived compounds
on alligator meat flavor, especially in comparison with other odor-active compounds
present, is unknown.

0097—6156/94/0558—0186$08.00/0
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Aroma extract dilution analysis (AEDA) has been successfully employed for the
evaluation of odorants in cucumbers (4) and dill seed and herb (5) as well as for the
determination of relative intensities of volatile flavor compounds during the
autoxidation of linoleic acid (6). AEDA involves the analysis of a serially diluted
flavor extract by gas chromatography/olfactometry (GC/O) to obtain a flavor
dilution factor (FD-factor) for each odor-active substance present in the original
extract. An FD-factor for a particular component can be defined as the highest
dilution at which it is detected by GC/O. Results from AEDA help provide a better
understanding of the role each compound plays in the overall flavor.

The objective of the present study was to determine the importance of volatile
lipid-derived components to the flavor of alligator tail meat by identifying
predominant odor-active compounds by AEDA. To further validate AEDA results,
two different extraction techniques were employed for isolation of volatile
compounds.

Materials & Methods

Sample Preparation. Tail meat from wild alligators (ca. 4-, 7-, and 10-ft in length)
was obtained from a processor in St. Martinville, LA. Tail meat from farm-raised
alligators (ca. 4-ft in length) was obtained from a processor in Scott, LA. Three
animals were sampled for each treatment. All meat was obtained immediately after
processing. The external fat layer was removed with just lean meat used for this
study. Meat was vacuum packaged in FreshPak SO0TM plastic bags (Koch
Supplies, Inc., Kansas City, MO) and stored at -20°C until analyzed. Preparation
of meat prior to extraction of volatile compounds was done as follows: meat was
thawed at 4°C, sliced into small pieces (ca. 1 cm®), and cooked in a convection oven
at 350°F (176.7°C) for 30 min in a covered baking dish.

Simultaneous Steam Distillation-Solvent Extraction (SDE). SDE was carried out
under vacuum (ca. 24-26 in.Hg; b.p. 45-60°C) to minimize artifact formation during
extraction. It was necessary to modify the standard SDE apparatus (Cat. No. K-
5230101-0000, Kontes, Vineland, NJ) as follows: 1) standard valve at U-joint was
replaced with vacuum valve; 2) liquid nitrogen cold trap was installed between the
SDE apparatus and vacuum pump to minimize solvent entrainment into pump; 3)
vacuum valve was installed between SDE apparatus and vacuum pump to prevent
back-flush of vacuum oil or other contaminants during venting of sample flask; and
4) sample flask consisted of a 4-L, 3-neck round bottom flask; one neck for vacuum
valve and one for thermometer. Cooked alligator meat (300 g) plus 1 L distilled
water and 80 ug of 2,4,6-trimethylpyridine (TMP) was extracted for 2 h with 75 mL
of redistilled dichloromethane. Air was evacuated for 30 min prior to heating of
sample flask. SDE extracts were kept at -20°C overnight to facilitate water
removal. Volume of SDE extract was reduced to ca. 10 mL under a gentle stream
of nitrogen, dried over 3 g anhydrous sodium sulfate, and then further reduced to
100 L prior to analysis.
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Dynamic Headspace Sampling (DHS). Cooked alligator meat (300 g) plus 1 mg
TMP was placed into a purge and trap vessel (1 L, Cat No. 991780, Wheaton,
Milleville, NJ). Vessel was oriented in the DHS mode. DHS conditions were as
follows: sample temperature was maintained at 60°C; helium was swept over sample
at 30 mL/min; purge time was 2 h; and volatiles were trapped onto a Tenax-TA trap
(600 mg). Volatiles were eluted from trap with 10 mL redistilled diethyl ether.
Ether extract was dried and concentrated to 100 uL prior to analysis as described
above.

Gas Chromatography/Mass Spectrometry/Olfactometry (GC/MS/O). In order
to achieve more timely and accurate correlations between spectral data and olfactory
or sniffing port responses we have equipped our GC systems with sniffing ports,
allowing simultaneous spectral scanning and sniffing of GC effluents. GC/MS
system consisted of an HP 5790A GC equipped with a flame ionization detector
(FID) and connected to an HP 5970B mass selective detector (MSD) (Hewlett-
Packard Co., Palo Alto, CA). Five uL of each extract was injected (splitless mode;
155°C injector temperature; 30 sec valve delay) simultaneously into dual (closely
matched) fused silica open tubular (FSOT) columns (Supelcowax 10, 60 m length
x 0.25 mm i.d. x 0.25 um film thickness; Supelco, Inc., Bellefonte, PA). Injector
effluent, after passing through a FSOT precolumn (1 m length x 0.25 mm i.d.), was
split 1:1 to each column using a glass Y-splitter. Column 1 was connected to the
MSD, while the end of the column 2 was split 1:1 to an FID and sniffing port
supplied with humidified air. FID and sniffing port transfer line temperatures were
250 and 200°C, respectively. Helium was used as carrier gas at a linear velocity
of 25 cm/s. It was necessary to partially restrict the flow between column 1 and
MSD (using ca. 1 m length x 0.1 mm i.d. FSOT column) in order to achieve the
same linear velocity for both columns. Oven temperature was programmed from
40 to 175°C at a rate of 2°C/min with initial and final hold time of 5 and 30 min,
respectively; temperature was then further increased at 6°C/min to 200°C and held
for 30 min. MSD conditions were as follows: capillary direct MS interface
temperature, 200°C; ion source temperature, 200°C; ionization voltage, 70 eV;
mass range, 33-300 a.m.u.; and electron multiplier voltage, 2200 V.

Gas Chromatography/Fourier Transform Infrared Spectrometry/Olfactometry
(GC/FTIR/O). GC/FTIR system consisted of an HP 5890 GC/HP 5965B infrared
detector (IRD) (Hewlett-Packard Co.). Effluent from the end of GC column was
split 1:1 between IRD and sniffing port. GC conditions were the same as above
except that a 0.32 mm i.d. Supelcowax 10 column was used. IRD conditions were
as follows: light pipe and transfer lines temperature, 200°C; narrow band mercury
cadmium telluride (MCT) IR detector; optical resolution, 8 cm™; and coadd factor,
2 scans/spectrum.

Compound Identification and Quantification. Compound identifications were
based on comparison of GC retention indices (RI)(7), mass and infrared spectra, and
odor properties of unknowns with those of authentic standard compounds analyzed
under identical experimental conditions. Tentative identifications were based either

In Lipidsin Food Flavors, Ho, C., et d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Publication Date: July 7, 1994 | doi: 10.1021/bk-1994-0558.ch013

July 15, 2012 | http://pubs.acs.org

13. CADWALLADER ET AL.  Lipid-Derived Components & Alligator Meat 189

on matching mass spectra of unknowns with those in the Wiley/NBS mass spectral
database (Hewlett-Packard, Co., 1988) or on matching RI values and odor properties
of unknowns with those of authentic standards.

Concentrations of positively identified compounds were determined using MS
response factors for each compound relative to the internal standard. Response
factors were determined by analyzing standard compounds at three levels .

Aroma Extract Dilution Analysis (AEDA). GC/O system consisted of an HP
5790A GC (Hewlett-Packard Co., Palo Alto, CA) equipped with a flame ionization
detector (FID) and a sniffing port. Effluent from the end of the GC column was
split 1:1 between FID and sniffing port. Serial dilutions of SDE and DHS extracts
were prepared using dichloromethane as diluent. GC conditions were the same as
for the GC/IRD system except that oven temperature was programmed from 40°C
to 200°C at a rate of 6°/min with initial and final hold times of 5 and 20 min,
respectively.

GC/O was performed by three panelists familiar with alligator meat flavor.
Panelists were asked to assign aroma properties to each compound detected in the
sample dilutions. The highest dilution at which an individual component was
detected was defined as its FD-factor. FD-chromatograms presented herein are
those of only one panelist, since all responses were essentially the same.

Results & Discussion

Predominant odor-active compounds in alligator tail meat having FD-values higher
than 8 for DHS extracts and 128 for SDE extracts are listed in Table I. A combined
total of 17 odor-active compounds were detected in DHS extracts. FD-
chromatograms of volatiles isolated by DHS were similar for all alligators (Figure
1). Among these, compounds 5, 10, and 18 had the highest FD-factors.
Compounds 5 and 10 were identified as hexanal and (Z)-4-heptenal, respectively.
Compound 18 was unidentified and possessed a pungent, metallic aroma. Other
compounds having relatively high FD-factors included 1-octen-3-one (No.13), (E)-2-
octenal (No.21), (E)-2-nonenal (No.28), (E,Z)-2,6-nonadienal (No.29), and an
unknown compound (No. 3) having a sour, rotten onion aroma. Identification and
description of other detected odor-active compounds are presented in Table 1.

All compounds detected in DHS extracts also were detected in SDE extracts
with the exception of the internal standard (2,4,6-trimethylpyridine)--detected only
in DHS extracts. FD-chromatograms of volatiles isolated by SDE show that 37
odor-active compounds were detected (Figure 2). FD-chromatograms for farm-
raised and 10-ft wild alligators had a greater number of odor-active compounds
compared with 4- and 7-ft wild alligators. Compounds exhibiting highest FD-factors
in SDE extracts included hexanal (No.5), (Z)-4-heptenal (No.10), 1-octen-3-one
(No.13), (E)-2-octenal (No. 21), (E)-2-nonenal (No. 28), (E,Z)-2,6-nonadienal (No.
29), and three unknown compounds having pungent, metallic (No.18), nutty, baked
potato (No.25) and stale, nutty (No.26) aromas. The main difference between FD-
chromatograms of DHS and SDE extracts was the appearance of odor-active
compounds with RI values over 1600 in SDE extracts . Most of these compounds
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Table I. Odor-active compounds in alligator tail meat

No.* Compound Methods of R Odor Description®
Identification

1 Pentanal IR,MS,RI,o0dor 976  pungent, green

2 2,3-Butanedione RI,odor 979  creamy, buttery

3 unknown 1000 sour, rotten onion
4 2,3-Pentanedione IR,MS,RI,o0dor 1053  creamy, buttery

5 Hexanal IR,MS,RI,odor 1078  green, cut-grass

6 unknown 1082  skunky

7 unknown 1095  sour, rotten onion
8 unknown 1160 nutty, chocolate

9 Heptanal IR,MS,RI,odor 1177  green, sweet

10 (Z)-4-Heptenal MS,R1,odor 1233 fishy, rancid

11 unknown 1272 musty, mushroom
12 Octanal/Cyclohexanone IR,MS,RI,odor 1280 sweet, wine-like
13 1-Octen-3-one MS,RI,0odor 1392  metallic, mushroom
14 unknown 1319  nutty

15 unknown 1328  nutty, popcorn

16 unknown 1347  sweet, floral

17 TMP (LS.} 1357 pungent, catty

18 unknown 1374  pungent, metallic
19 Nonanal IR,MS,RI,odor 1388  sweet, floral
20 unknown 1400 mushroom
21 (E)-2-Octenal IR,MS,RI,odor 1423  peanut skin
22 unknown 1430  sweet, floral
23 unknown 1435  nutty, potato chip
24 1-Octen-3-ol IR, MS,RI,odor 1438  mushroom
25 unknown 1445 nutty, baked potato
26 unknown 1499  stale, nutty
27 Benzaldehyde IR,MS,RI,odor 1516  sweet, honeysuckle
28 (E)-2-Nonenal IR,MS,RI,o0dor 1528 stale, sour
29 (E,Z)-2,6-Nonadienal IR,MS,RI,odor 1583  cucumber-like

30 unknown 1639  sweet, burnt sugar
31 Dimethybenzaldehyde IR,MS,RI,odor 1702  spicy, floral

32 unknown 1713 sweet, melon-like
33 unknown 1745  sweet, fatty

34 2,4-Decadienal IR,MS 1758  sweet, fatty

35 unknown 1767 nutty, popcorn

36 unknown (dienal?) IR 1823  sweet, fatty

37 unknown 1914  sweet, burnt sugar
38 unknown (dienal?) IR 2024  sour, cardboard

* Numbers correspond to those in figures 1 and 2

® Retention Index on Supelcowax 10 OTGC column
¢ Aroma description as perceived at GC-sniffer port
¢1.S. = internal standard
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Figure 1. Flavor dilution chromatograms of volatiles isolated from alligator tail meat
by DHS. Peak numbers correspond to those in Table I. FA: farm-raised
alligator; 4A: 4-ft wild alligator; 7A: 7-ft wild alligator; 10A: 10-ft wild

alligator.
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Figure 2. Flavor Dilution Chromatograms of volatiles isolated from alligator tail
meat by SDE. Peak numbers correspond to those in Table I. FA: farm-
raised alligator; 4A: 4-ft wild alligator; 7A: 7-ft wild alligator; 10A: 10-
ft wild alligator.
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had sweet, fatty and sweet, tallowy aromas reminiscent of cooked alligator meat.
The additive contribution of these compounds to alligator seems important despite
their lower FD-factors.

Based on the results of AEDA of both DHS and SDE extracts, it is apparent that
hexanal, (Z)-4-heptenal, (E)-2-octenal, (E)-2-nonenal, (E,Z)-2,6-nonadienal, 1-octen-
3-one, and one unidentified compound having a pungent, metallic aroma (No. 18),
are the predominant odor-active compounds in alligator tail meat flavor. Hexanal
had an undesirable green, cut-grass aroma, whereas the aroma of (Z)-4-heptenal was
perceived as fishy and rancid. Both compounds, as well as (E,Z)-2,6-nonadienal,
(E)-2-octenal, (E)-2-nonenal, and 1-octen-3-one, are lipid-derived compounds (6,8-
13). Hexanal has been shown to be an important element in the aroma of fresh
whitefish (1I), but its contribution to the aroma of alligator meat flavor is thought
to be undesirable since consumers prefer alligator to have chicken or pork-like
flavor (2). Accumulation of (Z)-4-heptenal in certain foods, e.g., cold stored cod
and oxidized soybean oil, has been reported as undesirable (14, 15); however, (Z)-4-
heptenal imparted a desirable earthy/potato-like aroma in boiled potatoes (16). (Z)-
4-Heptenal is believed to negatively impact alligator meat flavor. (E,Z)-2,6-
Nonadienal was regarded as having a desirable cucumber-like aroma; however, this
compound is readily converted to (Z)-4-heptenal through a water mediated retro-
aldol condensation process (8). This conversion may have occurred during cooking
of the samples. (E,Z)-2,6-Nonadienal may have been derived from omega-3
polyunsaturated fatty acids (PUFA) (10). Eicosapentaenoic and docosahexaenoic
acids comprise about 3.0 and 6.0%, respectively, of the total fatty acids in alligator
tail meat (7). Hexanal is readily formed during the oxidation of PUFA. The
omega-3 PUFA are most likely the principal source of hexanal due to their higher
susceptibility to autoxidation. 1-Octen-3-one and (E)-2-nonenal have been reported
to contribute heavy, plant-like and strong, cucumber-like notes, respectively, to the
aroma of fresh whitefish (11). (E)-2-Octenal, peanut skin-like aroma, was probably
derived from 2,4-decadienal by a water-mediated alpha/beta double bond hydration,
retro-aldol condensation (13). The above three compounds (No.13, 21, and 28) are
believed to have a positive impact on the aroma of alligator meat. Based on these
results it is apparent that the combined aromas of hexanal and (Z)-4-heptenal mask
the desirable aromas of 1-octen-3-one, (E)-2-nonenal, and (E)-2-octenal. This is
believed to be especially true for (Z)-4-heptenal because of its strong and distinctive
fishy, rancid aroma.

The relationship between concentration and odor threshold values obtained from
the literature for predominant lipid-derived compounds in alligator tail meat is
presented in Table II. All compounds were present in concentrations exceeding their
threshold values. Odor units for individual compounds correlated well with their
FD-factors with the exception of (Z)-4-heptenal, which had an odor unit range lower
than expected. This also was true for the comparison of hexanal versus (Z)-4-
heptenal in DHS extracts (Compounds 13, 28, and 29 were below GC/MS detection
limits in DHS extracts.). However, the odor of (Z)-4-heptenal was very intense in
all extracts. It is possible that the odor threshold reported for this compound is too
high, since its flavor (or taste) threshold (0.04 ug/L, 13) is much lower.
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Through use of AEDA it was possible to identify important character-impact
volatile flavor compounds in alligator tail meat. Lipid-derived compounds were
found to play important roles in alligator flavor and off-flavor. Results of this study
may be helpful in designing production schemes and antioxidant systems leading to
the improvement of alligator flavor.

Table II. Concentrations and odor threshold values for predominant lipid derived
odor-active volatile compounds in alligator tail meat

No.* Compound Conc Range® Odor Threshold Odor Unit
(ng/kg) (ng/L) Range’
5  Hexanal 1506-3815 54 301-763
10  (2)-4-Heptenal 30-67 0.8° 38-84
13 1-Octen-3-one 20-40 0.09f 220-440
21  (E)-2-Octenal 87211 314 29-70
28  (E)-2-Nonenal 139-422 18 139-422
29 (E,Z)-2,6-Nonadienal  35-54 0.18 350-540

* Numbers correspond to those in Table I and in figures 1 and 2

® Concentration range for all alligator groups based on SDE data

¢ Odor unit = concentration of compound divided by odor threshold in water
4 Threshold (uL/L) in water (17)

° Threshold in water (14)

f Threshold in water (18)

8 Threshold in water (19)
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Chapter 14

Flavor Chemistry of Dairy Lipids
Review of Free Fatty Acids

L J. Jeon

Department of Animal Sciences and Industry, Kansas State University,
Manhattan, KS 66506

Free fatty acids in dairy products, particularly in ultrahigh-
temperature (UHT) processed milk and Cheddar cheese, are
discussed. Although a fairly large amount of total free fatty acids
is present in UHT milk, their influence on milk flavor is
insignificant. This is because most fatty acids released from milk
fat are long-chain fatty acids. Two different types of lipase
apparently are involved in the lipolysis of UHT milk. Because
patterns of releasing fatty acids are different from one lipase source
to another, the source of lipase utilized is extremely important in
cheese with reference to balancing flavor characteristics exerted by
individual free fatty acids. Ratios and concentrations of these fatty
acids could be significant parameters for determining cheese flavor
characteristics.

Many excellent book chapters and review articles on the flavor chemistry of dairy
lipids have appeared during the last three decades. Most works in the 1960's dealt
extensively with lipids and their oxidation products (/-4). A number of excellent
works have considered the mechanisms of the formation of chemical compounds
from milk lipids, as well as their implications for the flavor of dairy products (2,
5). In addition, general reviews on off-flavors related to dairy lipids also have been
published for milk (6, 7) and other dairy products (8). The purpose of this paper
is to present some recent findings on free fatty acids in milk and dairy products,
particularly in ultrahigh-temperature (UHT) processed milk and Cheddar cheese.

Influence of Free Fatty Acids on the Flavor of Dairy Products
A unique feature of dairy lipids is that milk fat contains fairly large amounts of

butyric, caproic, caprylic, capric, and lauric acids. Butyric acid residues alone
comprise 8.5% of total fatty acid residues in milk fat triglycerides, and the total of
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these short-chain fatty acids amounts to 21% (9). Milk fat also contains small
amounts of B-keto acids and hydroxy acids, which are known to be precursors of
methyl ketones and lactones, respectively. It may be worthwhile to note that the
distribution of these fatty acids in milk fat triglycerides is not random. For
example, at position 3, the distribution of butyric acid is about 97% and that of
caproic acid is 84%. These are strikingly high preference, and this difference in
distribution is significant in regard to the hydrolysis of milk fat by the enzyme
lipase.

Normal milk contains a small amount of free fatty acids, and the
significance of their contribution to the normal flavor of milk is unclear because
their concentrations are well below their flavor threshold levels. However, it is
well known that, in milk and other bland flavored dairy products, they cause
lipolyzed flavor when their concentrations reach above usual levels (8). The
literature suggests that no single fatty acid is a predominant contributor to the
lipolyzed flavor in milk, although it is associated with short-chain fatty acids and,
rarely, long-chain (C14 to C18) fatty acids (10, 11). On the other hand, Cheddar
cheese and other aged cheese varieties contain a fairly large amount of free fatty
acids, and these are considered to be essential flavor components (12, 13, 14).
However, excess free fatty acids cause the lipolyzed off-flavor in cheese (15, 16,
17). In addition, concentrations of specific free fatty acids have an important
influence on the flavor of aged cheese (13).

Free Fatty Acids and UHT Milk Flavor

Concentrations of total free fatty acids in UHT milk increase during aseptic storage.
Research suggested that these concentrations as measured by acid degree value
might exceed the lipolyzed flavor threshold levels recognized for raw and
pasteurized milk (18, 19). However, no lipolyzed off-flavor was detected in these
UHT milk samples. Recently, Choi and Jeon (20) found that the high
concentrations of total free fatty acids observed were mostly due to the increase in
long-chain fatty acids. The UHT milk samples that they utilized were indirectly
processed in a commercial processing plant at 138°C for 10 s and aseptically
packaged in 236 ml Brick Pak cartons. The samples were stored at 23 and 35°C
and analyzed for free fatty acids by a solid phase extraction and gas
chromatographic technique. As illustrated in Figure 1, few changes occurred in the
concentrations of short-chain free fatty acids at 23°C storage, although lauric acid
(C12) showed a moderate increase (14%) after 12 wk. However, during storage at
35°C, concentrations of all short-chain free fatty acids showed small but steady
increases ranging from 9% for caprylic (C8) to 45% for lauric (C12) acid after 12
wk (Figure 2). However, actual concentrations of these fatty acids, except capric
acid, in the UHT milk samples were well below the reported flavor threshold
concentrations of 25.0, 14.0, 7.0, and 8.0 ppm for butyric (C4), caproic (C6), capric
(C10), and lauric (C12) acids, respectively (2). Apparently, levels of individual
short-chain free fatty acids at least four times higher than those found in these UHT
milk samples are needed to produce moderately lipolyzed off-flavor in pasteurized
milk. In contrast, long-chain free fatty acids, except oleic acid (C18:1), showed
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Free Fatty Acid

Figure 1. Percent changes in concentrations of individual short-chain free
fatty acids in UHT milk during storage at 23°C. The free fatty acids C4, C6,
C8, C10, and C12 represent butyric, caproic, caprylic, capric, and lauric
acids, respectively.

80—

c4 Cé C8 C10 C12
Free Fatty Acid

Figure 2. Percent changes in concentrations of individual short-chain free
fatty acids in UHT milk during storage at 35°C. The free fatty acids C4, C6,
C8, C10, and C12 represent butyric, caproic, caprylic, capric, and lauric
acids, respectively.
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moderate but significant increases (P < 0.05) at 23°C, ranging from 7 to 20% after
12 wk (Figure 3). At 35°C, the increases of these free fatty acids were much more
rapid (Figure 4). For example, stearic acid showed the most increase (63%) after
12 wk, followed by myristic (50%), linoleic (40%), palmitic (38%), and oleic acids
(26%).

Cause for Increase of Free Fatty Acids in UHT milk The increase of free fatty
acids in UHT milk during storage is believed to be caused by heat-resistant lipase
(21, 22, 23). This is either an indigenous milk lipase (milk lipoprotein lipase) or
a bacterial lipase produced by psychrotrophic bacteria during cold storage of raw
milk (24). Most lipoprotein lipase can be inactivated at 77°C for 16 s (25) or 98°C
for 1 s (9). However, bacterial lipases are much more heat-resistant. Several
reports have indicated that some bacterial lipases of Pseudomonas fluorescens have
survived in milk during UHT processing (22, 26, 27). Recently, Choi and Jeon
(20) presented some evidence of residual lipase activities in commercial UHT
milks, as well as in their centrifugal fractions (12,000 x g for 30 min at 4°C). The
cream fraction showed the highest lipase activities according to an agar diffusion
method used, followed by the aqueous supernatant and casein precipitates. In
addition, the cream fraction preferentially hydrolyzed long-chain fatty acids from
milk fat, whereas the aqueous supernatant fraction hydrolyzed both short- and long-
chain fatty acids, indicating that more than one kind of lipase might be involved
in the lipolysis of UHT milk during storage. Results of DEAE-cellulose
chromatography indicated that protein isolates of the aqueous supernatant contained
three lipase-active fractions, whereas milk fat globule membrane proteins (from the
cream) exhibited only one lipase-active fraction. SDS-PAGE analysis revealed that
the lipase-active fractions from the aqueous supernatant contained a major or minor
K-casein component as well as other casein and whey protein moieties. However,
the lipase-active fraction of the milk fat globule membrane proteins was composed
mainly of a-casein.

Types of Lipase Involved in UHT Milk Lipases associated with milk are known
to be specific or nonspecific with regard to the liberation of fatty acids from milk
fat (8). Generally, ratios of individual fatty acids released are used to determine
the types of lipase involved in the lipolysis of milk fat (20, 28, 29). Choi and Jeon
(20) reported no significant differences in the ratios of free fatty acids between
commercial UHT milks stored at 23 and 35°C, suggesting that the same kind of
mechanisms was involved in releasing fatty acids from milk fat at the two different
storage temperatures. However, the ratios of the long-chain free fatty acids
released were significantly higher than those of the fatty acids in milk fat,
indicating the involvement of a rather specific lipase. Further examination of the
milk samples revealed some evidence for the involvement of two different types of
lipase in the lipolysis of UHT milk fat. According to the lipase-active fractions
obtained by DEAE-cellulose chromatography, the lipase associated with the
aqueous supernatant (centrifugal fraction) produced ratios of fatty acids similar to
those in milk fat. However, lipase associated with the milk fat globule membrane
proteins yielded ratios of stearic and oleic acids significantly higher than those in
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c14 c16 C18 C18:1 C18:2
Free Fatty Acid

Figure 3. Percent changes in concentrations of individual long-chain free
fatty acids in UHT milk during storage at 23°C. The free fatty acids C14,
C16, C18:0, C18:1, and C18:2 represent myristic, palmitic, stearic, oleic, and
linoleic acids, respectively.

c14 c16 C18 C18:1 C18:2
Free Fatty Acid

Figure 4. Percent changes in concentrations of individual long-chain free
fatty acids in UHT milk during storage at 35°C. The free fatty acids C14,
C16, C18:0, C18:1, and C18:2 represent myristic, palmitic, stearic, oleic, and
linoleic acids, respectively.
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milk fat. Therefore, these results suggested that the lipase activity associated with
protein isolates of the aqueous supernatant is of a nonspecific lipase, perhaps milk
lipoprotein lipase, whereas that associated with the milk fat globule membrane
proteins is of a microbial origin, because it is more preferential toward some long-
chain fatty acids.

Free Fatty Acids and Cheddar Cheese Flavor

As indicated previously, short-chain free fatty acids play a significant role in the
flavor of Cheddar cheese (12, 13, 30), whereas long-chain fatty acids may
contribute little to the direct cheese flavor but influence an overall cheese
background flavor (15, 31). Arbige et al. (32) suggested that the total concentration
of C4, C6, and C8 free fatty acids is an important factor for flavor development
during cheese ripening. Lin and Jeon (33) suggested the total concentration of C4
and C6 free fatty acids as a good indicator of this flavor development. On the
other hand, Marsili (34) reported that the best indicator of lipolytic age of Cheddar
cheese was the combination of the C10, C12, C14, and C16 free fatty acids.

Concentrations of free fatty acids in Cheddar cheese are quite high, although
considerable variations have been observed by different investigators (Table I). For
example, in 3- to 4-month aged cheese, butyric acid content ranges from 13 to 76
ppm and caproic acid content from 8 to 29 ppm. Medium and sharp cheeses also
show quite a variation in concentrations. This large variability is quite
understandable because many factors, such as source of milk, manufacturing
practices, and curing conditions, will affect the degree of lipolysis. In addition, the
method of analysis used also would affect the quantitative results. For example,
Bills and Day (I5) used a silicic acid column to isolate free fatty acids from
Cheddar cheese. The results of Woo and Lindsay (16) were obtained using a silicic
acid-KOH arrestant column. Lin and Jeon (33) and Marsili (34) used neutral
alumina for the extraction of free fatty acids (35).

Table I. The free fatty acid content of Cheddar cheese at various ages

Age Free Fatty Acids (ppm)
(Mo) — C4 C6 C8 CI0 Ciz Ci4 Ci6 Ci8:0 CI8:T Reference
3-4 76 29 36 55 87 191 516 104 319 6

4 69 31 37 69 88 211 542 232 1027 11

3 20 12 8 30 46 139 37 116 292 28
3 13 8 <5 16 31 112 274 140 360 29
6 8 8 <5 23 46 152 373 161 404 29
6 15 2 6 25 37 103 285 524 -- 43

7-12 127 33 43 53 83 236 510 192 458 6
10 23 18 19 50 48 226 452 160 416 29
12 46 50 11 64 63 265 500 179 486 29
12 111 33 38 67 68 183 397 131 - 43
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It is generally believed that young Cheddar cheese contains low levels of
free fatty acids, whereas aged, desirably flavored, Cheddar cheese has intermediate
concentrations (16). This is usually true, if comparisons are made within the same
investigator's data in Table I (particularly ref. 34). However, if comparisons are
made among similar age groups (3, 6, 10 months, etc.) across all investigators, no
clear trend can be seen for free fatty acids. Nevertheless, results of free fatty acid
analysis of a total of 39 commercial Cheddar cheese samples (good, normal
flavored) of various ages indicated that free fatty acid contents are generally higher
with increased age (Figures 5 and 6). This study utilized 11 mild, seven medium,
15 sharp, and six extra-sharp samples representing several different manufacturers
and were collected randomly at local supermarkets. Generally, the concentrations
of short-chain fatty acids increased as the age of the cheese increased (Figure 5).
This is most evident for butyric and caproic acids, followed by caprylic and capric
acids. The increasing trend is somewhat obscure in sharp cheese because of lower
concentrations of capric acid. Also note that this trend is less apparent in the long-
chain free fatty acids (Figure 6). The mild cheese samples shows the lowest
concentrations of the long-chain fatty acids, whereas the extra-sharp samples have
the highest concentrations. The sharp cheese samples show consistently lower
concentrations of all long-chain free fatty acids than the medium cheese.
According to a canonical function derived using canonical discriminant analysis,
the concentrations of C6, C16, and C18 free fatty acids are the best parameters for
indicating the age of cheese. The relationship between canonical scores and free
fatty acids is:

Canonical score = - 0.156 (C6) - 0.023 (C16) = 0.150 (C18)

Table II displays the percent of cheese samples classified into age categories using
the canonical function equation. It shows that the canonical equation correctly
classified 83.3% of both mild and medium cheeses and 80.0% of extra-sharp cheese
(Table II). However, only 54.5% of sharp cheese was correctly classified. This
low percent is probably due to lower concentration of free fatty acids in sharp
cheese samples than in medium cheese. Nevertheless, free fatty acids possibly
could be used to identify the age of cheese (or degree of aging) more accurately if
a large pool of commercial samples were analyzed and the canonical functions
computed.

Table I.  Percentage of Cheddar cheese classified into particular age groups
on the basis of computed canonical scores

Labeled A i T

Age Mild Medium Sharp Extra-sharp
Mild 833 0.0 16.7 0.0
Medium 16.7 833 0.0 0.0
Sharp 18.2 0.0 54.5 273
Extra-Sharp 20.0 0.0 0.0 80.0
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Source of Free Fatty Acids in Cheddar Cheese. The free fatty acids in cheese are
derived from two major sources: (a) breakdown of milk fat by lipolysis and (b)
metabolism of carbohydrates and amino acids by bacteria (36). Nakae and Elliott
(37) demonstrated that the free fatty acids from acetic to caproic can be produced
from casein hydrolysates, but the bulk of evidence indicates that lipolysis is the
principal contributor of free fatty acids with chain lengths of C4 and greater (38,
30). The origins of lipase that causes lipolysis in cheese can include indigenous
milk lipase (lipoprotein lipase), contaminant bacteria in the cheese milk, culture
bacteria, and contaminant bacteria from the cheese-making process. The source of
lipase is extremely important in terms of its specificity toward milk fat triglycerides
(8). For example, lipoprotein lipase is nonspecific; it releases fatty acids in nearly
the same proportions that are found in milk. On the other hand, microbial lipases
may or may not be specific, depending on their sources. Kwak et al. (29)
demonstrated patterns of the preferential release of short-chain fatty acids from milk
fat by various sources of lipase. According to their results, lipases of ruminant-
animal origins showed an extremely high ratio of butyric acid but low ratios of
caprylic and capric acids. Pseudomonas fluorescens and all porcine lipases showed
no extremes in ratios of the fatty acids liberated. Lipases from molds and
Chromobacterium viscosum produced lower ratios of butyric acid than other groups
but a higher ratio of capric acid.

Indigenous Milk Lipase. Lipoprotein lipase is relatively unstable and can be
mostly inactivated by normal pasteurization (72°C for 16 s) of cheese milk.
However, pasteurization does not completely inactivate the enzyme. Shipe and
Senyk (25) suggested that heating milks to 76.6°C for 16 s would be needed to
prevent lipolyzed flavor problems during storage at 5°C for 7 days. Driessen (39)
investigated the heat resistance of milk lipoprotein lipase over the temperature
range of 50 to 70°C and reported a D value of 12 s at 72°C. These results suggest
that residual lipoprotein lipase can contribute to the lipolysis of milk fat in cheese
during ripening,

Lipase from Contaminant Bacteria in Cheese Milk Many of the
microorganisms that contaminate dairy products are lipolytic, i.e., they produce
lipase. The most common sources of lipase are psychrotrophic bacteria,
predominantly Pseudomonas species. The number of these organisms in milk
increases during storage and may produce significant amounts of lipase after about
3 days. Many of these bacterial lipases are heat-resistant and may not be
inactivated by the pasteurization of milk for cheese making (8). These lipase not
only will be active against milk fat triglycerides during cheese ripening, but also
may cause serious lipolyzed off-flavor in cheese. This is because microbial lipases
may produce unusually high levels of free fatty acids as well as release different
ratios of fatty acids that found in milk fat as discussed previously. Law et al. (40)
reported that strong lipolytic off-flavor was observed in cheese when butyric acid
and medium-chain fatty acids were released from milk fat by Pseudomonas
Sluorescens lipase.
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Lipase from Culture Organisms. Lactic culture bacteria are capable of weakly
hydrolyzing milk fat during cheese making and the subsequent ripening period.
Reiter et al. (41) reported that a slight increase of butyric acid and longer fatty
acids occurred during cheese making in every cheese with starter culture and
further small increases occurred during ripening. However, no increase occurred
in the content of these acids in cheese made with 3-gluconolactone, which was
used as an acid-producing agent. Similar results were observed by Fryer et al. (42).
In addition, some starter streptococci appeared to be more lipolytic than others.

Lipase from Contaminant Bacteria during Cheese Making. In dairy products,
microbial growth is frequently associated with post-manufacture lipolysis (43).
Fryer et al. (42) speculated that an important part of the cheese microflora is
derived from the air or from dairy equipment during cheese making. This is
supported by the fact that cheese made under aseptic conditions yielded lower
concentrations of free fatty acids (40)

Conclusions

Although concentrations of free fatty acids in UHT milk increase as a function of
storage time and temperature, their influence on milk flavor appears to be relatively
small. This is because most fatty acids released are long-chain fatty acids, and the
concentrations of short-chain free fatty acids are well below their reported threshold
values. However, if nonspecific bacterial lipase were present, the concentrations
of short-chain free fatty acids would be increased much more than usual and would
adversely affect milk flavor. Apparently, two different types of lipase are involved
in liberating fatty acids from milk fat triglycerides. One is associated with an
aqueous centrifugal fraction, which is nonspecific, perhaps lipoprotein lipase,
whereas the other is associated with a cream fraction and is preferential toward
long-chain fatty acids, suggesting a microbial origin.

The concentrations of free fatty acids reported by different investigators for
Cheddar cheese vary considerably. However, analysis of commercial cheese
samples from different manufacturers indicated a general trend of increasing
concentrations of free fatty acids as the age of the cheese increases. It is possible
that free fatty acid concentrations could be used for identifying the age of cheese
if a large pool of samples were analyzed and canonical functions were computed.
Because patterns of releasing fatty acids are different from one lipase source to
another, the source of lipase is extremely important in cheese for balancing flavor
characteristics exerted by individual free fatty acids. Ratios as well as
concentrations of free fatty acids could be important parameters for determining
cheese flavor characteristics.

Acknowledgments

The author is indebted to his former graduate students, particularly I. W. Choi and
G. S. Zink, for part of the data presented in this manuscript. This work has been
supported by Kansas Agricultural Experiment Station, Kansas State University,
contribution no. 93-450-B.

In Lipidsin Food Flavors, Ho, C., et d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Publication Date: July 7, 1994 | doi: 10.1021/bk-1994-0558.ch014

July 15, 2012 | http://pubs.acs.org

206

LIPIDS IN FOOD FLAVORS

Literature Cited

M

2
3)

@

)
©)

m

®
)
(10)
(1)

(12)
(13)
(14)
(15)
(16)
a”n
(18)
(19)
(20)
@n
(22

(23)
(24)

(25)
(26)

@7
(28)

Day, E. A. In Flavor Chemistry; Gould, R. F., Ed.; Advances in Chemistry
Series 56; American Chemical Society: Washington, DC, 1966, pp 94-120.
Kinsella, J. E. Chem. & Ind. (London) 1969, Jani 11, 36-42.

Kinsella, J. E.; Patton, S.; Dimick, P. S. *67, 14,
449-454,

Patton, S. In Symposium on Foods: Lipids and Their Oxidation; Schultz, H.
D.; Day, E. A,; Sinnhuber, R. O., Ed.; AVI Publishing Co., Inc.: Westport,
CT, 1962, pp 190-201.

Korycka-Dahl, M; Richardson, T. i 1980, 63, 1181-1198.
et R Fug, D. Y. C: Mani v . CHN
Soimfendiositn1986, 24, 1-51.

Shipe, W. F. In The Analysis and Control of Less Desirable Flavors in
Foods and Beverages; Charalambous, G., Ed.; Academic Press: New York,
NY, 1980, pp 201-239.

Jeon, I. J. In Food Taints and Off-Flavours; Saxby, M. J., Ed.; Blackie
Academic & Professional: Glasgow, UK, 1993, pp 122-149.

Walstra, P.; Jenness, R. Dairy Chemistry and Physics; John Wiley & Sons:
New York, NY, 1984; pp. 63-68.

Bills, D. D.; Scanlan, R. A,; Lindsay, R. C.; Sather, L. Jfugiltiniginl 969,
52, 1340-1345.

Scanlan, R. A,; Sather, L. A.; and Day, E. A. Jpligilsaiginl965, 48, 1582-
1584.

Kristofferson, T.; Gould, I. A. J. Dairy Sci. 1958, 41, 717. (Abstract)
Ohren, J. A,; Tuckey, S. L. J Ddiry Sci. 1965, 48, 765. (Abstract)

Patton, S. gdmiilimiaied 963, 46, 856-858.

Bills, D. D.; Day, E. A. Jduigilniigied 964, 47, 733-738.

Woo, A. H; Lindsay, R. C. ARG5S, 1102-1109.

Woo, A. H;; Kollodge, S.; Lindsay, R. C. migilalgion1984, 67, 874-878.
Earley, R. R.; Hansen, A. P. jmBinmiiind 982, 65, 11-16.

Rerkrai, S.; Jeon, I J.; Bassette, R. Jmigitinbgind 987, 70, 2046-2054.
Choi, I. W.; Jeon, L J. Juigilimtgind 993, 76, 78-85.

Adams, D. M; Brawley, T. gmiigitmtigio 981, 64, 1951-1957.

Anderson, R. E.; Danielsson, G.; Hedlund, C. B.; Svensson, G. J. Dairy Sci.
1981, 64, 375-379.

Driessen, F. M.; Stadhouders, J. NN 974, 28, 10-22.
Burton, H. Ultra-High-Temperature Processing of Milk and Milk Products.
Elsevier Appl. Sci.: London, UK, 1988; pp. 268.

Shipe, W. P.; Senyk, G. F. dmitmbaind 981, 64, 2146-2149.

Griffiths, M. W; Phillips, J. D.; Muir, D. D. J Appl. Bact. 1981, 50, 289-
303.

Fox, P. F.; Stepaniak, L. i 983, 50, 77-80.
Nelson, J. H. 72, 49, 559-562.

In Lipidsin Food Flavors, Ho, C., et d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Publication Date: July 7, 1994 | doi: 10.1021/bk-1994-0558.ch014

July 15, 2012 | http://pubs.acs.org

14. JEON  Flavor Chemistry of Dairy Lipids 207

(29)
(30)
D)
(32)

(33)
(34)

(35)

(36)
37
(39)

(39
(40)
@én

(42)
43)

Kwak, H. S.; Jeon, L. J.; Perng, S. K. jnlieadafiain1989, 54, 1559-1564.
Ohren, J. A.; Tuckey, S. L. jmbeinmiiainl 969, 52, 598-607.

Forss, D. A. J. Dairy Sci. 1969, 52, 832-840.

Arbige, M. V.; Freund, P. R,; Silver, S. C.; Zelko, J. T. isandufesiusal
1986, 40(4), 91-98.

Lin, J. C. C,; Jeon, L. J. Jinkeadaliaiml987, 52, 78-83 & 87.

Marsili, R. gneinmieinl 985, 68, 3155-3161.

Deeth, H. C.; Fitz-Gerald, C. H,; Snow, A. J. N. Z. NG
1983, 18, 13-20.

Aston, J. W.; Dulley, J. R. NGRS, 37, 59-64.

Nakae, T.; Elliot, J. A. Jimbeinmiainl 965, 48, 287-292.

Foda, E. A.; Hammond, E. G.; Reinbold, G. W.; Hotchkiss, D. K. Juldiie
Sci. 1974, 57, 1137-1142,

Driessen, F. M. NGRS, 235, 71-93.

Law, B. A.; Sharp, M. E.; Chapman, H. R. /ulsisslesslf?76, 43, 459-468.
Reiter, B.; Fryer, T. F.; Pickering, A.; Chapman, H. R.; Lawrence, R. C.;

Sharpe, E. M. jimiainsieend 967, 34, 257-272.

Fryer, T. F.; Reiter, B.; Lawrence, R. C. jmisismiiainl967, 50, 388-389.
Downey, W. K. jimbsisbassi 980, 47, 237-252.

RECEIVED November 4, 1993

In Lipidsin Food Flavors, Ho, C., et d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Publication Date: July 7, 1994 | doi: 10.1021/bk-1994-0558.ch015

July 15, 2012 | http://pubs.acs.org

Chapter 15
Flavor Chemistry of Fish Oil

Charles F. Lin

Missouri Development Center, Westreco Inc., Nestle S. A,
3916 Pettis Road, St. Joseph, MO 65403

Application of n-3 fatty acids as a health food supplement has been
recognized for many years. Unfortunately, the odor of fish oil is
the major factor limiting its food application. Trimethylamine
which characterizes the fishy odor in most marine fish is the
product of endogenous and bacteria enzyme catalyses. Products of
fish oil oxidation i.e. (EE, Z)-2,4,7-decatrienal, (E,Z Z)-2,4,7-
decatrienal and (Z)-4-heptenal also impart a fishy odor to oils.
Aldehydes have a green or plant-like note; ketones (1-octen-3-one)
have a metallic off-flavor. Short-chain unsaturated alcohol (1-
penten-3-0l) has a medicinal odor and others have a green
unpleasant odor. A deodorization process can remove almost all
compounds related to a fishy odor, or off-flavor in fish oils.
However, reversion flavor of fish oils during storage can generate
pentylfuran and aldehydes that have green and beany odors.

The existence of highly unstable characteristics in nature
and lack of antioxidants suitable for fish oil application have
encouraged both the food industry and the fish oil industry to adopt
new technologies that may provide us a new vision to utilize fish
oil in foods. This type of techniques will be discussed.

Since the use of sardine oil as a food ingredient was discontinued in the 1950s,
the FDA has determined that fish oils were totally new ingredients for human
foods. As a result, 90% of the fish oil produced in the United States was exported
to Europe as food oils and 10% was used domestically as nonfood ingredients

In June 1977, the United States Menhaden Industry and representatives of
the United States National Marine Fisheries Service (NMFS) formed a task force
to develop the strategy necessary to obtain approval of menhaden oil as an edible
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product. This petition took twelve years to find the final solution because a
comprehensive series of toxicological tests were required for the approval of fish
oils as food ingredients. Finally, on September 15, 1989, the FDA affirmed the
GRAS status of partially hydrogenated (PHMO) and hydrogenated menhaden oils
(HMO) for direct use as human food ingredients.

After solving the legal issue, the remaining question of using menhaden oil
as a food ingredient is its highly unstable tendency toward oxidative deterioration.
Lipid peroxidation in fish oils is a major degradative process responsible for the
deterioration of fish, fish products and fish oils during storage. Due to its high
polyunsaturated fatty acid content, fish oils are more susceptible than other fats
or oils to the development of rancidity during storage, either in pure form or with
food ingredients. This deficit, in turn, limits the direct use of fish oils as food
ingredients. At the present time in the U.S. market, lack of antioxidants which has
implicated the situation of fish oil application.

This disadvantage, however, may be overshadowed by another discovery
that dietary oils contain eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), which correlate to the reduction of human cardiovascular risks. Menhaden
oil, with a content of 14.16% EPA and 10.26% DHA (Table I), has recently
become a much more valuable ingredient than any other product of the fish oil
industry. This, in turn, has directly affected economic growth in the United States
since menhaden oils have contributed 99% of total fish oil production. In 1986,
the United States exported unrefined menhaden oil to Europe at $0.01-0.015/1b.
After European refining, we then imported EPA and DHA capsules at $170/1b.
The United States spent a total of 150 million dollars on EPA and DHA to satisfy
the health-conscious consumers market (2). This expenditure has increased about
7% annually, with an estimated $240 million for 1993.

As a food industry manufacturer, it will always be our job to give
consumers what they want. Therefore, new concept must be continually evaluated
and new market strategies must be carefully developed. Implementation of the use
of EPA and DHA, with a convenient entrees into the market, will increase
attractiveness of existing product lines and this, in turn, may ensure successful
penetration of new "value added" products. In a highly competitive market,
manufacturers should be able to utilize EPA and DHA to differentiate products
between a specific brand name and their competitors.

Unfortunately, at the present time, the lack of a breakthrough has caused
a technological lag using EPA/DHA as a full commercial operation in the food
industry. Techniques such as the isolation of EPA and DHA from fish oils,
encapsulation and application methods are needed at this time. In this chapter,
technologies relating to industry implementation, as well as mechanism of
oxidative deterioration in fish oils, will be discussed.

Fish Oil Production in the United States

According to Stansby (3), whale oil was produced in the United States as early as
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Table L Fatty Acids Composition of Menhaden Qil (% by weight)

Fatty acids % by weight Fatty acids % by weight
C14:0 6.85 C20:0 0.17
C15:0 0.46 C20:1 1.48
Cl16:0 14.83 C20:2 0.18
Cl16:1 9.74 C20:3 0.37
C16:2 1.62 C20:4 2.09
C16:3 1.51 C20:5° 14.16
Cleé:4 1.53 C21:5 0.76
C17:0 038 C22:0 0.10
C18:0 2.55 C22:1 0.33
C18:1 9.58 C22:4 0.24
C18:2 1.93 C22:5 2.82
C18:3 1.48 C22:6™ 10.26
Ci8:4 3.09 C24:0 0.60
C19:0 0.00 C24:1 0.22

Eicosapentaenoic acid (EPH)
™ Docosahexaenoic acid (DHA)
Source: Zapata Haynie Co., P.0O. Box 175, Reedville, VA 22539, Reproduced
with permission.

in 1640; however, it was not until 1811 that the American fish oil industry
actually began in Rhode Island.

In 1950s, production of fish oil from Atlantic fisheries reached 130 to 180
million pounds annually, but in the 1960s, less than 0.5 million pounds a year
were produced. On the west coast of the United States, Pacific Ocean fishing
depended on sardines for fish oil and production reached peak levels of 45,000
Mt/year in the 1930s and 1940s (3). Most of the sardine oil was processed into
food oils for margarine and shortening. Since shortening prepared by sardine oil
permitted a higher sugar:flour ratio without altering the final texture of the
product, this type of shortening was in great demand in the baking industry during
that period. Unexpectedly, in the early 1950s, the disappearance of the Pacific
sardine ceased the use of fish oil as an edible oil (). Since then, about 90% of
fish oil produced in the United States has exported to Europe as food oils, and
10% has remained in the domestic market as nonfood oils (1,2). This situation
continued until September 15, 1989 when the FDA affirmed the GRAS status of
partially hydrogenated and hydrogenated menhaden oils which could be directly
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used as human food ingredients. This approval represents a milestone for the fish
oil industry and reopens the door to using fish oil in the human food industry.

Fish Oil Processing in the United States

Traditionally, in the United States fish industry, there are three steps to obtain fish
oil. After arriving at the processing facility, the fish is cooked in a steam jacketed
vessel for 1 to 6 hours. The second step is the mechanical pressing of the cooked
fish to separate the liquid phase from the solid phase. The liquid phase is further
processed under centrifugation to obtain crude fish oil. This oil contains some
types of impurities for which physical, chemical and thermal methods are
necessary for purification (Table II). Several methods have been reported to
remove these impurities (5-7).

After physical purification such as storage and degumming, off-flavor
compounds at ppb levels are still found in fish oils. These off-flavor compounds
are further removed by alkali refining, clay bleaching and steam deodorization.

Past and Present Food/Medicine Uses of Fish Oils

Past Food/Medicine Uses of Fish Oil. Fish oils have been used as food
ingredients in Iceland, Greenland, Norway and Scotland for thousands of years.
Due to its therapeutic value, cod liver oil was used as a curative medicine to help
alleviate the cause of night blindness as early as 1657. From 1752 to 1784, this
oil was effective in treating arthritis in England. In 1890, cod liver oil was used
to treat children suffering from rickets in the United States.

Food uses of fish oils in the United States started in 1920s with annual
consumption of sardine oil about 50 tons. At the end of 1920s, total consumption
of sardine oil was 8,000 tons/year. In 1936, annual consumption jumped to
20,000 tons and in 1940, 50,000 tons. During peak consumption years (1940s),
75,000 tons of fish oil had been processed for use in margarine and shortening in
the United States (2).

In 1951, shortly after the disappearance of the California sardine, the FDA
issued a regulation that fish oil was not to be included in the list of acceptable
ingredients for foods (2).

Present Food Uses of Fish Oils. Most of the world's fish oil production, 1.5
million metric tons, is used in Europe, South America and Japan for the
manufacture of salad oils, frying fats, table margarines, low-calorie spreads, baking
fats and emulsifiers. In food systems, the B-prime form of fish oils will remain
stable and experience no crystal growth during storage. Therefore, margarine and
shortening made with PHMO will retain their smoothness and plasticity. PHMOs
also have steep melting curves and impart a nice cool feeling on the palate (8).
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Table IL Impurities in Crude Fish Oil and Methods Associated to Purification
in Fish Oil Industry

Methods Used Impurities to be Removed

—

Storage Insoluble impurities
2. Degumming Phospholipids
Sugars
Resins
Proteinaceous compounds
Trace metals
3. Alkali refining Free fatty acids
Pigments
Phospholipids
0Oil insolubles
Water solubles
Trace metals
4. Washing Soaps
Drying Water
6. Bleaching Pigments
Oxidation products
Trace metals
Sulfur-containing compounds
Trace soaps
7. Steam deodorization Free fatty acids
Mono- and diglycerides
Aldehydes
Ketones
Chlorinated hydrocarbons
Pigment derived products
Cholesterol
Environmental contamination
8. Fractionation Higher-melting triglycerides
9. Hydrogenation Reduce the level of polyunsaturates
10. Interesterification Rearrangement of the triglycerides
11. Vacuum stripping Cholesterol
Environmental contamination
12. Low-temperature Cholesterol crystallization
Environmental contamination
13. Superecritical fluid Cholesterol extraction
Environmental contamination

e

Reproduced with permission from Reference 5. Copyright 1990.
Chapman & Hall.

In Lipidsin Food Flavors, Ho, C., et d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Publication Date: July 7, 1994 | doi: 10.1021/bk-1994-0558.ch015

July 15, 2012 | http://pubs.acs.org

15. LIN  Flavor Chemistry of Fish Oil 213

Informative Fish Qil Chemistry

In order to explain the reason that fish oils are much more labile than common
vegetable oils, basic oil chemistry such as oxidation rate, induction period and
oxygen uptake were determined and reported by several researchers (9-10). The
relative oxidation rates of fatty esters at 36.5°C were found to be highly correlated
to its molecular unsaturation i.e. oleate (1.0), Linoleate (8.0), Linolenate (21.7) and
EPA+DHA (39.1). Relative oxygen uptake (first two days in air) of oleate,
linoleate, linolenate, EPA and DHA were < 1, 1, 99, 743 and 948, respectively.
Induction periods (90 lux at 5°C) were also related to degree of unsaturation of
fatty esters. Oleate was found more than 100 days (estimated) and linoleate,
linolenate and EPA+DHA, 50, 20 and 4 days, respectively (/7).

The high oxidation rates of EPA and DHA and the instability of their
hydroperoxides caused the rapid formation of secondary products such as volatile
aldehydes and other compounds which, in turn, impart flavor reversion in fish oils

11).
Mechanism of Lipid Oxidation in Fish Membranes

Membrane Lipid Oxidation. It is generally accepted that lipid peroxidation in
meat is initiated at the membrane level, and that the phospholipids in the
membranes are the primary centers for the initiation of peroxidation (12). The
localization of relatively large amounts of polyunsaturated fatty acids in the
membranes of mitochondria, microsomes and lipoproteins make them highly
vulnerable to peroxidative changes (13). Prooxidants such as oxygen, peroxidase
enzymes (/4), heme and nonheme iron (15), hydrogen peroxide, and superoxide
radicals (16) are normally present in muscle cells. These endogenous compounds
play an important role in the formation of the primary pool of biological catalysts
in muscle tissues.

Molenaar et al. (17) proposed that a-tocopherol is located adjacent to
membrane-bond enzymes such as reduced nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase. In membranes, the arachidonyl residue of the
phospholipids forms a complex with the phytyl chain of the tocopherol molecule.
Thus, the chromanol ring of the a-tocopherol is in contact with the NADPH
oxidase.

The unsaturated fatty acids surrounding the oxidases are exposed to free
radical attack, but are protected by the redox function of the chromanol ring of the
a-tocopherol molecule. Because the range of action of a free radical is about 3
nm, o-tocopherol molecules are only needed directly adjacent to the oxidases that
produce free radicals (17).

In the cytosol of a cell, the superoxide anion, being produced by NADPH
oxidase, interacts with hydrogen ions to produce hydrogen peroxide, which is then
distributed in both the aqueous and membrane phases of the cell (18). In the
aqueous phase, glutathione peroxidase and catalase destroy most of the hydrogen
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peroxide formed. The remaining hydrogen peroxide may move into the
membranes and react with superoxide anion to form the hydroxy radical (OH).
Membrane-bound a-tocopherol can trap hydroxy radicals as quickly as they are
formed. Otherwise, this extremely reactive radical may initiate peroxidation of
membrane lipids (18).

Based on high polyunsaturated fatty acids content in the fish membrane,
a proposed mechanism for lipid peroxidation in the fish tissue is initiated in the
membrane-bound lipids. This mechanism has been proven in other species such
as chicken and swine (19) while in fish, solid data have not been generated yet.

Enzyme Mediation of Fish Oil Deterioration. It is believed that three endogenous
enzymes of fish tissue i.e. lipoxygenases (20-21), NADH-dependent microsomal
oxidase (22) and myeloperoxidase (23) are able to initiate deterioration of
unsaturated fish lipids. Hydroperoxide is the primary product following
degradation products.

Lipoxygenases. Of particular interest among the three endogenous enzymes is
lipoxygenases which mediate long-chain n-3 fatty acids to produce specific
compounds such as 2,4,7-decatrienal isomers, and cause a characteristic fishy odor.
This enzyme also mediate polyunsaturated fatty acids to form volatile alcohols and
carbonyls in freshly harvested fish (Table III) (21).

End products of lipoxygenases are hexanal, unsaturated C; or C, alcohols,
unsaturated C, aldehydes, such as 2-nonenal, 2,6-nonadienal and 3,6-nonadienal.
Some of these compounds may pass into oils from rendering and are responsible
for the green, melon-like and green-cucumber note in fish oils. Some of
unsaturated C, and C; carbonyls and alcohols impart a plant-like note to fish oils.

Therefore, lipoxygenase-mediated reaction makes the fish oils unacceptable
as edible oils. At the same time, this reaction reduces the nutritional benefit of
EPA and DHA as a human dietary supplement, along with their market values.

Myeloperoxidase. This enzyme initiates the degradation process of fish tissue to
form superoxide anions and hydrogen peroxide which, in turn, randomly attack the
olefin bonds of fish lipids (23).

NADH-dependent oxidase. In the microsome membrane, this enzyme requires
ADP and iron ions to initiate hydroperoxidation. Machlin (18) reported that the
initiation of membrane lipid oxidation included superoxide anion and hydroxyl
free radical production. The process of initiation requires other ingredients to
participate such as oxygen, hydrogen peroxide, redox glutathione, NADP/NADPH
and iron ions. Of cause, in the live cell membranes, different redox enzymes such
as glutathione peroxidase, xanthine oxidase and superoxide dismutase are
presented and also involved in the initiation of membrane lipid oxidation.
Products of this type of oxidation are listed in Table IV.
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in Freshly Harvested Fish
Compounds Amount (ppb)
Alcohols
1-penten-3-ol 3-30
(Z)-3-hexen-1-ol 1-10
1-octen-3-ol 10-1000
1,5-octadien-3-ol 10-100
2-octen-1-o0l 1-20
2,5-octadien-1-o0l 1-20
6-nonen-1-ol 0-15
3,6-nonadien-1-ol 0-15
Carbonyls
Hexanal 10-100
(E)-2-hexenal 1-10
1-octen-3-one 0.1-10
1,5-octadien-3-one 0.1-5
2-octenal 0.1-5
(E)-2-nonenal 0-25
(E,Z)-2,6-nonadienal 0-35
6-nonenal trace
3,6-nonadienal trace

SOURCE: Adapted from ref. 21. Copyright 1986, American Chemical Society.

Table IV. Carbonyls Identified in Ice Stored Fresh Fish Generated by

Enzyme-mediate Oxidative Degradation

Carbonyls Amount (ppb)
Hexanal 2
(E,Z)-2,4-heptadienal 1-10
(E,E)-2,4-heptadienal 1-10
(E,Z)-3,5-octadien-2-one 0.1-2
(E,E)-3,5-octadien-2-one 0.1-2
(E,Z)-2,4-decadienal 1-5
(E,E)-2,4-decadienal 1-5

SOURCE: Adapted from ref. 21. Copyright 1986, American Chemical Society.
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Determination of Fish Freshness by Trimethylamine. As in their digestive process
for osmoregulation, most species of marine fish produce trimethylamine oxide
(TMO). After harvesting, in fresh or iced fish, bacteria enzymes mediate the
reaction of TMO to trimethylamine (TMA). On the other hand, in frozen fish,
endogenous enzymes and lipoxygenases catalyze the reduction process of TMO
to dimethylamine (DMA) (24-27). TMA has fishy odor at 1:1,500 and 1:8,000
dilution (28) and is related to the acceptance/quality/market value of the fish.
Concentration of TMA in fish depends on the time and temperature of storage as
does the microbes load.

The concentration of TMA in fish tissue can be determined either through
chemical analysis or gas chromatography (GC). Dyer and Monsey (29)
demonstrated a colorimetric method in 1945 which was the earliest and most
widely used form of chemical analysis. Many variations are available in the
literature, but still retain the same concept of chemical reaction and color
development. Recently, Hiatt (30), Lundstrom and Racicot (27) and Krzymien and
Elias (31) described another method for quick determination of TMA in fish tissue
by GC. By adding n-propylamine (100 ng) as the internal standard, sampling and
analysis are completed in less 5 min (31).

After rendering and steam deodorization (200-208°C, 6% w/w steam, 3 hr),
almost all DMA and TMA in fish tissue will be either destroyed or removed.

Mechanism of Lipid Autoxidation in Fish Qils

Singlet Oxygen. Singlet oxygen exerts a nonselective interaction of any olefin
bonds in unsaturated systems. This initiation involves photosensitizers that allow
spin conversion to occur. Spin inversion increases the energy state of molecular.
oxygen to form the higher energy singlet state that allows direct olefinic
interaction at random processes during initiation (32).

Natural photosensitizers in fish tissue include porphyrin ring structures,
such as heme and chlorophyll, which pass into oil through rendering. The
menhaden fish is primarily a phytoplankton feeder which can easily contaminate
residual chlorophyll in oils from its stomach contents.

Farmer-type autoxidation. Autoxidation of fish oil initiated by Farmer-type
hydrogenation-abstraction can generate free radicals and start oxidative degradation
of fatty acids. This nonenzymic oxidation accounts for a large portion of the off-
flavor after fish oil processing and following storage. Primary products of this
reaction are hydroperoxides and, in turn, these compounds lead to forming
carbonyl compounds, such as ketones and aldehydes, alcohols and cyclic
compounds. The typical secondary products of these hydroperoxides are 2,4,7-
decatrienal isomers which introduce a fishy odor into oil at low concentrations
(33). Products of this type of autoxidation are listed in Table V.
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Table V. Volatile Compounds in the Dynamic Headspace of Gulf Menhaden Oil

Samples from Refining and Deodorization

Step 1 Step I Step III
Compounds Ret. Crude % of % of % of
time Area % crude crude crude

Alkanes
Octane 6.5 1.31 23 53 3
Nonane 8.5 0.71 46 63 0
Decane 13.3 1.02 42 75 0
Undecane 224 1.33 34 75 0
Dodecane 35.2 2.12 28 72 0
Tridecane 49.1 2.22 85 170 0
Teradecane 62.5 1.55 127 127 t
Pentadecane 76.1 8.34 160 112 2
Hexadecane 88.3 0.65 97 41 2
Heptadecane 101.1 12.71 40 2 0
Octadecane 112.5 0.12 0 0 0
Nonadecane 123.6 0 0 0 0
Alcohols
2-Propanol 9.8 0.45 21 70 t
2-Pentanol 24.5 0.09 11 29 0
1-Butanol 28.9 0.22 12 28 t
1-Pentanol 41.8 0.13 22 0 0
1-Hexen-3-ol 42.6 091 8 37 0
(E)-2-Penten-1-ol 50.8 0.02 0 0 0
1-Hexanol 56.3 0.94 17 119 0
2-Hexen-1-o0l 63.5 0.62 10 4 0
1-Octen-3-o0l 69.4 0.22 119 40 0
2-Nonanol 80.1 0.13 52 25 0
1-Octanol 83.4 0.04 0 0 0
1,2-Propanediol 86.2 0.29 - - *
3,5-Octadien-2-ol 90.6 0.12 61 34 0
2-Undecanol 103.5 0.22 54 0 0
1-Decanol 106.2 0.31 22 0 0
1-Dodecanol 129.6 0 - - -
Phenol 135.4 0 - - -

Continued on next page.
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Table V. Continued

Step 1 Step I Step III

Compounds Ret. Crude % of % of % of
time Area % crude crude crude
Aldehydes
n-Butanal 8.2 0.97 12 47 1
n-Pentanal 123 0.82 28 79 t
(Z)-2-Butenal 17.1 0.55 12 63 0
n-Hexanal 212 1.56 22 58 2
(Z)-2-Pentenal 26.8 1.48 11 42 0
n-Heptanal 336 1.42 15 38 t
(E)-2-Hexenal 379 0.97 13 43 0
(E)-4-Heptenal 413 0.24 38 160 0
n-Octanal 475 0.61 17 58 t
(E)-2-Heptenal 52.1 0.31 20 54 0
n-Nonanal 61.7 0.51 51 74 0
2,4-Hexadienal 63.1 0 - - -
(Z)-2-Octenal 63.9 0.13 96 115 0
(E)-2-Octenal 66.3 043 5 33 0
2,4-Heptadienal® 71.2 0.69 51 29 0
n-Decanal 74.1 0.15 26 38 0
2,4-Heptadienal® 74.8 1.39 54 17 0
Benzaldehyde 78.5 0.34 27 21 5
(E)-2-Nonenal 80.5 0.14 74 46 0
(Z2)-4-Decenal 81.5 0.14 62 110 0
2,4-Octadienal 83.5 0.11 43 12 0
2,6-Nonadienal® 86.6 0.06 133 0 0
2,4-Octadienal 87.1 0.34 24 24 0
(E)-4-Decenal 94.3 0.02 0 0 0
2,4-Nonadienal 99.3 0 - - -
2,4-Nonadienal 103.1 0 - - -
2,4-Decadienal 107.4 0.04 0 0 0
2,4-Decadienal 112.1 0.12 0 0 0
2,4-Undecadienal® 113.8 0 - - -
Nonatrienal® 121.2 0 - - -
Nonatrienal® 123.2 0.03 0 0 0
Decatrienal® 130.4 0 0 0 0
Decatrienal® 133.5 0 0 0 0
Continued on next page
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Step I Step I Step III
Compounds Ret. Crude % of % of % of
time Area % crude crude crude
Ketones
2-Propanone 53 18.11 - - -
2-Butanone 6.9 0.64 9 51 0
1-Penten-3-one 15.3 0.95 21 51 0
3-Hexanone 17.6 0.38 11 80 0
2,3-Pentanedione 19.1 0.25 11 37 0
2,3-Hexanedione 273 0.05 95 415 0
3-Heptanone 30.8 2.77 18 37 0
3-Nonanone 529 2.35 - - -
3-Methyl-2,4-
pentanedione 61.1 023 14 41 0
3-Nonen-2-one 719 0.22 62 124 1
Octadien-2-one 845 0.08 21 74 0
Acetophenone 95.2 0.21 56 31 0
2-Ethylpentanone 105.6 0.08 0 0 0
Aromatic Hydrocarbons
Benzene 104 0.46 21 34 3
Toluene 16.8 0.28 18 62 4
Ethylbenzene 25.8 0.06 34 191 0
p-Xylene 26.1 0.01 16 288 0
m-Xylene 278 0.21 27 40 0
0-Xylene 33.2 0.11 28 174 0
Propylbenzene 36.1 0.15 49 45 0
c3-Alkylbenzene 382 0.18 0 0 0
4-Ethyltoluene 38.9 0.22 118 63 0
1,3,5-Trimethylbenzene41.1 0.21 0 0 0
2-Ethyltoluene 441 0.89 36 79 0
4-isoPropyltoluene  45.6 0.31 33 92 0
1,2,4-Trimethylbenzene46.1 0.24 10 21 0
3-isoPropyltoluene  49.5 2.36 22 50 0
1,4-Diethylbenzene  50.1 0 - - -
c3-Alkylbenzene 52.7 0.07 72 244 0
1,2-Diethylbenzene  53.3 0.04 125 402 0
1,2,3-Trimethylbenzene53.9 0.23 22 20 0
Continued on next page
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Table V. Continued

Step I Step I Step III

Compounds Ret. Crude % of % of % of
time Area % crude crude crude

Aromatic Hydrocarbons - continued
2-Ethyl-1,4-dimethyl-

benzene 579 0 - - -
c5-Alkylbenzene 59.1 0.11 0 0 0
c4-Alkylbenzene 60.2 0.11 0 0 0
1,2,4-Trimethylbenzene66.1 0.01 119 68 0
1,4-Dichlorobenzene 68.1 0.34 66 64 68
c4-Alkylbenzene 73.7 0.09 0 0 0
1,2,3,4-Tetramethyl-

benzene 753 0.04 86 9 0
Miscellaneous
2-Ethylfuran 10.9 3.95 23 34 t
Chloroform 12.9 0.43 - - *
Dimethyldisulfide 20.2 0.23 14 0 0
Limonene 345 0.18 0 0 0

* Configuration of geometric isomers were not determined.

* : Compounds present only in the Step III samples.

% : Area/Area of crude oil x 100

- : Compounds were not detected in the samples.

t : Trace amount present (< 1%)

Step I: Alkali-refined.

Step II : Alkali-refined/clay-bleached.

Step III : Alkali-refined/clay-bleached/steam-deodorized with 0.1% Tenox 20A.
SOURCE: Adapted from ref. 39. Copyright 1990, Institute of Food Technologists.
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Purification of Menhaden Oils

Materials. Crude menhaden oils were recovered by a centrifugal separator from
the oil phase of a pressed liquor which was obtained after mechanical pressing of
steam-cooked menhaden fish. The crude oils were processed in sequence as
follows:

Refining Steps Method used
1. Alkali refining AOCS Method Ca-9a-52 (34)
2. Clay bleaching Tonsil Optimum FF(S) activated leaching
clay

3. Steam deodorization 200-208°C steam, 6% w/w, 3 hr

Monitor of purification by Dynamic Headspace Sampling (DHS). Volatile
components in fish oils were collected with a dynamic headspace sampler
consisting of a Tekmar 4200/4000 (Cincinnati, OH) system. Fish oils (0.1g) were
purged at ambient temperature with helium gas (99.999%) at a flow rate of 40
ml/min for 2 min to remove any oxygen inside the sample tube. Then, samples
were heated and maintained at 65°C for 30 min to allow the volatile compounds
to be purged and absorbed into a trap cartridge containing Tenax TA (0.3g, 60/80
mesh, Chrompack Inc., Raritan, NJ). Volatiles trapped in the Tenax TA were then
flash-desorbed at 185°C with a helium flow rate of 40 ml/min, and cryogenically
(liquid nitrogen) focused in a fused silica capillary column prior to
chromatography.

Determination of Volatile Compounds by Gas Chromatography/Mass Spectrometry
(GC/MS). Separation and determination of volatile components in fish oils were
performed on a fused silica capillary column (Supelcowax 10, 60 m x 0.25 mm
i.d. x 0.25 pum film thickness) installed in a Hewlett-Packard 5792A GC (Palo
Alto, CA). Helium gas at a linear velocity of 25 cm/sec was used as the carrier
gas. The column temperature was programmed from 40°C, held for 5 min,
increased to 175°C at 1°C/min, further increased to 195°C at 5°C/min, and then
maintained at 195°C until the end of the GC run.

A mass selective detector (HP 5970B MSD) was used for mass
spectrometry. The MS ion source temperature was 200°C; electron ionization
energy was 70 eV; and the GC/MSD capillary direct interface temperature was
195°C.

Efficiency of removing volatile compounds from fish oils. A series of alkanals,
alkenals, alkadienals and alkatrienals were determined by DHS/GC/MS in crude
menhaden oils (Table V). Most of these aldehydes contributed to the
characteristic oxidized oily odors, such as green grassy, waxy, and rancid in the
crude oils ( Table VI). Alkatrienals i.e. nonatrienals and decatrienals, were also
found at ppb levels in the dynamic headspace of the crude oils. Deca-2,4,7-trienal
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Table VL. Odor Characteristics of Individual Compound from Crude Menhaden

Oil

Odor Characteristics

Compound Names

Major note Minor note
Green Cut grass Hexanal
Greasy (E)-2-penenal
Greasy (E)-2-heptenal
Waxy Heptanal
Oily (E)-2-hexenal
Vegetable 2,4-Heptadienal
Fruity Decanal
Pesticidelike Benzene
1,3,5-Trimethylbenzene
1,2,4-Trimethylbenzene
1,2,3-Trimethylbenzene
Fatty Floral Nonanal
Citrus Decanal
Waxy Nonenal
Fruity Cherry Benzaldehyde
Waxy (E)-2-octenal
Citrus 2-Nonanone
Acid Vinegarlike Acetic acid
Astringent Propanoic acid
Oxidized Oily 2,4-Decadienal
Oily Nonatrienal isomers
Fishy Decatrienal isomers
Others Painty (E)-2-butenal
Cooling 3-Heptanone
Dirty socks Isobutanoic acid
Dirty socks Butanoic acid
Parmesan cheese Pentanoic acid
Sweaty socks Hexanoic acid
Medicinal Phenol
Metallic 1-Octene-3-one

SOURCE: Adapted from ref. 37. Copyright 1989, American Oil Chemists' Society.
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isomers were the key compounds responsible for a strong fishy odor in the crude
oil. This was consistent with the findings of Badings (35), Meijboom and Stroink
(33) and Hsieh et al. (36-37). Steam-deodorization (Step 3) can effectively
remove a total of 99% of most aldehydes in the oils (Table V).

Several alcohols, with a saturated chain from C, to C,, and an unsaturated
chain such as 1-hexen-3-ol, 2-penten-1-ol, 2-hexen-1-ol, 1-octen-3-ol and 3,5-
octadien-2-ol, were determined in the dynamic headspace of the crude oils (Table
V). Refining Step 1 and 2 removed 96% of volatile alcohols; Step 3, steam-
deodorization, took care of the rest (Figure 1).

A total of eleven ketones with different chain lengths were detected in
crude menhaden oils (Table V). Refining steps 1 and 2 had mixed rates of
removing ketones, and step 3 removed all ketones from crude oils (Figure 1).

Twenty benzene-containing compounds, suspected of environmental origin,
were detected in crude oils (Table V). These series of compounds were strong,
odor-contributing components and had to be eliminated from oils by a steam-
deodorization process (step 3). Benzene was the only compound in this family
determined by DHS/GC/MS in the deodorized oil. Since alkanes (C;-Cyq),
benzaldehyde, 1,4-dimethylbenzene, 1,4-dichlorobenzene, o-xylene, 1-ethyl-2-
methylbenzene, and phenol were found in the dynamic headspace of the plastic
container material (data not shown), it was determined that the benzene in the oil
most probably originated from plastic container.

Volatile acids from menhaden oils also can be determined by DHS/GC/MS.
Acetic, acrylic, propionic, crotonic, butyric and valeric acids were found in
menhaden oil samples by paper chromatography (38). In this experiment, C, to
C, acids were found in crude menhaden oils (data not shown).

Total ion chromatograms shown in Figure 1 indicates that monitoring
odorous volatiles by DHS/GC/MS can be very informative for the fish oil industry
and will aid in producing food-grade fish oils with minimum odor (39).

Antioxidant Systems

Antioxidant System in Fish Oils. Tenox 20A (0.1% w/w; E. Kodak, Kingsport,
TN) and citric acid (0.1%) were added to the deodorized menhaden oils as
antioxidants. Tenox 20A contains 20% t-butyl hydroquinone, 3% citric acid, 32%
glycerol monooleate, 15% propylene glycol, and 30% corn oil.

Other systems contained a-tocopherol. Trolox C and a-tocopherol are
quite successful in soybean oils but not in fish oils. Both a-tocopherol and Trolox
C are capable of donating a hydrogen atom radical from the hydroxyl group of the
chroman ring to quench free radicals in oxidizing lipid systems (40). In the initial
stage of free radical quenching, o-tocopherol readily donates its hydrogen atom
resulting in chroman-free radicals and is an effective competitor for abstraction of
hydrogen atoms from highly unsaturated fatty acids in fish oils. Formation of 1,5-
octadien-3-ol and 1,5-octadien-3-one in menhaden oil under accelerated conditions
was higher in the oil with a-tocopherol than the one without this antioxidant (41).
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Figure 1. Dynamic headspace gas chromatographic profiles of volatile
compounds in (1) crude, (2) alkali refined, (3) alkali refined and bleached, and (4)
alkali refined, bleached and deodorized menhaden oils.
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These authors reported that the H-donating character of the tocoperol provided the
direct precursors of the (E,Z,Z)-2,4,7-decatrienal, causing fishy flavors in fish
oils. On the other hand, fish oils without a-tocopherol produce (£ E,Z)-2,4,7-
decatrienal. These results, again, indicated that a-tocopherol may be not the right
antioxidant regarding oxidative degradation in fish oils. Therefore, creation of a
completely new antioxidant system is necessary in order to apply fish oil to foods.

Antioxidant Systems in Fish. Protection of minced menhaden fish from rancidity
during frozen storage was tested by Hwang and Regenstein in 1988 (42). Results
of their experiment had shown that ascorbic acid (0.5%) and erythorbic acid
(0.5%) had the best antioxidant activity compared to EDTA or citrate. The same
experiment also demonstrated that vacuum packing had outpaced Tenox (0.08%
TBHQ) while the samples without antioxidant were the least stable, but not as
significant as those samples with Tenox (0.02% TBHQ).

In the fish industry, eviscerated Atlantic cod was stored on ice containing
0.2% citric acid and 0.05% potassium sorbate for the purpose of extending shelf
life during transportation, up to 10 days beyond harvesting. Due to low pH and
mold growth inhibition, this system seemed quite successful for keeping fish fresh
during transportation (43).

Stability of Menhaden Qil

Storage of Menhaden Oil. In this experiment, deodorized menhaden oil, without
antioxidants, was kept under room temperature (21.1°C) and in a hot box (37.8°C)
for 20 days. Ten sensory panelists were recruited from different backgrounds
(dietary habits) who had prior experience in sensory evaluation of fishy odors
from seafoods. Fish oils were scored on a 5-point intensity scale as follows:

Description of fishy odor Scores
Very pronounced fishy 5
Pronounced fishy 4
Moderate fishy 3
Mild fishy® 2
Very mild fishy 1
Undetectable 0

* Rejection level

Without any antioxidants, the induction period of the deodorized menhaden
oils was 3 days at 21.1°C and less than 1 day at 37.8°C. At 19 days of storage,
menhaden oils at 21.1°C reached the mild-fishy level, causing rejection by our
panelists. On the other hand, rejection by the panelists occurred at only 5 days
for the samples stored at 37.8°C.

At eight days, menhaden oils at 37.8°C emitted a very strong fishy odor
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and the intensity was maintained about four days. Then, the strong fishy odor
became weaker and weaker, day after day. At the same time, the oxidized off-
flavor in the 37.8°C stored sample became stronger, day after day. Degradation
of compounds contributing to fishy odor, such as 2,4,7-decatrienal isomers
occurred at 12 days' storage at 37.8°C, and carbonyl compounds formed
accordingly.

Since shelf life of the deodorized menhaden oil was not long enough to
meet the criteria set by the food industry, creation of a desirable antioxidant
system for menhaden oils is necessary.

Storage of Cookies Containing Menhaden Oil. Deodorized menhaden oils, without
antioxidants, were incorporated into a molasses cookie recipe as listed in Table
VII. This mixture was baked at 190.6°C for 8 min. Cookies were packed in
tinted glass bottles and kept at room temperature (21.1°C), and in a hot box
(37.8°C) for 20 days.

Results indicate that the cookies stored at 21.1°C had mild-fishy odor and
became unacceptable at ten days, while 37.8°C stored samples, at seven days. The
combination of food ingredients and an oven-baking process caused menhaden oils
to be more vulnerable toward oxidative degradation.

Table VIL. Recipe of Molasses Sugar Cookies

Ingredients Volume measurement
All purpose flour 21/4 cup
Cinnamon sugar 1  teaspoon
Egg 1 whole
Ground cloves 172 teaspoon
Ground ginger 1  teaspoon
Molasses 1/4  cup

Salt 1/2  teaspoon
Soda 2 teaspoons
Sugar 1 cup
Deodorized menhaden oil* 3/4 cup

Add 1 cup sugar, molasses and egg into deodorized menhaden oil; mix well.
Combine flour, soda, salt and spices; add to sugar mixture, mixing until blended.
Shape dough into 1 inch balls and roll in sugar. Place 2 inches apart on greased
cookie sheet. Bake at 190.6°C for 8 minutes.

* Deodorized menhaden oil with no antioxidant.

Source: Zapata Haynie Co., P.O. Box 175, Reedville, VA 22539, Reproduced
with permission.
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Another experiment was designed to use 0.5% citric acid and 0.5%
ascorbic acid as antioxidants in deodorized menhaden oil and the rest of the
parameters remained the same as mentioned above. No fishy odor has been
determined by the panelists. Instead, they smelled an oxidized off-flavor from the
cookies. Induction period for the cookies stored at 21.1°C was eleven days, six
days longer than cookies without antioxidants. The cookies stored at 21.1°C was
detected to have a mild-oxidized off-flavor at seventeen days, seven days longer
than that of the cookies with menhaden oils containing no antioxidants. Cookies
at 37.8°C had an induction period of one day, the same as cookies without citric
acid and ascorbic acid. At this temperature, cookies with or without ascorbic acid
and citric acid reached the rejection level of off-flavor intensity (mild oxidized off-
flavor), and were the same for eight days. Considering the existence of such
unstable characteristic in nature, creation of a desirable antioxidant system for
menhaden oil is a must.

Industrial Prospective of Fish Qils

Recent increases in the public's awareness of possible health benefits in reducing
cardiovascular risks by supplementing dietary intake with n-3 polyunsaturated fatty
acids has created a large demand for EPA and DHA capsules. The majority of
purified fish oil, with a variety of EPA and DHA, has been imported from Japan
and Europe at approximately 150 million dollars at the consumer level in 1987,
and has increased 7% annually, with an estimated $240 million for 1993.

In the United States, the application of EPA and DHA to food items is a
totally new concept and has not been tested in the market yet. This is due to the
lack of commercially available EPA and DHA in the United States, and the lack
of technology to deal with extraction, protection and methods of utilization. The
following new technologies may provide us a new vision to utilize fish oil in food
systems.

Supercritical Fluids Extraction. According to Spinelli et al. (44), traditional
methods such as chemical and thermal processes for purifying fish oils are
detrimental to the relatively labile polyunsaturated fatty acids unique to fish oils.
Instead, Supercritical Fluid Extraction (SFE) is a superior alternative method
because it can effectively remove odor bodies, pigments, and off-flavor
compounds from fish oils with little changes in the fatty acid profile.

Under high pressure (1070 psi) and relatively low temperature (31°C), SFE
employs supercritical carbon dioxide to elute fatty acids based on their chain
length. Therefore, EPA and DHA in a fish oil matrix can be extracted and
concentrated by SFE processing and the rest of the oils, with low market value,
can be hydrogenated to increase its stability. Thus, the nutritional benefit of using
EPA and DHA in special foods can be maximized, and off-flavor caused by low
value fish oil in foods can be minimized.

Carbon dioxide is a nontoxic, nonflammable, and environmentall acceptable
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solvent. Moreover, carbon dioxide has normal boiling points that are well below
room temperature. Therefore, the target fatty acids, i.e. EPA and DHA extracted
by the SFE method are virtually free of solvent upon complete depressurization.
The most practical importance of carbon dioxide is its mild critical temperature
at 31°C by which thermally labile EPA and DHA can be fractionated without
having further deodorization (205°C, 3 hr).

Krukonis et al. (45) and Krukonis (46) described a prototype design for a
continuous countercurrent SFE process of EPA and DHA. Stout et al. (47)
published a simplified flow diagram of a plant at production scale of the
continuous-countercurrent SFE process. There are two columns with the first one
used to fractionate a light extract, C,; and C,;. The second was employed to
separate products of C,, and C,. In general terms, esters are continuously
introduced into the side of the first column where the ester contacts supercritical
carbon dioxide. The carbon dioxide stream, being introduced from the bottom of
the first column, would flow upward while the ester stream would flow downward
due to heavier density, that is, countercurrently.

The supercritical carbon dioxide strips the shorter-chain esters as soon as
they contact each other. At the same time, the down-flowing esters are
concentrated at the bottom of the first column with longer-chain esters, such as C,,
and C,, These components, in turn, are then fed into the side of the second
column from where they are contercurrently stripped and separated into C,,-rich
and C,-rich components. The more soluble C,, esters will be isolated as the
overhead product while C,, esters will be retained in the bottom of the second
column.

At the present time, technology has not been available to fractionate a
single n-3 ester of the same chain length within the same family, i.e. C,, or C,,
from the mixture in the SFE system. Fortunately, the C,, or C,, mixture at the
same ratio as in fish oil or 90% concentrated products, would be acceptable for
human foods enhancement. This may be not too difficult to accomplish by using
SFE system at a reasonable cost level.

Encapsulation of EPA and DHA. Both EPA and DHA obtained from the
fractionation of SFE methods are very sensitive to oxidative deterioration and must
be encapsulated within a functional covering that provides protection, convenience
and controlled release at a desired temperature and time.

When EPA and DHA are released at the outlet of the second column of the
SFE, they must be kept under vacuum condition and maintained at low
temperature. Next, they are mixed and surrounded by a water soluble coating
material (wall material) such as com syrup solid, a hydrocolloid and maltodextrin
or whey. Because the two phases are likely to be immiscible, an emulsifier, such
as egg or soy lecithin, is added to the suspensive solution. This solution is
homogenized and atomized into the heated nitrogen gas flow of a spray-dry
chamber. In the hot nitrogen gas, the EPA and DHA take on a spherical shape
as core-active-ingredients while the soluble material forms a capsule around the
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core portion by mass attraction and hardens as evaporation takes place. Small
emulsion droplets and the gentle physical condition of the spray drier are two
factors for successful encapsulation (48). The process parameters which have been
reported to affect the retention of core material during spray drying were described
by Reineccius (49).

Next, encapsulates (EPA and DHA) undergo another step of coating such
as Bed Fluidization. This method is useful for manufacturing and protecting EPA
or DHA from moisture and releasing at a specific temperature, i.e. microwave
heating right before serving. According to this method, the encapsulates are
placed in a chamber with an upward nitrogen gas current. As they travel
frequently to the spray head at the top of the chamber, they are coated repeatedly.
The successive thin layers get thicker as the particles cycle through the chamber
several times. At this juncture, the coating or wall materials are either a wax or
a fat which protect these active ingredients (EPA or DHA) from severe conditions
such as moisture, oxygen and metal ions of foods (48).

In an effort to meet food industry demands, production of EPA and DHA
is becoming more complex and high technology is required which includes the
discovery of a new wall material which functions as an uninterrupted film.

Aseptic Implementation. Since encapsulated EPA and DHA are not retort
temperature stable, aseptic implementation of these encapsulates into frozen
entrees has become a real challenge to food engineers. Fortunately, the food
industry does not require the encapsulated EPA and DHA to be evenly distributed
within the food matrix. Therefore, it is highly possible that encapsulated EPA and
DHA can be applied by a spotting method under frozen temperature.

At the present time, there is no technology available in the literature that
is ready for the food industry to start a full-time operation. Therefore, the fish oil
industry and the food industry must work together to design a cutting-edge
research to solve technical problems and to meet market demands.

Biotransaction of EPA/DHA to Meat System,

The consumption of fish or fish oils is believed to have much benefit to human
health, increasing the efficiency of the immune system and reducing the risk of
atherosclerosis. Unfortunately, there are many people who do not like fish, and
the objectionable odor of fish oils. This situation has put the fish oil industry into
a dilemma. To solve this problem, food scientists must find a way to fuse EPA
and DHA into a highly acceptable food system and obtain approval from the FDA.
This plan will utilize the techniques called "biological transaction”.

In the animal industry, alteration of lipid composition by dietary means has
already been developed, especially for poultry (27). Fatty acids from different
sources, i.e. coconut, soybean and linseed were successfully introduced into
chicken mitochondria, microsome and lipoprotein membranes by feed regimen
(27). Similarly, a proposed dietary supplement of good-quality of EPA and DHA
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in the feeds, also can be successfully transferred into chicken membrane lipids.
These type of meat would be beneficial to human health, minus any image of fish
or fish oils. Thus, the food industry could expect no resistance in launching these
products in the near future, nor be under any FDA restraints or regulations.

The last task we need to deal with is to create a protection system at the
subcellular membrane level, adjacent to EPA and DHA, in poultry meat. This is
because poultry meat tends to be more sensitive toward oxidative deterioration
during storage, from a feeding regimen of high polyunsaturated fatty acids (27).
Stabilization of membrane lipids can be obtained by incorporating a-tocopherol
into subcellular levels, adjacent to EPA and DHA, through dietary supplement.
This technique has been successfully accomplished by mixing 100 ppm o-
tocopherol acetate in feed 3 weeks before marketing, at a cost 3-5 cents per
chicken at a body wight 5 lbs (27).

Benefits should outweigh the costs since the food industry can market this
type of product as "Mighty Chicken", at a reasonable price. Overall, this
operation appears to be of particular value among consumers, the fish oil industry,
the animal industry and the food industry.

Conclusion

In the near future, there are two methods that may efficiently utilize fish oil in
food systems: High Key and Low Key. The "High Key" method should employ
high technology, such as Supercritical Fluid Extraction to isolate EPA and DHA
from fish oils, following encapsulation and aseptic implementation in the "value
added" convenient entrees. The rest of the fish oils, with low market value, will
be suitable for hydrogenation to increase their stability. The "Low Key" method
is the transfer of EPA and DHA into subcellular membranes of meat animals
(chicken, turkey or swine) by dietary means. Consumers would have benefit from
EPA and DHA by eating this type of meat and, simultaneously, maintain a clear
image of ingesting fish oil as a food ingredient.
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Chapter 16

Omega-3 Fatty Acid Composition and Stability
of Seal Lipids

Fereidoon Shahidi, J. Synowiecki, R. Amarowicz,
and Udaya Wanasundara

Department of Biochemistry, Memorial University of Newfoundland,
St. John’s, Newfoundland A1B 3X9, Canada

Blubber and intramuscular lipids of seal meat contain a large
proportion of highly unsaturated fatty acids (HUFA) of omega-3
type. The content of eicosapentaenoic acid (EPA, 20:5),
docosapentaenoic acid (DPA, 22:5) and docosahexaneoic acid
(DHA, 22:6) in mechanically separated seal meat (MSSM) was 6.9,
5.6 and 10.1%, respectively. Corresponding values for seal
blubber prepared by a low-temperature rendering process were
approximately 6.5, 4.3 and 8.8%, respectively. While the content
of polar lipids in seal blubber was 1.1%, its content in MSSM was
21.2%. The ratio of omega-3 to omega-6 fatty acids was
approximately 9.8 for blubber and 7.4 for meat lipids. Prolonged
heat processing of seal blubber brought about degradation and/or
isomerization of the sensitive HUFA. However, seal blubber oil
was more stable to oxidative changes than fish oil as evidenced by
weight gain data, conjugated dien and peroxide values.
Preservation of omega-3 fatty acids by either a low-temperature
processing or controlled rendering may be required to prevent their
quality deterioration and formation of undesirable flavors.

Seafood products play an important role in nutrition and health status of
humans. Polyunsaturated fatty acids (PUFA) have long been recognized as
desirable dietary components. The interest in long-chain omega-3 fatty acids
namely eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), which are
found abundantly in seafoods, began nearly 3 decades ago (I). These fatty acids
are considered essential because they cannot be synthesized by humans and must
be ingested in the diet (2). Greenland Eskimos consumed a considerable amount
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of seal meat and blubber and long-chain PUFA from these sources. The latter
compounds were found to be responsible for health-pro biochemical and
physiological changes in the body. The beneficial effects of PUFA have been
ascribed to their ability to lower serum triacylglycerols and cholesterol. While
DHA is essential for proper functioning of eye and may have a structural role in
the brain, EPA serves as a precursor to eicosanoid compounds. The eicosanoids
are hormone-like substances including prostaglandins, thromboxanes and
leukotrienes, which act on cellular messengers and metabolic regulators and are
produced by different cell types in response to physiological and non-physiological
stimuli. Eicosanoids are involved in such diverse physiopathologic and physiologic
processes as thrombosis, arteriosclerosis, inflammation, immune response, among
others. EPA has also been recognized as having therapeutic benefits in human
cardiovascular diseases (3). Docosapentaenoic acid (DPA) is an intermediary
species between EPA and DHA (4) which is found in high proportions in seal
blubber and intramuscular lipids and is also present in human milk (5). However,
little information is available on its epidemiological properties. Nonetheless, long
chain omega-3 fatty acids have been shown to possess beneficial effects in the
prevention, or possible treatment, of coronary heart diseases, diabetes, high blood
pressure, and autoimmune diseases (6). Beneficial physiological effects have also
been observed in the inflammatory area, related to treatment of asthma, arthritis,
migraine, psoriasis and nephritis. Potential applications have also been proposed
in treatment of cancer of breast, prostate and colon (7).

Long-chain omega-3 fatty acids of seal blubber are present mainly in 1-
and 3-positions of the triacylglycerol molecules. The omega-3 fatty acids of fish
oils are known to be randomly distributed and are more abundant in the 2-position
of the triacylglycerols. Therefore, seal blubber lipids may be assimilated more
effectively than fish oils.

Based on the current trends in hunting of harp seal (Phoca groenlandica),
approximately 1.2 million metric tons of blubber in annually available for
processing (8). However, the potential production of blubber oil, based on the
current 186,000 allowable catch is approximately 4 million metric tons. Hence,
it is prudent to fully utilize this readily available source of omega-3 PUFA.

Oxidative quality of marine oils is known to have significant effects on
their storage stability and nutritional value. Because of the presence of HUFA,
these oils easily undergo autoxidation during processing and storage, thus
producing a wide array of undesirable compounds such as hydroperoxides and
their breakdown products namely hydrocarbons, ketones, aldehydes, alcohols,
epoxides, etc. The relative rate of autoxidation of oleate, linoleate and linolenate
is reported to be in the order of 1:40-50:100 on the basis of oxygen uptake and
in the order of 1:12:25 on the basis of peroxide formation (9). Polyunsaturated
fatty acids, such as arachidonic acid, EPA and DHA, containing 4, 5, and 6
double bonds, respectively, are much less stable than linoleic and linolenic acids.
Arachidonic acid was reported to be oxidized 2.9 times faster than linoleic acid
(10). Ethyl esters of EPA and DHA were oxidized rapidly even at 5°C in the
dark after an induction period of 3-4 days, whereas the induction period of
linoleate and linolenate were 20 and 60 days, respectively. Similarly, oxygen
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uptake of EPA and DHA esters after induction period was 5.2 and 8.5 times faster
than that of ethyl linolenate (). Therefore, inhibition of oxidation is a major
criterion when marine oils are incorporated into food products. The toxicity
studies of oxidized oil has been of considerable interest for the last few decades.
Oxidation of oil results in the development of off-flavors which can be evaluated
by sensory tests. However, the routine evaluation of flavor by taste panels is
tedious, sometimes subjective, expensive and difficult to compare results from
different laboratories (12). Therefore, different chemical methods have been
suggested for assessing oxidative quality of oils either by measuring their primary
or secondary oxidation products (12,13). However, there is no information
available on the oxidative stability of seal oil with respect to other marine oils.

The present study was undertaken to examine the fatty acid composition
of seal blubber and intramuscular lipids. Since lipids are the major precursors
of aroma in muscle foods, the composition of lipids in meat and subcutaneous fat
play an important role in their oxidative deterioration and off-flavor development.
Hence, oxidative stability of blubber lipids was also studied.

Materials and Methods

Extraction of Seal Blubber and Intramuscular Lipid. Seal oil was prepared
from raw blubber of harp seal (Phoca groenlandica). In the laboratory, protein
residues were separated and after repeated washing, the resultant oil was treated
with a bicarbonate solution and washed again with water. The final product was
dried over anhydrous sodium sulfate. In the industrial scale, the blubber was
rendered using a steam injection process with subsequent removal of residues from
the bottom of the tanks and removal of oil by phase separation. The rendering
process took approximately 2.5 h at a temperature of 100°C. Intramuscular lipids
of seal meat were extracted into a chloroform-methanol-water mixture as described
by Bligh and Dyer (I4). Isolated lipids were quantified (I5) and used for
experimentation. ‘

Seal blubber and intramuscular lipids of meat, extracted according to Bligh
and Dyer (I4), were subjected to transmethylation in acidified methanol and
methyl esters so prepared were subsequently quantified as described elsewhere
(16). Separation of lipid classes was done according to Christe (16).

Sample Preparation. For weight gain studies, two grams of oil samples (in
triplicates) were placed in a petri dish, traces of water were removed in a vacuum
oven at 35°C, reweighed and stored in a forced air oven at 65°C. The weight
gain of sample was recorded at 24 h intervals. Twenty five millilitres of oil were
stored separately under the same conditions in small open glass containers for
other chemical analyses.

Official methods (7) were used for determination of peroxide value (PV),
2-thiobarbituric acid reactive substances (TBARS) and iodine value (IV). The
conjugated dienes (CD) and conjugated trienes (CT) were determined using
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IUPAC (18) methods of analyses. The cholesterol content of samples was
determined as described previously (15).

Results and Discussion

The contents of neutral and polar lipids as well as cholesterol in blubber
and intramuscular fat of harp seal (Phoca groenlandica) are summarized in Table
I. Approximately 98.9% of blubber lipids were composed of triacylglycerols.
However, presence of 21.2% polar components in seal intramuscular lipids
indicated the very lean nature of the meat; polar lipids are derived mainly from
structural components of cells. This corresponds well with low lipid content of
seal meat which averages between 1.8 and 2.7%. The total lipid content of raw
blubber was 95.5 +0.7%, of which 84.2 + 3.1% were recovered after aqueous
washing. Upon caustic refining and bleaching 71.1 + 3.7% refined, bleached seal
oil (RBSO) was obtained.

Table 1. Content of neutral and polar lipids, cholesterol and iodine
value seal blubber and intramuscular lipids

Component in 100 g sample Blubber Intramuscular Lipids

Neutral Lipids (g) 98.9 + 0.2 78.8 + 1.1
Polar Lipids (g) 1.1 £ 0.2 21.2 4+ 05
Cholesterol (mg) 105.7 + 22.0 -
Iodine Value (g) 146.3 £+ 1.0 -

Table II summarizes different classes of lipid fatty acids from mechanically
separated seal meat (MSSM). Corresponding results for seal blubber lipids are
shown in Table III. A close scrutiny of the data presented in Tables II and III
indicates that a) the content of HUFA in both subcutaneous and intramuscular
lipids of seal is in the order of DHA >EPA >DPA; b) more than 50% of lipids
in seal are monounsaturates; c) the ratio of the w3 to w6 polyunsaturates in the
neutral fraction is higher than that in the polar lipid; d) the ratio of saturates to
unsaturates is much higher in the polar fraction as compared with the neutral
fraction. Furthermore, the polar lipids of seal blubber and intramuscular lipids,
contrary to the general expectation, possessed less HUFA than the neutral
triacylglycerol components.

Figure 1 shows the effect of steam rendering over a period of 2.5 h, in an
industrial-scale operation (Carino Company, Dildo, NF), on the fatty acid
composition of seal blubber oil. The content of long chain omega-3 fatty acids
in the oil decrease progressively as the duration of heat processing increased.
Isomerization and/or oxidation of these highly sensitive fatty acids is contemplated.
Incorporation of a food-grade antioxidant/chelator system and/or low-temperature
processing of blubber is expected to minimize undesirable structural changes in
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the oil. In contrast to heat processing, caustic or bicarbonate refining of the oil
enhanced its content of long-chain omega-3 fatty acids. Possible removal of
saturated fatty acids by precipitation/crystallization might be involved (results not
shown).

Table II. Classes of lipids of mechanically separated seal meat

Fatty Acids, Area % Total Neutral Polar
Total Saturates (TS) 20.1 18.2 32.2
Total Unsaturates (TU) 79.9 81.8 67.8
Total Monounsaturates 52.3 54.1 43.1
Total Polyunsaturates 27.6 27.7 24.7
EPA 6.9 6.5 8.8
DPA 5.6 6.3 1.6
DHA 10.1 10.6 5.6
Total w3 24.4 25.4 16.8
Total w6 3.3 2.4 7.9
w3/wb 7.39 10.58 2.13
TS/TU 0.25 0.22 0.48

Figure 2 shows the weight gain data of RBSO under Schaal oven test over a
16-day period. The weight gain of the oil was minimal over a 24 h storage.
Possible presence of natural antioxidants in the oil might be responsible for better
stability of seal oil compared to cod liver oil. Cod liver oil showed weight gain
of 2.0% (w/w) over the same period. The weight gain of the oil continued rapidly
from day 1 to day 3, after which much smaller oxygen uptake was noticed. The
increase in the weight gain may be due to the addition of oxygen to lipid molecules
to form hydroperoxides during primary stages of oxidation. Further storage of
the oil for up to 16 days resulted in relatively small loss of weight, perhaps due
to the breakdown of heat-labile hydroperoxides and volatilization of some
secondary oxidation products under experimental conditions. Privett and Nickell
(19) have reported that addition of oxygen to lipid to form hydroperoxides is
reasonably quantitative during initial stages of oxidation. Olcott and Einset (20)
have reported that the weight gain serves as a useful technique to evaluate the
oxidative stability of edible oils. Ke and Ackman (22) reported that the methods
is simple, has a satisfactory reproducibility and can be used to compare oxidation
of lipids obtained from different parts of fish. However, surface exposure of the
sample is very important in carrying out the experiments (22).

As expected, the weight gain data correlated well (r = 0.912) with
corresponding peroxide values for RBSO (Figure 3). The weight gain of the oil
arises from the uptake of oxygen and formation of lipid hydroperoxides. Similar
to the weight gain data, PV of seal blubber oil were generally smaller in
magnitude than those for cod liver oil.
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Figure 1. Effect of steam rendering (at 100°C) on the long-chain
omega-3 fatty acids of seal blubber oil (sample used in this study
was from a different batch than that used in other studies).
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Figure 2. Weight gain of seal blubber and cod liver oils stored at
65°C.
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Table III. Classes of lipids and seal blubber

Fatty Acid, Area % Total Neutral Polar
Total Saturates (TS) 13.0 13.2 24.1
Total Unsaturates (TU) 87.0 86.8 75.9
Total Monounsaturates 63.3 63.1 47.7
Total Polyunsaturates 23.6 23.7 28.2
EPA 6.5 7.0 6.1
DPA 4.3 4.1 3.2
DHA 89 8.7 5.0
Total w3 21.4 21.9 17.1
Total w6 2.2 2.0 34
w3/wb 11.09 10.95 5.03
TS/TU 0.15 0.15 0.32

Lipid radicals formed during the initiation step may undergo rearrangement.
Thus, the methylene-interrupted feature of HUFA of seal blubber is lost in favor
of formation of conjugated dienes. Figure 4 represents the variation of CD in
RBSO over a 16-day storage and Figure 5 represents the correlation (r = 0.966)
of conjugated dienes, expressed as the absorbance at 234 nm, with corresponding
peroxide values. Meanwhile, formation of CT (absorbance at 268 nm) followed
a trend similar to that observed for CD (Figure 4).

As hydroperoxides are the primary products of lipid oxidation (23), PV
provides a clear indication concerning the initial oxidation potential of different
lipids. Conjugated diene value may also be used to determine the initial rate of
oxidation (9). Jackson (24) indicated that formation of hydroperoxides normally
coincides with CD formation in oils upon oxidation. The CD assay is faster that
PV determination and does not depend on chemical reactions such as color
development for its determination. Therefore, CD content may be used as a
measure of primary oxidation products for both seal blubber and cod liver oils.
According to both of these methods, seal blubber oil is more stable than cod liver
oil. Structural differences between the two oils as well as possible presence of
stabilizers in seal blubber may be responsible for this observation.

Figure 6 summerizes changes in the content of TBARS of seal blubber oil over
a 16-day storage period at 65°C. It is interesting to note that the content of
TBARS remained relatively unchanged between days 3 and 12 during the storage
period. Therefore, it is concluded that the rate of formation of TBARS is
equivalent to that of their disproportionation and/or further reaction. In contrast,
TBARS of cod liver oil increased progressively over the entire storage period.
These results are in agreement with sensory characteristics of seal blubber and fish
oils. While cod liver oil attained an intense off-flavor after one day of storage,
the blubber oil showed a delayed response (2 days) to off-flavor development.
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Figure 3. Relationship between peroxide value and weight gain
data (corr. coeff. r = 0.912) of seal blubber oil during accelerated
oxidation at 65°C.
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Figure 4. Conjugated diene and triene values of seal blubber oil
during accelerated oxidation at 65°C.
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Figure 5. Relationship between peroxide value and conjugated
diene value of seal blubber oil (corr. coeff. r = 0.966) and cod
liver oil (corr. coeff. r = 0.953) during accelerated oxidation at
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Figure 6. The 2-thiobarbituric acid reactive substances (TBARS)
values of seal blubber and cod liver oils stored at 65°C.
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Elucidation of the chemical identity of major contributors to off-flavor
development in seal blubber oil is currently under investigation.

Polyunsaturated fatty acids are among the most easily oxidizable components
of foods and cells and many of the oxidized products including peroxides, free
radicals and aldehydes are highly toxic and mutagenic (25). The ease of non-
enzymatic free radical oxidation of fatty acids is proportional to the number of
methylene groups between double bonds, thus DHA, DPA and EPA are highly
prone to oxidation. Therefore, protection of HUFA of the omega-3 type is
essential in order to counterbalance any harmful effects and to take full advantage
of their nutritional and health-related benefits.

Conclusions and Further Research Needs

Seal blubber lipids consist of approximately 22% long-chain omega-3 fatty
acids, namely EPA, DPA and DHA. These fatty acids are dominant in positions
of 1 and 3 of the triacylglycerol and thus are susceptible to hydrolysis by
pancreatic lipase. In fish oils DHA is mostly in the 2-position but the EPA may
be less specifically located. Seal blubber lipids also contains considerable amounts
of monoenes and DPA. The oxidative stability of seal blubber lipids is better than
other marine oils. Further research is needed to explore possibilities for value-
added utilization of this readily available source of omega-3 fatty acids for food

and pharmaceutical applications.
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Chapter 17

Volatile Compounds of Lards from Different
Treatments

Lucy Sun Hwang and Chung-Wen Chen

Graduate Institute of Food Science and Technology, National Taiwan
University, Taipei, Taiwan, Republic of China

Foods cooked in lard usually have better flavor than when cooked
in vegetable oils. The objective of this study was to investigate the
origin of the lard flavor. Pork fat was dry-rendered or
wet-rendered to obtain crude lard. These two different lards were
then refined resulting in dry-rendered lard and wet-rendered lard.
Results of sensory evaluation showed that crude dry-rendered lard
had the strongest flavor intensity among the four lards. Crude dry-
rendered lard also contained the highest amounts of trace
components (phospholipids and amino acids) and flavor
contributing volatiles after heating at 190°C. There were 50
volatile compounds (23 acidic and 27 nonacidic) identified.
Volatile compounds of the four different lards were similar
qualitatively, but different quantitatively. These results seemed to
indicate that wet-rendering and refining of lard could reduce the
trace components which might be important in producing the lard
flavor.

Lard is a traditional edible fat for Chinese people. Foods cooked or fried in lard
usually have better flavor than in vegetable oils (). However, lard is rich in
saturated fatty acids and cholesterol which contribute adverse effects resulting in
cardiovascular diseases (2). It is, therefore, useful to investigate the origin of the
lard flavor during cooking in order to develop an imitation lard flavor.

The flavor of heated pork fat has been studied considerably (3-9).
Aldehydes, ketones, alcohols, hydrocarbons, acids and lactones were identified in
the volatiles. The lactones, mainly saturated y- and 8- lactones, were postulated
to be derived from the thermal oxidation of linoleic acid (7) or oleic acid (10).
They might also be converted from the oxidation products of fatty acids such as
aldehydes and alcohols (11).

0097—-6156/94/0558—0244308.00/0
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Lard is generally prepared either by dry-rendering or by wet-rendering.
The dry-rendered lard with pork back fat as the raw material usually has better
flavor than the wet-rendered lard and it is used as cooking fat or shortening. The
wet-rendered lard with pork belly fat as the raw material usually has an
undesirable flavor and must be refined before further use.

In this study, the effects of the two rendering methods and refining process
on the flavor of lard were investigated by chemical analysis and sensory
evaluation. The minor constituents of the different lards were also analyzed and
correlated with lard flavor.

Materials and Methods

Materials. Fresh adipose tissue from porcine backs was purchased from a local
butcher. Blood and meat were carefully removed from the adipose tissue prior to
use.

Preparation of Lard

1. Dry Rendering. Porcine adipose tissue was macerated before being
heated in a stainless steel vessel at 100°C with constant stirring for one hour. Oil
was pressed out of the tissue and filtered to obtain the crude dry-rendered lard
(CDL).

2. Wet Rendering. Porcine adipose tissue was macerated first and then
mixed with an equal weight of distilled water. The mixture was heated at 100°C
in a stainless steel vessel for one hour followed by filtration. The filtrate was
centrifuged and the upper layer was collected as the crude wet-rendered lard
(CWL).

3. Solvent Extraction. The macerated porcine adipose tissue was
repeatedly extracted with a chloroform: methanol (2:1, v/v) solvent mixture three
times. The solvent was removed from the extract by rotary evaporation to obtain
the solvent-extracted lard (SEL).

Refining of Lard. Crude lard was refined with 3N sodium hydroxide at 90°C to
remove free fatty acids followed by bleaching with activated clay at 95-110°C.
The bleached lard was then deodorized by vacuum steam distillation at 235-260°C
for 2 hrs to yield the refined lard.

Sensory Evaluation. Sensory evaluations of the different lards were conducted
with melted lard kept at 45°C. Both the odor intensity and the preference tests
were performed. For odor intensity, lards were evaluated on a 7-point scale by
a panel of 13 members. A triangle test was first conducted to screen out the
unqualified panelists. For the preference test, lards were evaluated on a 9-point
scale by a panel of 18 members. Duncan's New Multiple Range Test was used
for the statistical analysis.
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Chemical Analyses. Fatty acid composition of lards was determined according to
the method of Christie (/2). Phospholipid composition of lards was determined
according to the methods of Yokochi and Suzuki (/3), Yamagishi et al. (/4), and
Yamanaka and Fujita (15). Free amino acid composition of lards was determined
according to the method of Piez and Morris (/6).

Heating Experiment. Lard was heated in a stainless steel vessel (B in Figure 1)
on a hot plate (A) at 190°C for 2 hrs. The volatiles formed during heating were
collected in a cold-water-cooled hood (C) and a series of cold traps (H, L, J, K)
cooled in dry ice and isopropanol (H, I) or liquid nitrogen (J, K). The volatiles
were driven from the heated lard with the aid of a pump (N), and the air flow in
the system was controlled at 7 liters/min by adjusting the control valve (M) and
monitored by a flow meter (L). Flask (F) was used to trap water and other less
volatile components which were condensed in a cold water condenser (E). After
the two-hour heating period, the volatile compounds collected in C ~ K, called
smoke condensates. were washed down with diethyl ether.

Analysis of Smoke Condensates. The ether extract of the smoke condensate was
fractionated into acidic and nonacidic fractions with a 10% sodium carbonate
solution followed by concentration in an Oldershaw column. The acidic fraction
was methylated before injection into a gas chromatograph (GC). A Hewlett-
Packard Model 5890 GC equipped with a flame ionization detector (FID) was
employed. The GC column was a 50 m x 0.32 mm i.d. CP-WAX 52 CB fused
silica capillary column (Chrompack, Holland). The temperatures of the injector
and detector were 240°C and 250°C, respectively. The column oven temperature
was held at 50°C for 5 min and then programmed to 200°C at 1.5°C/min and kept
at 200°C for 55 min. The hydrogen carrier gas flow rate was 2.4 ml/min. The
split ratio was 58:1. The identification of the GC peaks was accomplished by
GC-MS, comparing the retention indices and co-chromatography with the authentic
compounds. Mass spectra were obtained by using a Hewlett-Packard Model
5982B gas chromatography-mass spectrometer which was set at 70eV and a source
temperature of 200°C.

Results and Discussion

Composition of Lards from Different Treatments. Crude lards from dry-rendering
and wet-rendering were refined to obtain refined dry-rendered lard (RDL) and
refined wet-rendered lard (RWL). The fatty acid composition, phospholipid
composition and free amino acid composition of the four different lards were
determined in order to understand their differences. Results are listed in Tables
Ito III. The fatty acid compositions of the four lards (Table I) were quite similar.
Oleic acid was the major fatty acid ( ~ 40%) followed by palmitic acid ( ~25%) and
linoleic acid ( ~ 16%).
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Figure 1. Apparatus for heating lard and cold trapping volatiles.

Volatile Compounds of Lards

Table L The Fatty Acid Compositions of Lards from Different Treatments
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Lard

Fatty Acid Composition (% Weight)®

12:0

14:0

16:0 16:1

17:0

18:0 18:1

18:2 18:3

20:1

CDL 0.14
RDL 0.15
CWL 0.10
RWL 0.10

1.58
1.62
1.57
1.54

2539 213
25.89 2.17
2585 1.96
2536 1.96

0.24
0.27
0.28
0.28

12.03 40.83
12.12 41.10
11.98 4091
11.75 41.79

16.40 0.68
15.59 0.60
16.23 0.65
16.26 0.48

0.58
0.49
0.47
0.48

a: The weight of each fatty acid was determined with the addition of 19:0

triglyceride as an internal standard.
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Table IL Phospholipid Composition of Lards from Different Treatments

Phospholipid SEL CDL RDL CWL RWL
(ng/g lard)

Phosphatidylserine (PS) 0.353 0.330 - 0.261 -
Phosphatidylethanolamine

(PE) 3.872 3.341 - 0.064 -
Phosphatidylcholine (PC)  7.661 2155 | - 2.551 -
Phosphatidylcholine

plasmalogen (PCP) 0.581 0.202 - 0.131 -
Sphingomyeline (S) 1.135 0.285 - 0.588 -
Total 13.602 6.370 - 3.595 -

Table II. Free Amino Acid Composition of Lards from Different Treatments

Amino acid SEL CDL RDL CWL RWL
(n mole/g lard)

Thr 0.590 0.304 - trace -
Ala 1.143 0.456 0.287 0.331 0.229
Leu 0.312 - - - -
Ser 1.714 1.326 0.386 1.012 0.324
Gly 0.884 0.640 0.447 0.497 0.296
Ilu 0314 - - - -
Val 0.785 - - - -
Total 5.742 2.726 1.120 1.840 0.849
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The phospholipid compositions of the four lards and lard obtained from
chloroform/methanol (Folch) solvent extraction are listed in Table II. The solvent
extracted lard (SEL) contained the highest amounts of phospholipids since it was
directly extracted from the adipose tissue. There were five phospholipids detected
in SEL by HPLC. Phosphatidyl choline (PC) was the major phospholipid,
followed by phosphatidyl ethanolamine (PE) and sphingomyeline (S). The
phosphatidyl choline plasmalogen (PSP) and phosphatidyl serine (PS) contents
were less than 1 pg/g. Both Grigor et al. (/7) and Christie and Moore (I8)
reported that PC was the major phospholipid in lard, similar to our findings. The
second major phospholipid was different, however. It was phosphatidyl
ethanolamine plasmalogen (PEP) and S as reported by Grigor et al. (/7) and
Christie and Moore (18), respectively. Among the four lards, crude dry-rendered
lard (CDL) had the highest amount of total phospholipids followed by crude
wet-rendered lard (CWL). The difference in phospholipid composition of the two
crude lards lies in the contents of PE. Having a primary amine, PE can form
hydrogen-bonding with water and thus it is more hydrophilic. =~ During
wet-rendering, PE was lost in the water, therefore CWL had less PE than CDL.
Both of the two refined lards showed no detectable amount of phospholipids by
HPLC analysis indicating that the phospholipids in the crude lards were
completely removed during the refining processes.

Only seven free amino acids were found in SEL (Table III). After
rendering and refining, only three major amino acids (alanine, serine and glycine)
were left in the lard. The dry-rendered lards contained more free amino acids than
the wet-rendered lards. This may also be due to the hydrophilicity of amino acids.

Sensory Evaluation. Results of the sensory evaluation of the different lards are
shown in Table IV. For odor intensity, CDL was found to be significantly
stronger than the other three lards by the 13 panelists. As for the acceptability of
the four lards, the 18 panelists showed no preference among the four.

Volatile Compounds in the Smoke Condensates. The smoke condensates collected
from heating the four lards at 190°C for 2 hrs were analyzed by GC, GC/MS and
co-chromatography with standard compounds. The nonacidic volatile compounds
identified are listed in Table V. There were a total of 27 compounds identified,
including 4 hydrocarbons, 4 alcohols, 14 aldehydes, 2 ketones, 1 y-lactone and 2
other compounds. 2,4-Decadienal, trans-2-decenal, trans-2-undecenal, trans-2-
heptenal, nonanal and hexanal were the major ones contributing to 70% of the
total volatiles. Among them, 2,4-decadienal, frans-2-heptenal and hexanal were
the thermal oxidation products of linoleic acid (19), while trans-2-decenal, trans-2-
undecenal and nonanal were formed from oleic acid (20). The shorter chain
aldehydes and ketones, such as formaldehyde, acetaldehyde, propanal, 2-pentanone
and butanal were not found in this study, possibly due to the volatile collecting
system and the analytical conditions. From Table V, it was also noted that the
four lards were similar in volatile composition, qualitatively, and the difference
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Table IV. Sensory Scores of the Odor Intensity and Preference Test of Lard

CDL RDL CWL RWL
(Score)

Odor intensity®  5.23+0.63°  2.54+0.69° 227+0.99°  2.35+0.92°
Preference test® 5.33+2.33°  4.44+142°  5.44+134°  4.78+1.63°

a-b:  The different letters indicate a significant difference between treatments.
(P< 0.01)

c Evaluated on a 7-point scale (7 = strongest, 1 = weakest) by a trained
panel of 13 members.

d: Evaluated on a 9-point scale (9 = like extremely; 1 = dislike extremely) by
a panel of 18 members.

lies in the quantity of the volatiles. Again, CDL contained the highest total amount
of volatiles, followed by CWL, RDL and RWL. The trend is similar to that of
phospholipids and free amino acids.

The acidic fraction of the volatile compounds contained 23 compounds as
listed in Table VI. Among the volatiles identified, hexanal dimethyl acetal and
nonanal dimethyl acetal were identified by GC-MS and the GC retention index.
4-Decenoic acid was tentatively identified by GC-MS only. The two major acidic
volatiles in the smoke condensate were found to be hexadecanoic (stearic) acid
and cis-9-octadecenoic (oleic) acid. They are the two most abundant fatty acids
in lard (Table I). Nonanedioic acid was found, for the first time, in heated lard
flavor. It has been reported as one of the autoxidation products of oleic acid (21).
The postulated mechanism of formation is shown in Figure 2. Nonanedioic acid
could also be formed from linoleic acid or linolenic acid by a similar mechanism.
It is evident from Table VI that the compounds identified were the same for all
four lards. Similar to the situation of the nonacidic fraction, the difference among
the four lards was in the quantity of the volatiles, and CDL contained the highest
amount of total volatiles.

Relationship between Lard Flavor and Its Minor Components. Table VII
summarizes the amounts of some flavor-contributing volatiles in the four lards.
CDL showed the highest content of these compounds followed by CWL, RDL and
RWL. Apparently, dry-rendering can yield lard with a stronger flavor. This is
also in agreement with the sensory scores (Table II).

Since the volatile compounds collected from lard during heating are the
fatty acid thermal decomposition products mainly, the similarity between the four
different lards in their fatty acid composition (Table I) results in the same volatile
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Table V. Identity and Quantity of Nonacidic Volatiles in the Smoke Condensates

of Lard during Heating

Compound identified L’ CDL RDL CWL RWL
(CW-20M) (mg/100g lard)®
Hydrocarbons
n-Octane 800 9.12 221 8.62 4.57
n-Decane 1000 1.00 0.68 1.06 0.44
n-Undecane 1100 t 0.57 t 031
n-Pentadecane 1500 1.04 0.83 0.07 0.40
Subtotal 11.16 429 9.75 5.72
Alcohols
1-Penten-3-ol 1159 1.04 0.74 0.99 0.46
n-Pentanol 1251 4.08 3.89 3.94 3.08
1-Hexanol 1355 t 0.36 t 0.25
1-Octen-3-ol 1453 221 1.83 1.89 1.40
Subtotal 733 6.82 6.82 5.19
Aldehydes
n-Pentanal 983 4.63 331 4.60 2.82
n-Hexanal 1087 10.87 8.13 10.38 7.60
tr-2-Hexenal 1223 1.38 1.16 1.40 0.74
n-Octanal 1296 2.67 2.12 2.07 1.86
tr-2-Heptenal 1331 11.04 8.45 10.44 7.23
n-Nonanal 1401 10.92 8.15 8.70 6.99
tr-2-Octenal 1437 3.24 2.66 2.77 2.40
tr,cis-2,4-Heptadienal 1470 1.18 1.00 1.07 0.60
tr,tr-2,4-Heptadienal 1499 3.77 3.05 332 1.97
tr-2-Nonenal 1544 3.14 2.46 2.59 1.89
tr-2-Decenal 1653 11.82 10.24 9.37 8.15
tr-2-Undecenal 1762 11.08 9.83 891 7.85
tr,cis-2,4-Decadienal 1773 3.53 3.00 3.11 2.51
tr,tr-2,4-Decadienal 1820 13.48 11.34 11.95 9.59
Subtotal 92.75 74.90 80.68 62.20
Miscellaneous compounds
Ethyl acetate 890 0.65 t 0.44 0.38
2-Pentylfuran 1238 0.80 043 0.88 0.38
y-Octalactone 1927 t 0.38 t t
2-Pentadecanone 2033 0.62 0.23 0.54 t
2-Heptadecanone® 2296 1.46 0.79 1.33 0.71
Subtotal 3.53 1.83 3.19 1.47
Total 114.77 87.84 10044 74.58

a: Retention index on carbowax 20M; b: Quantified with internal standard
(hexadecane); c: Tentatively identified by GC-MS and GC retention index; t:

Less than 0.15 mg/100g lard.
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Table VL Identity and Quantity of Acidic Fraction Volatiles in the Smoke
Condensates of Lard during Heating

Compound identified L' CDL RDL CWL RWL
(CW-20M) (mg/100g lard)®
Methyl pentanoate 1093 0.10 0.10 0.07 . 0.07
Hexanal dimethyl acetal® 1169 1.77 1.06 1.89 0.82
Methyl hexanoate 1194 1.00 0.89 0.59 0.48
Methyl heptanoate 1295 0.40 0.34 0.26 0.16
Methyl octanoate 1398 0.45 0.41 0.35 0.26
Methyl 2-heptenoate 1404 0.10 0.12 0.09 0.06
Nonanal dimethyl acetal® 1474 236 1.53 2.55 1.05
Methyl nonanoate 1501 1.20 0.81 0.51 0.38
Methyl decanoate 1605 1.56 0.96 1.70 1.43
Methyl 4-decenoate® 1656 0.68 0.35 0.47 0.10
Methyl 2-decenoate 1720 0.08 0.15 0.08 0.10
Methyl dodecanoate 1813 1.44 0.72 132 0.36
Methy! tetradecanoate 2021 1.68 0.54 132 0.39
Methyl pentadecanoate 2125 0.12 0.09 0.06 0.07
Nonanedioic acid
dimethyl ester 2146 0.08 0.04 t t
Methy] hexadecanoate 2228 8.66 3.56 8.17 3.06
Methyl 9-hexadecenoate 2254 127 0.44 1.01 0.36
Methyl heptadecanoate 2329 0.08 0.05 0.07 0.04
Methyl octadecanoate 2433 225 1.51 2.32 1.37
Methyl cis-9-octadecenoate 2455 11.95 4.81 10.67 4.62
Methyl tr-9-octadecenoate 2457 0.77 0.34 0.68 0.33
Methyl 9,12-octadecadienoate 2511 3.87 1.28 3.40 1.27
Methyl 9,12,15-octadecatrienoate 0.15 0.04 0.13 t
Total 42.02 20.14 37.71 16.78

a: Retention index on carbowax 20M; b: Quantified with internal standard
(tridecanoic acid) ; ¢: Tentatively identified by GC-MS; d: Tentatively identified
by GC-MS and GC retention index; t : Less than 0.04 mg/100g lard
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Figure 2. Proposed mechanism for the formation of nonanedioic acid.
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Table VIL The amounts of volatile flavor contributing compounds from lards of
different treatments

Compounds CDL RDL CWL RWL
(mg/100g lard)
1-Octen-3-o0l 221 1.83 1.89 1.40
n-Hexanal 10.87 8.13 10.38 7.60
n-Octanal 2.67 2.12 2.07 1.86
tr-2-Heptenal 11.04 8.45 10.44 7.23
n-Nonanal 10.92 8.15 8.70 6.99
tr-2-Octenal 3.24 2.66 2.77 2.40
tr-2-Nonenal 3.14 2.46 2.59 1.89
2,4-Decadienal 17.01 14.34 15.06 12.10
2-Pentylfuran 0.80 0.43 0.88 0.38
v- Octalactone trace 0.38 trace trace
Total 61.90 48.95 54.78 41.85

a: The amount of volatile flavor contributing compounds was calculated from
Table V.

compounds qualitatively. Their quantitative difference may be related to the
composition of minor constituents. As shown in Table I, CDL has the highest
amount of phospholipids, especially PE. The phospholipids from pig adipose
tissue contains highly unsaturated fatty acids such as C,p;, C,., and Cus (18).
They are more susceptible to oxidation. Besides this quantitative effect of
phospholipids, the high PE content of CDL might also contribute to its stronger
flavor. Dawson et al. (22) reported that addition of PE to linoleic acid resulted
in more volatile production than the addition of PC. The prooxidant effect of PE
may be due to the accelerated decomposition of peroxides (23).

Although amino acids were known to be antioxidative toward linoleic acid
oxidation (24), their effects on lard flavor were probably overshadowed by
phospholipids.

Conclusion

Crude dry-rendered lard has the strongest flavor according to sensory evaluation.
It also contains the highest amount of volatile flavor compounds, followed by
crude wet-rendered lard, refined dry-rendered lard and refined wet-rendered lard.
However, the volatile flavor compounds formed from heating of the four lards are

In Lipidsin Food Flavors, Ho, C., et d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Publication Date: July 7, 1994 | doi: 10.1021/bk-1994-0558.ch017

July 15, 2012 | http://pubs.acs.org

17. HWANG AND CHEN Volatile Compounds of Lards

255

similar qualitatively. The same trend was observed in the analyses of
phospholipid and free fatty acid compositions. It was, therefore, concluded that
wet-rendering and refining of lard could reduce the trace components which might
be important in producing the lard flavor.
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Chapter 18

Hexanal as an Indicator of the Flavor
Deterioration of Meat and Meat Products

Fereidoon Shahidi and Ronald B. Pegg

Department of Biochemistry, Memorial University of Newfoundland,
St. John’s, Newfoundland A1B 3X9, Canada

Hexanal is a dominant oxidation product of linoleic acid. In
cooked meats, during the early stages of storage, the level of
hexanal increased faster than other aldehydes. Therefore, hexanal
may serve as a useful index of lipid oxidation and meat flavor
deterioration (MFD) during this period. However, upon extended
storage of meat, the content of hexanal declined markedly.
Reactions of hexanal with meat components or its further oxidation
to hexanoic acid may be responsible for this observation. Hence,
caution should be exercised when using hexanal as an indicator of
lipid oxidation and MFD. This article reports on the occurrence
of hexanal in various cooked muscle foods as well as its
suppression by nitrite curing or by treatment with nitrite-free
composite systems. The use of hexanal as an indicator of lipid
oxidation for cooked meats was compared to the classical 2-
thiobarbituric acid test and sensory evaluations.

The oxidation of unsaturated lipids has been extensively studied since it relates
to deterioration of muscle foods, production of both desirable and undesirable
breakdown products and numerous reactions associated with other food
constituents (7). In 1958, Tims and Watts (2) observed that lipid oxidation of
cooked meats stored under refrigerated conditions was more pronounced than that
of raw or frozen meat. To describe this rapid development of lipid-derived
oxidized flavor, they coined the term "warmed-over flavor” (WOF). In recent
years, demand has grown for pre-cooked, ready-to-eat meat products in the
marketplace and in fast food franchises, thereby providing expanding potential for
consumer exposure to WOF (3). Since WOF development is a dynamic process
of flavor change, due principally to a cascade of oxidative events (4), an
understanding of the mechanism and prevention of its occurrence in meat and meat
products is important to scientists.

0097—6156/94/0558—0256$08.72/0
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Oxidative changes in meat lipids primarily involve autoxidation processes,
which are accompanied by various oxidative and non-oxidative secondary reactions
(5). While hydroperoxides, the primary products of lipid autoxidation, are
odorless and tasteless, their degradation leads to the formation of complex
mixtures of low-molecular-weight compounds with distinctive aromas. Principally,
these include alkanes, alkenes, aldehydes, ketones, alcohols, esters, epoxy
compounds, polymers and acids (6,7). .Aldehyde breakdown products play a
significant role in the flavor of cooked meat as they possess low odor threshold
values and are responsible for the development of WOF and rancidity. The degree
of unsaturation of the fatty acid constituents of meat lipids primarily dictates the
rate of WOF development. In the late 1980s, various researchers showed that
WOF was not solely a consequence of lipid oxidation (8-11). These authors
suggested that there was strong evidence that protein degradation reactions were
involved and that heteroatomic compounds formed from these reactions may be
implicated with the phenomenon of WOF, particularly with the deterioration of
desirable meaty flavor notes. It was therefore proposed that meat flavor
deterioration (MFD) was the more accurate term to use.

The 2-Thiobarbituric Acid (TBA) Test

Although there are many assays available for assessing the oxidative status of meat
and meat products, the TBA test is widely used for this purpose (12-14).
Malonaldehyde is a relatively minor product of autoxidation of polyunsaturated
fatty acids. It reacts with the TBA reagent to produce a pink-colored complex
with a distinctive absorption maximum at 532 nm. The concentration of this
chromogen is then used as an objective measure for evaluation of the oxidative
state of cooked meats. The TBA test was once believed to be specific for
malonaldehyde (12-15), but this is not so. Because the TBA reagent reacts with
other products of lipid oxidation, forming red complexes with an identical
absorption maximum as the 2-thiobarbituric acid-malonaldehyde complex (16-19),
the term 2-thiobarbituric acid reactive substances (TBARS) is now commonly used
in place of TBA number or value (20,21). Ironically, malonaldehyde has very
little or no odor of its own and, in this respect, may have no effect on the flavor
of meat and meat products (7).

In most cases, the concentration of TBARS of meat tend to increase over
the storage period, reach a maximum value and then start to decline. This decline
may be due to further reactions of malonaldehyde with meat constituents such as
amino groups of amino acids and DNA molecules (22-24). Thus, one may not
know with which side of the "hill" one is dealing, but during the early stages of
MFD, significant correlations have been reported to exist between TBARS of meat
volatiles and sensory scores (25-27). Ward (28) suggested that without knowledge
of the exact nature of the TBARS, what TBARS-adduct(s) are formed, the fatty
acid profile of the lipids in question, the oxidative pathways taken by components
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of the lipid system leading to the formation of TBARS, and the relationship of the
TBARS to flavor producing molecules, the TBA assay is only of limited value for
assessing the extent of oxidation or relating it to the sensory response. Shahidi
and Hong (29,30) suggested that the relative, rather than the absolute, values of
TBARS should be compared against one another in such determinations.

Hexanal Analysis and its Role in MFD

An alternative approach for assessing lipid oxidation in meat products is to
measure the carbonyl compounds formed upon degradation of fatty acid
hydroperoxides. Carbonyl compounds have been identified as significant
contributors to the flavor of uncured meats (31,32). Some have exceptionally
strong aromas and can be detected during autoxidation of fatty acids, even if they
are present at low concentrations. The concentration of some of these aldehydes
has been shown to correlate with MFD. In particular, the concentration of hexanal
has been suggested to be a useful primary marker of MFD (26,33,34).

Hexanal is a seemingly ubiquitous component of food, both fresh and
stored. This stems from the fact that practically all foods have some linoleate
(18:2w6), the fatty acid from which hexanal is derived. A profile of the fatty
acids found in muscle tissue of various animals is presented in Table I.

Table L. Unsaturated fatty acid content of lipids in various muscle foods

Content (%)

Fatty

Acid Beef* Chicken® Fish® Lamb® Pork®
18:109 33.44 20.25 19.59 19.51 12.78
18:2w6 10.52 14.20 5.88 18.79 35.08
18:3w3 1.66 0.90 8.07 0.44 0.33
20:2w6 0.69 - 0.20 0.35 -
20:3w6 2.77 1.30 0.36 0.62 1.31
20:406 8.51 11.60 3.75 13.01 9.51
20:503 0.76 1.55 7.16 - 1.31
22:4w6 0.88 2.10 0.65 - 0.98
22:503 0.92 1.90 2.39 - 2.30
22:603 - - 2.39 - 2.30
Total 60.15 53.80 50.44 52.72 65.90

* Adapted from Ref. 35; ® Adapted from Ref. 36;° Adapted from Ref. 37.
4 Adapted from Ref, 38.; ° Adapted from Ref. 39.

Linoleate plays a significant role in the oxidized flavor of all meats,
especially pork. Initial products of autoxidized linoleate consist predominately
of the 9- and 13- hydroperoxides (46.5 and 49.5%, respectively) because the
reactivity of the diallylic system favors attack of oxygen at carbon positions 9 and
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13 (40). The 9-, 10-, 12- and 13-hydroperoxides at 32, 17, 17 and 34%,
respectively, are products of photosensitized oxidation of linoleate (40). These
hydroperoxides are unstable, and fragmentation occurs by homolytic and
heterolytic cleavage mechanisms (41). Homolytic B-scission of 13-
hydroperoxyoctadeca-9,11-dienoic acid produces an alkoxy radical intermediate.
This undergoes carbon-carbon splitting forming either pentane and 13-0x0-9,11-
tridecadienoic acid, or hexanal and an unsaturated C,, fatty acid (42). Products
of homolytic 8-scission of 9-hydroperoxyoctadeca-10,12-dienoic acid include
octanoic acid and 2,4-decadienal, or 9-oxo-nonanoic acid and a C, unsaturated
hydrocarbon (Figure 1). Autoxidation of methyl linoleate in model systems has
been reported to produce many aldehydes as shown in Table II.

Table II. Dominant volatile aldehydes derived from autoxidation of methyl
linoleate*

259

Odor Threshold Value (ppb)

Aldehyde i

y Qu:;n/l;ty‘ in Water in Oil
Pentanal 55 10 100
Hexanal 5100 4.5 150
Heptanal 50 30 45
trans-2-Heptenal 450 50 14000
Octanal 45 40 50
cis-2-Octenal 990 - -
trans-2-Octenal 420 4 7000
cis-3-Nonenal 30 - -
trans-3-Nonenal 30 - -
cis-2-Decenal 20 - -
trans-2,trans-4-Nonadienal 30 9% 460
trans-2,cis-4-Decadienal 250 - 20
trans-2,trans-4-Decadienal 150 0.1 200

* Adapted from Ref. 40.
® One gram of linoleate was autoxidized at 20°C by an uptake of 0.5 mole oxygen
per mole linoleate.

By far, hexanal predominates among these volatile aldehydes, but this is
not surprising. Hexanal is the only aldehyde that arises from both the 9 and 13
hydroperoxides of linoleate, and from other unsaturated aldehydes formed during
oxidation of linoleate (43). The production of 2,4-decadienal is always less than
that of hexanal because this dienal can only arise through B-scission of 9-
hydroperoxyoctadeca-10,12-dienoic acid. In the autoxidized linoleate model
system containing both saturated and unsaturated aldehydes, 2,4-decadienal
oxidized faster forming hexanal than the saturated aldehydes. Schieberle and
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Figure 1. Autoxidation of linoleic acid and the production of
hexanal. Adapted from Ref. 41.
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Grosch (43) suggested that attack of free peroxy radicals (RO,") on the unsaturated
moieties of 2,4-decadienal produces peroxyl peroxides which are more labile than
the primary hydroperoxides themselves. They decompose readily to hexanal, 2-
butene-1,4-dial and other organic compounds (Figure 2). Matthews et al. (44)
identified pentane, furan, ethanal, hexanal, acrolein, butenal, 2-heptenal, 2-octenal,
benzaldehyde, glyoxal, trans-2-butene-1,4-dial, acetic acid, hexanoic acid, 2-
octenoic acid, 2,4-decadienoic acid and benzene as the oxidation products of 2,4-
decadienal in model systems.

Usefulness of Hexanal as a Primary Indicator of MFD

In the late 1970s and early 80s, reports appeared which noted the presence of
hexanal in cooked muscle foods and its possible role as an indicator of lipid
oxidation. Occurrence of hexanal and other aldehydic degradation products from
autoxidation of edible oils had already been known for some time (44-46). Bailey
et al. (33) reported the formation of low-molecular-weight aldehydes in cooked
roast beef upon storage, and commented that hexanal and 2-pentylfuran were good
indicators of lipid autoxidation. They also found that there were little, if any,
qualitative differences in the volatiles produced during storage of meat at 4°C over
3 days, but there were quantitative differences.

Dupuy et al. (34) noted that in cooked ground roast beef, pentanal,
hexanal, 2,3-octanedione, nonanal and the total volatiles increased appreciably
during the storage period at 4°C as did the sensory scores and TBA numbers.
Of all of these compounds, hexanal content increased most, from 0.05 to 35 ppm,
after 5 days of storage. A similar trend was observed in cooked chicken and
turkey meats. In the white and dark muscles of chicken, hexanal levels increased
from 0.1 to 15 ppm and from 0.9 to 11 ppm, respectively, during the same period.
Similar data were acquired for the white and dark muscles of turkey. The level
of hexanal and total volatiles was approximately 3 times greater for cooked beef
compared to chicken or turkey after § days of storage. It was concluded that since
the concentration of hexanal increased more rapidly than any other aldehyde, it
should be a useful primary marker of WOF development.

Dupuy ez al. (34) also noted that addition of sodium chloride to meats,
prior to thermal processing, stimulated the formation of carbonyl compounds
during storage, whereas, the addition of sodium tripolyphosphate (STPP) in the
presence of sodium chloride inhibited its formation at the levels tested. Love and
Pearson (47) had previously reported that the addition of STPP, which retards
oxidation in meats by its chelating ability, caused a 50% decrease in hexanal
production in a model system. Stoick et al. (3) who examined the hexanal levels
of cooked, restructured beef steaks reported that STPP reduced hexanal levels to
50% of a sodium chloride control, whereas, addition of the antioxidant, z-
butylhydroquinone (TBHQ), provided more complete protection by keeping
hexanal levels at 3% of the salt-containing control.

The addition of antioxidants to meat systems retards autoxidation and limits
production of overtone carbonyl compounds. Barbut e al. (48) showed that
addition of rosemary oleoresin or a butylated hydroxyanisole/butylated
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Hexanal 2-Butene-1,4-dial

Figure 2. Proposed pathway for the breakdown of 2,4-decadienal
to hexanal. Adapted from Ref. 43.
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hydroxytoluene (BHA/BHT) antioxidant mixture to a cooked turkey sausage
substantially reduced measurable TBARS as well as the content of oxidatively-
derived carbonyls such as pentanal, hexanal, heptanal and 2,3-octanedione. Their
results were in agreement with those of Shahidi ef al. (26) who demonstrated that
hexanal levels in cooked ground pork could be controlled by the addition of
various antioxidants and chelating agents. Shahidi et al. (26) further showed that
the hexanal content of meats treated with different antioxidants and chelating
agents were linearly interrelated with their corresponding TBA values and sensory
scores. These authors noted that after storing the cooked pork control sample for
2 days, the TBA numbers were practically identical. It was suggested that the
hexanal content would be a better indicator of the oxidative state of cooked meats
than TBA values in the early stages of storage. These values were linearly
correlated with the TBA numbers at day 35 as shown in Figure 3 (correlation
coefficient 0.995).

Morrissey and Apte (49) examined the volatile constituents of cooked beef,
pork and fish after 2 days of refrigerated storage and the role of heme and non-
heme iron in hexanal production. The carbonyl compounds isolated were
derivatized with 2,4-dinitrophenylhydrazine, and the resulting hydrazones were
separated using reversed-phase high performance liquid chromatography and
identified at 360 nm by a UV-VIS detector. Because preliminary studies had
indicated that hexanal production continually increased during the early stages of
storage of muscle foods, while other volatiles did not show a consistent pattern
of increase during the same period, Morrissey and Apte (49) focused their
attention solely on hexanal generation. They ascribed the inconsistencies in the
other volatiles to further oxidation or degradation resulting in new compounds.
The hexanal concentration in fish muscle after 2 days of storage at 4°C was more
than 2 times that of beef and 3 times that of pork. Noteworthy is the fact that
these values correlated highly with TBA values. The influence of heme and non-
heme iron in the systems showed that their stimulating effect on hexanal
production was in the order of Fe*? > hemoglobin > ferritin. Hexanal formation
is obviously a function of the lipid profile and the presence of prooxidants,
antioxidants and chelators in the system.

Ang and Young (50) investigated the flavor volatiles of cooked chicken
during storage by a static headspace-gas chromatography (HS-GC) methodology.
They reported that TBA values and hexanal levels increased in cooked chicken
patties during a 5-day storage period at 4°C (correlation coefficient 0.95). These
authors also observed that addition of STPP depressed TBARS and hexanal values
accordingly. Su et al. (51) showed that in cooked chicken breast patties during
3 days of refrigerated storage significant correlations existed between values of
TBARS, hexanal, and other HS volatiles, namely pentanal, heptanal and the total
volatiles. These studies suggested that the rapid HS-GC technique may substitute
for the TBA test.

Spanier et al. (52) went a step further and reported relationships among
GC volatiles, TBARS markers, and descriptive sensory attributes of cooked beef
patties. They showed that during a 4 day storage period significant correlations
(correlation coefficients > 0.7) existed between pentanal, hexanal and TBARS
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Absorbance of TBARS-TBA Complex (532 nm)
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Figure 3. Relationship of TBARS values (35 days of storage) with
relative hexanal content (2 days of storage). Adapted from Ref.
26.
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values and desirable sensory descriptors (such as cooked beefy/brothy) and WOF
descriptors (such as painty and cardboardy). Similar correlations have been

previously reported (9,53,54).
Potential drawbacks of using hexanal as an indicator of MFD.

Shahidi and Pegg (55) examined the volatiles of cooked ground pork using
the static HS-GC methodology outlined by Ang and Young (50). The rapid
method used in this investigation did not allow for analysis of all possible
compounds related to MFD, but most of the HS volatiles determined were low-
molecular-weight aldehydes. A typical chromatogram of the HS volatiles of
cooked pork after 5 days of storage is presented in Figure 4. The dominant
aldehydes detected were pentanal (peak #6) and hexanal (peak #7). Uncooked
pork samples contained negligible amounts of these aldehydes, as determined in
preliminary tests. Other aldehydes detected included acetaldehyde (peak #1),
propanal (peak #2), isobutanal (peak #3), butanal (peak #4), isopentanal (peak #5),
heptanal (peak #8) and octanal (peak #9). These aldehydes were separated by
capillary GC and were tentatively identified by retention time matching of the GC
peaks with those of commercially available standards.

The HS volatile profiles detected during the study period were qualitatively
similar, but were quantitatively different. The peak areas of several volatile
compounds increased substantially during the early stages of storage. Pentanal
(peak #6) and hexanal (peak #7) levels increased by 350 and 650%, respectively,
by day 6, reached a maximum and then declined. Many studies have illustrated
the increase in hexanal content during the first few days of storage (0 to 5) of
cooked muscle foods and its correlation with TBA values or sensory scores, but
after this period, the content of hexanal is not reported. Because aldehydes are
quite reactive, they continuously oxidize. Wu and Chen (56) examined changes
in the volatile compounds generated from various edible oils during storage at
55°C for 26 weeks. They observed that as aldehyde levels decreased from 62-
87% t0 47-67%, the volatile acid content, especially hexanoic acid, increased form
1-6% to 12-33%. Furthermore, the concentrations of both hexanal and hexanoic
acid were relatively high (100-300 ppm) in the stored oils after 26 weeks. Wu
and Chen (56) suggested that hexanoic acid was chiefly responsible for the
"rancid" note in oxidized oils. Hexanal has been characterized as having a
powerful, penetrating, fatty-green, grassy odor whereas hexanoic acid has a heavy,
acrid-acid, fatty rancid odor, often described as "sweat-like" aroma (57).

Palamand and Dieckmann (58) subjected hexanal to autoxidation by passing
a slow stream of air through it at 70°C. These authors reported that hexanal
underwent oxidation, polymerization, and degradation resulting in the production
of a large number of flavor-active compounds, most notably hexanoic acid. A
list of those compounds identifiable in the acid (represented as ethyl esters) and
non-acid fractions from the autoxidation of hexanal at 70°C after 48 h is presented
in Table III. The rate of degradation and generation of hexanal and hexanoic acid,
respectively, is shown in Figure 5.
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Figure 4. A HS-GC chromatogram of the flavor volatiles of
cooked ground pork stored for 5 days at 4°C.
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Figure 5. Rate of oxidation of hexanal, e , and generation of
hexanoic acid, v . Adapted from Ref. 58.
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Table III. Some compounds present in the non-acid and acid fractions of

LIPIDS IN FOOD FLAVORS

autoxidized hexanal®
Acid Fraction® Non-acid Fraction
Diethyl ether Diethyl ether
Acetone Acetone
Ethyl acetate Ethyl acetate
Ethanol 2-Methyl-5-ethylheptane
Ethyl butanoate 2,2-Dimethylpentane
Ethyl pentanoate Hexanal
Ethyl hexanoate Ethyl pentanoate
Ethyl heptanoate 2-Methylpentanal
Ethyl octanoate 1-Pentanol
2,6-Dimethoxyheptanone &-Pentalactone
Propyl hexyl ketone y-Hexalactone
Ethyl decanoate &-Hexalactone
Ethyl levulinate 4-Ethyl-2-octene
Pentanoic acid Di-n-amyl ketone
y-Hexalactone Cyclohexyl propyl ketone
Ethyl undecanoate 2-Dodecenal
Ethyl dodecanoate Ethyl dodecanoate
Hexanoic acid hexanoic acid
Heptanoic acid trans-Hexenyl decanoate
Ethyl tetradecanoate - and 5-Nonalactone
Octanoic acid - and e-Decalactone

- and §-Undecalactone
v- and é-Dodecalactone

*Adapted from Ref. 58.

*Acids were identified as their ethyl ester derivatives.

Brodnitz (59) and Wantanbe and Sato (60) suggested that autoxidation of
saturated fatty acids and aldehydes proceeds via a free-radical mechanism. For
example, the formation of lactones, identified as oxidation products of hexanal,
proceeds by such a mechanism (Figure 6). However, a decrease in the
concentration of aldehydes is not solely a consequence of oxidation as cross-linking
reactions of the aldehydes with various components in the meat matrix may also
be involved.

Shahidi and Pegg (55) reported that the concentration of pentanal and
hexanal in the pork volatiles reached a maximum of 8.0 and 29 ppm, respectively,
on day 6 (Figure 7). The increase in pentanal and hexanal concentrations was
linear over this period (i.e., days O to 6), after which, a decreasing trend was
observed. A given hexanal level may correspond with two points during the
storage period of cooked meats. Caution should therefore be exercised when using
hexanal as an indicator of lipid oxidation and MFD. A similar trend is generally
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Figure 6. Formation of lactones from the oxidation of hexanal.
Adapted from Ref. 58.
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Figure 7. The concentration of pentanal, e , and hexanal, v , in
cooked pork volatiles during storage at 4°C.
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observed for TBA values as mentioned earlier. Nonetheless, hexanal levels do
correspond well with a single point during the early stages of storage, during
which WOF and MFD occurs.

Role of Nitrite in Prevention of MFD and Hexanal Generation

The role of nitrite in cured meat flavor is complex and the chemical
changes that are responsible for this unique flavor brought about in meat are not
entirely understood. The relationship of nitrite to cured meat flavor was first
described by Brooks et al. (61) who concluded that the characteristic flavor of
bacon was primarily due to the action of nitrite. They further suggested that a
satisfactory bacon product could be produced using only sodium chloride and
sodium nitrite and that an adequate cured flavor could be obtained with a nitrite
concentration as low as 10 ppm. Generally, a nitrite concentration of 50 ppm is
considered as being necessary for adequate cured-meat flavor development, but
Simon et al. (62) and MacDougall er al. (63) reported that higher taste panel
scores were consistently obtained as nitrite addition levels increased.

Nitrite’s role in cured-meat flavor development involves its antioxidative
efficacy by retarding the breakdown of unsaturated fatty acids and the formation
of secondary oxidation products. Sato and Hegarty (64) reported that while nitrite
at a concentration of 2000 ppm eliminated lipid oxidation in cooked beef, at 50
ppm, it was capable of suppressing its development. Results obtained by
Younathan and Watts (65) and Hadden et al. (66) indicated lower TBA values for
cured as compared to uncured meats. Fooladi ef al. (67), who also compared
TBA values of cured and uncured beef, pork and chicken, reached a similar
conclusion. Meat flavor deterioration does not occur in cured meat products.

Ockerman et al. (68) extracted volatile compounds from dry-cured hams
by vacuum distillation and cold trap collection. They identified the constituents
as being aldehydes, ketones, bases, and sulfur compounds, all of which are known
contributors to the aroma of uncured cooked meat. Thereafter, Cross and Ziegler
(69) examined the volatile constituents isolated from uncured and cured hams by
a gas chromatography methodology. They reported that hexanal and pentanal were
present in appreciable amounts in the volatiles of uncured, but were barely
detectable in the volatiles of cured ham. They also reported that the volatiles,
after passage through a solution of 2,4-dinitrophenylhydrazine, had the
characteristic cured-ham aroma, regardless of whether cured or uncured hams
were used. Cured and uncured chicken and beef volatiles, after stripping their
carbonyl compounds by passage through 2,4-dinitrophenylhydrazine solutions, also
possessed an aroma similar to that of cured ham. Cross and Ziegler (69)
concluded that treating meat with nitrite does not seem to contribute any new
volatile compounds to the flavor of cured meats, with the exception of nitrogen
oxides that are not present in cooked uncured meat. Therefore, they postulated
that cured-ham aroma represents the basic flavor of meat derived from precursors
other than triacylglycerols, and that the aromas of various types of cooked meat
depend on the spectrum of carbonyl compounds derived by lipid oxidation.
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Shahidi (7) reported that elimination of lipid oxidation, either by curing
or by stripping of carbonyl compounds from volatiles of untreated cooked meats,
caused a major effect on the flavor perception of meats. This author noted that
qualitative differences due to the possible presence of less active flavor
components can not be ruled out. Nonetheless, gas chromatographic analyses of
the volatiles of cured meat revealed a much simpler spectrum than their uncured
counterparts, with drastic suppression in the content of major aldehydes, such as
hexanal and pentanal (Table IV) which are known to be responsible for MFD.

Table IV, Effect of curing on the relative concentration of major

aldehydes in pork flavor volatiles*
Relative Concentration

Aldehyde

Uncured Cured
Hexanal 100 7.0
Pentanal 31.3 0.5
Heptanal 3.8 <0.5
Octanal 3.6 <0.5
2-Octanal 2.6 —
Nonanal 8.8 0.5
2-Nonanal 1.0 —
Decanal 1.1 —
2-Undecenal 1.4 0.5
2,4-Decadienal 1.1 —

*Adapted from Ref. 7.

Shahidi (7) proposed that any agent, or combination of agents that could
prevent lipid oxidation, with the exception of nitrite precursors, would in
principal, duplicate the antioxidant role of nitrite in the curing process, thereby
preventing hexanal generation and MFD. According to Shahidi (74), this is in
line with findings of other researchers and its validity was confirmed by
preliminary sensory evaluations, but mutton was not included in these studies.

A simplistic view, attempting to present a unifying theory of the origin of
the basic flavor of meat, species differentiation, and MFD is provided in Figure
8. It postulates that meat when cooked acquires its characteristic species flavor
which is caused by volatile carbonyl compounds, such as hexanal and pentanal,
formed by oxidation of its lipid components (i.e., primarily phospholipids).
Further oxidation during storage of cooked meat results in the deterioration of its
flavor. Curing with nitrite suppresses the formation of oxidation products. It may
be assumed that the flavor of nitrite-cured meats is actually the basic natural flavor
of meat from different species without being influenced by overtone carbonyls
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derived from oxidation of their lipid components. Further support for this view
has recently been provided by Ramarathnam ez al. (31,32), but the postule does
not easily explain the fact that intensity of cured meat flavor is proportional to the
logarithm of nitrite concentrations as reported by MacDougall et al. (63), or the
apparent persistence of the characteristic "mutton" flavor after nitrite curing of
sheep meat (70).

The volatiles of cooked uncured, nitrite-cured and nitrite-free treated pork
systems, stored for a 4 week period at 4°C, were examined using the static HS-
GC methodology outline above (50). For nitrite-cured samples, sodium nitrite and
sodium ascorbate were added directly to comminuted pork. For nitrite-free treated
meats, the composite system consisted of a colorant, namely the preformed cooked
cured-meat pigment (CCMP), and an antioxidant/sequestrant mixture of butylated
hydroxyanisole/sodium ascorbate/sodium tripolyphosphate. Nitrite-free composite
curing systems containing the CCMP have mimicked the characteristics of their
nitrite-cured counterparts (71-76). The preformed CCMP, added to meat model
systems, has been shown to have a weak antioxidative effect (72), but its
suppression of hexanal generation has not been reported. As indicated earlier,
hexanal concentrations in cooked uncured pork systems increased by 650% after
6 days of refrigerated storage and then declined. For nitrite-cured samples,
hexanal levels were depressed indicating that nitrite successfully retarded hexanal
generation and MFD (Figure 9). During the 4 week storage period, the hexanal
level in nitrite-cured pork increased slowly and by day 28 was 2.0 ppm which
represents only 9% of the level reached on day 6 by the uncured sample. For
nitrite-free cured samples, hexanal concentrations followed a similar trend to their
nitrite-cured analogs; by day 28, the hexanal content was 3.5 ppm which is only
16% of the level of the uncured sample after 6 days of refrigerated storage. Use
of TBHQ instead of BHA as an antioxidant in the nitrite-free curing mixture at
a 30 ppm level has been reported to provide better protection to pork samples
against lipid oxidation and hexanal generation (results not shown), but its use in
Canada is prohibited. After 28 days of storage at 4°C, hexanal levels in the
CCMP-treated and nitrite-cured systems continued to increase. For the nitrite-free
systems, a maximum hexanal level was eventually reached and, in some cases,
a moderate decline was noted, again suggesting that caution should be exercised
when evaluating the hexanal content of cooked treated meat systems. Further
research on control of hexanal generation in nitrite-free and nitrite-cured meat
systems with various formulations and under different storage conditions is in

progress.
Summary

Although hexanal has been used as an index of lipid oxidation and MFD, it is not
intended to imply that it is mainly responsible for the characteristic off-flavor of
stored meat. The relationship between hexanal concentration and off-flavour
notes, perceived by sensory means, is statistical and does not offer any
physiological explanation of changes that occur in meat upon storage (77).
Nonetheless, hexanal detection by the HS-GC method has potential for use as an
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Volatile Hexanal Concentration (ppm)

Storage Period (Days)

Figure 9. The relative content of hexanal in uncured, @ , nitrite-
free treated, w , and nitrite-cured, m , cooked ground pork during
storage at 4°C.
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indicator for quality control during processing and storage of meat products.
Hexanal concentrations may also be used for evaluating frozen and cured-meat
products where oxidation proceeds slowly, or when the TBA methodology may
lead to erroneous results.
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Chapter 19

Control of the Production of cis-3-Hexenal,
Lipid-Derived Flavor Compound, by Plant
Cell Culture

Shan-rong Chou and Chee-Kok Chin

Department of Plant Science, Rutgers, The State University of New
Jersey, New Brunswick, NJ 08903

The feasibility of using plant cell culture to produce cis-3-hexenal, a
valuable flavor compound derived from linolenic acid was explored.
A green alfalfa cell line capable of producing cis-3-hexenal was
established. The level of production, however, was relatively low; in
the range of 80 to 180 pg/g fresh weight. The level of production
could be increased by manipulation of the culture medium and culture
condition. The results revealed that cis-3-hexenal production was
limited by low availability of the precursor linolenic acid and low
level of hydroperoxide lyase, a key enzyme in the biosynthetic
pathway.  Various approaches, including biotransformation to
overcome these limiting steps were examined.

C, aldehydes including cis-3-hexenal, frans-2-hexenal, and n-hexenal have a
characteristic fresh ‘green note’ flavor. They are present in various fresh fruit and
vegetables. These C, aldehydes contribute to the flavor of freshness of the produce.
Since they are volatile compounds, they are easily lost during processing such as
sterilization. To reconstitute the freshness flavor, it is necessary to add back these
compounds at a later stage of processing. Also, in food industry C4 aldehydes are
important flavoring agents in many manufactured food products.

Although C, aldehydes are ubiquitous in nature, so far no plant has been
found to contain high enough quantity to make it economically practical as a source
of the compounds. Chemical synthesis of cis-3-hexenal has been achieved (1).
Nevertheless, consumers in general prefer natural compounds over ones synthesized
chemically.

In recent years with the advancement of plant cell culture technology it is
possible to grow plant cells in large quantity in controlled environment similar to
growing microorganisms (2). Cultured plant cells could be an alternative to whole
plant as a source of phytochemicals. There are certain advantages of cultured cells
over whole plant in phytochemical production. First, because the cells are cultured

0097—6156/94/0558—0282$08.00/0
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in controlled conditions, the regulation of production can be more easily monitored.
Thus if the production levels are low, the limiting steps are easier to identify.
Second, cultured plant cells have been found to be amenable to manipulation to
increase the yield of phytochemicals (3). Here we report our attempts to produce C
aldehyde with cultured alfalfa cells.

Material and Methods

Establishment of Cell Culture. Alfalfa (Medicago sativa) seeds were sterilized in
10% Clorox containing 0.1% Tween 20 for 20 min, and rinsed 4 times in sterile,
distilled water. The seeds were kept moist in a sterile container over night, and the
next day were re-sterilized, as described above. Five seeds were transferred to a test
tube (25 x 100 mm) containing 10 ml of half strength Murashige Skoog (MS)
medium (4) containing 3% sucrose, 0.6% agar and no growth regulators. Six-day-
old seedlings were cut into pieces of approximately 7 mm in length and placed on
MS medium, pH 5.8, containing 12.8 uM NAA, 12.8 pM BA, 2% sucrose, and 0.6%
agar. The cultures were kept in a culture room at 25+2°C under Coolwhite
fluorescent light (30 pmol/m%s) with a 16-hour photoperiod. Large amounts of loose
callus tissues formed on these cultures. The callus tissues were teased off and
transferred to 60 ml of liquid MS medium containing the same hormone combination
in 125 ml flasks. The cultures were maintained at 25+2°C on a gyrotary shaker at
200 rpm, and unless otherwise indicated, suspension cell cultures were kept in the
dark. The cultures were maintained by transferring 10 ml of 7-day-old culture to 50
ml of fresh medium weekly.

Determination of C; Aldehyde Production. C, aldehyde was determined by a
method described by Hatanaka et. al. (5). One gram of cells was homogenized in
10 ml of distilled water with a Virtis blender at maximum speed for 30 sec. The
homogenate was filtered with one layer of Miracloth, then transferred to a test tube
(25 mm x 100 mm) and 100 mg of heptanol was added as an internal standard. The
filtrate was flushed with oxygen for 5 seconds, capped with a serum stopper, and
incubated at 37°C for 10 min. One ml of head space vapor was injected into a
Hewlett-Packard 5840A Gas Chromatograph equipped with a J&W DBWAX 20 M
column and an FID detector. Amounts of trans-2-hexenal were determined
according to a precalibrated standard curve using heptanol as internal standard.

Lipoxygenase Activity Assay. Lipoxygenase (LOX) activity of cell and leaf
homogenate was measured by the amount of oxygen taken up at 25°C with an
oxygen analyzer (Hansatech DWI Oxygen Electrode from Decagon Instrument,
Pullman, Washington). Two grams of leaf tissues or cultured cells were
homogenized in 10 ml of 0.025 M Mcllvaine’s buffer, pH 6.8, containing 0.4 M
sucrose with a Virtis blender at maximum speed for 30 sec. The homogenate was
filtered with one layer of Miracloth. The reaction mixture contained 0.9 ml of the
extract and 0.1 ml (15 mmoles) of linoleic acid. Enzyme activity was calculated
from the initial rate of oxygen uptake, assuming an initial dissolved oxygen
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concentration of 0.24 mM. The reaction mixture without substrate or enzyme was
used as a control.

Hydroperoxide Lyase Assay. Hydroperoxide lyase (HLA) catalyses the conversion
of 13-hydroperoxide of linolenic acid to cis-3-hexenal. Hydroperoxide lyase activity
was assayed by the disappearance of 13 hydroperoxide as indicated by the decrease
in absorbance at 234 nm using a recording spectrophotometer (6). The reaction
mixture contained 0.6 ml of the I3-hydroperoxide solution, 0.1 ml of enzyme
solution, and 0.1 M potassium phosphate buffer, pH 6.5, in a final volume of 3 ml.
The reaction was run at room temperature and was initiated by the addition of the
enzyme solution.

Fatty acid Analysis. Fatty acids were extracted and analyzed by the method of
Folch et. al. (7). Two grams (fresh Wt) of leaf tissue or cultured cells were
homogenized with 40 ml of chloroform-methanol (2:1) in a TenBrock tissue grinder.
The homogenate was filtered with Whatman No. 2 paper and the filtrate transferred
to a separation funnel. Ten ml of water were added to the filtrate and the
chloroform fraction was collected and transferred to a Buchi evaporator and
evaporated to dryness in vacuo at 35°C. The residue was redissolved in chloroform
and transferred to a reaction vial and dried under a stream of nitrogen gas. Two
milligrams of heptadecanoic acid dissolved in 1 ml of toluene was added as internal
standard. One ml of methanolic-base reagent was added and the mixture was
incubated at 80°C for 30 min. After the reaction mixture cooled, 3 ml of water and
3 ml of methylene chloride was added. The organic fraction was then separated and
injected into a GC.

Chlorophyll Analysis. Chlorophyll was analyzed by the method of Mackinney (8).
Protein Determination. Protein was determined by the method of Lowry et al (9).

Preparation of 13-Hydroperoxy Linolenic Acid. 13-Hydroperoxy linolenic acid
was prepared by the method described by Hamberg (10) by incubating 1 ml of 8
mM linolenic acid, 32 ml 0.06 M of borate buffer, pH 9.0, and 2 mg soybean
lipoxygenase (Sigma Chemical) in an 0,-saturated atmosphere at room temperature
for 40 minutes.

Determination of 13- and 9-Hydroperoxy Linolenic Acids. High performance
liquid chromatography was performed with a computerized LDC-HPLC system
(Milton-Roy) using a 250-mm i.d. x 4.6 mm Econosil C,; reverse-phased column
equilibrated with 70% acetonitrile. Derivatized and filtered p-bromophenyl bromide
sample (1000 pl) was injected. The elution (flow-rate 1 ml/min) was performed with
a linear gradient from 70% to 100% acetonitrile.

Results and Discussion

In this study cis-3-hexenal isomerized to trans-2-hexenal in our assay process.
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Therefore the amounts of trans-2-hexenal reported here should represent the sum of
cis-3-hexenal and trans-2-hexenal.

Cultured alfalfa cells produced only 20% of the C, aldehyde generated by leaf
cells. Compared to leaf cells, cultured alfalfa cells also had less lipoxygenase,
hydroperoxide lyase, and chlorophyll (Table I). Hatanaka and Harada reported that
in plants, C; aldehyde was converted from linolenic acid by lipoxygenase and
hydroperoxide lyase (11). The much lower lipoxygenase and hydroperoxide lyase
activities found in cultured alfalfa could be the cause of low Cq aldehyde levels.
Another possible reason that the cultured cells produced lower leaf aldehyde was that
less precursor of C, aldehyde, viz. linolenic acid was available. Table II shows that
cultured alfalfa cells had much lower linolenic acid as well as other fatty acids.

It is not known what conditions lead to lower levels of fatty acids in cultured
cells. However, it is known that chloroplast is an important site for fatty acid

Table 1. Trans-2-Hexenal Production, Lipoxygenase, Hydroperoxide Lyase, and
Chlorophyll Levels of Alfalfa Leaves and Cultured Cells

Tissue tr-2- LOX HLA Chlorophyll
hexenal umol
pumol/g/10min O,/g/min umol/g/10min ug/g
Leaf 0.6 0.6 1.5 71
Cell 6.8 42 10.6 3400

Table II. Fatty Acids of Alfalfa Leaves and Cells

Fatty acid, mg/g

Tissue Palmitic Stearic Oleic Linoleic Linolenic
Leaves 1.10 0.17 0.06 0.73 494
Cells 0.41 0.03 0.00 0.61 0.51

Data represent averages of three replicates.
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synthesis (12). Chloroplast development is normally dependent on light. When the
cells were cultured in the dark as in this case, the cells essentially, as indicated by
low chlorophyll level, had no developed chloroplast (Table III). This could be an
important reason why the levels of fatty acids including linolenic acid were low.
Indeed, providing the cells with light increased the chlorophyll (Table II) and
linolenic acid (Table IV) levels. At the same time there was a corresponding
increase in Cq aldehyde production (Table III).

Table III. Effects of Light on Chlorophyll, LOX, HLA and
tr-2-Hexenal in Cultured Alfalfa Cells

Light Chorophyll LOX HLA tr-2-Hexenal
Intensity ng/g pmole O%g/hr  pmole/g/ pmole/g
umol/m*/s 10min

0 8 +£0.7 19.9 £ 0.1 0.40 + 0.04 0.61 + 0.05
5 50 £ 4.3 244 +0.12 0.52 + 0.03 0.98 + 0.07
50 122 £ 1.0 26.0 £ 0.13 0.60 £ 0.05 1.34 + 0.19

Coolwhite fluorescent light was used as light source. Fourteen-day-old cells were
analysed. Data represent averages of three experiments, each with four replicates.

Compared to light intensity in the field which can exceed 2000 pmol/mYs,
the light intensity provided to the cells in our study in the laboratory was much
lower, 50umol/m?/s; approximately one fortieth of that of the light in the field. To
raise the light intensity in the laboratory to that found in the field would generate a
large amount of heat beyond the cooling capacity of our culture room leading to
significant rise in temperature to a level harmful to the cells. Thus it probably is not
practical to increase Cq aldehyde production much further by raising the light
intensity for the cells.

In addition to photosynthesis, cultured green plant cells can produce organic
compounds including linolenic acid from exogenous carbon source. Experiment was
carried out to examine whether the levels of carbon source (sucrose) in the medium
could affect the linolenic acid and Cg; aldehyde levels. Increasing sucrose
concentration up to 4% led to increase in Cq aldehyde production. (Table V), but
above 4% sucrose, production of C, aldehydes declined moderately. Increased
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sucrose concentration also increased the levels of linolenic acid, but concentrations
beyond 4% reduced levels of linolenic acid (Table VI). Thus, there was a limitation
of using higher sucrose to increase the linolenic acid and C, aldehyde levels.

Table IV. Effect of Light on Fatty Acid Levels of Cultured Cells

Light Fatty acid, mg/g
Intensity N o
pmol/mYs  Palmitic Stearic Oleic Linoleic Linolenic
0 0.70 0.70 0.01 1.44 0.36
5 0.85 0.02 0.01 1.66 0.72
50 0.82 0.04 0.00 1.35 0.97

Data represent averages of two experiments. Fourteen-day-old cells were analyzed.
H eptadecanoic acid were used as internal standard.

Table V. Effects of Sucrose Concentrations on LOX, HLA, and ¢r-2-Hexenal
in Cultured Alfalfa Cells

Sucrose LOX HLA tr-2-Hexenal
% pmole O%/g/hr umole/g/10min pmole/g
1 4.43 0.02 + 0.0 0.3 £ 0.01
2 5.78 £ 0.19 0.43 + 0.02 0.83 + 0.04
3 895+ 04 0.49 + 0.01 1.23 + 0.06
4 17.03 £ 0.77 0.52 £ 0.01 1.83 + 0.08
5 21.58 + 0.69 0.50 + 0.02 1.57 £ 0.08
6 29.87 + 1.14 0.49 = 0.02 1.36 + 0.06
8 36.87 + 0.81 0.42 + 0.02 1.32 + 0.06

Data represent averages of two experiments, each with four replicates. Fourteen-day-
old cells were analyzed.
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Table VI. Effects of sucrose concentrations on linolenic acid levels
in cultured alfalfa cells

Sucrose Linolenic Acid
% ng/g

0.28
0.42
043
0.39
0.34
0.32

0 AN L A WN

Fourteen-day-old cells were analyzed. Data represent averages of three experiments.

Both the light intensity and sucrose concentration experiments showed that
linolenic acid and C4 aldehyde levels appeared to be correlated, i.e., low levels of
Csaldehydes were caused by low levels of linolenic acid. If this is true then one
should be able to increase the Cq aldehyde levels by raising levels of linolenic acid.
One approach to increase the linolenic acid of the cells was to directly supplement
the culture medium with linolenic acid. However, it was found that linolenic acid
supplementation not only did not increase but actually suppressed the C, aldehyde
production (Table VII). In addition, it was found that linolenic supplementation
reduced chlorophyll levels and hydroperoxide lyase activity. The effects of linolenic
acid could be observed even in relatively short time; in 12 hours the chlorophyll
level was reduced by 50% and after 48 hours, no chlorophyll was detected (Table
VII). Although there was a rapid bleaching of the chlorophyll, production of C4
aldehydes did increase in this 48-hour period.

The linolenic acid added to the medium disappeared from the medium quite
rapidly; from 719 to 371 pmoles in 3 hours (Table VII). Initially there was a
concomitant increase in /3-hydroperoxy and 9-hydroperoxy linolenic acid in both the
medium and the cells. Subsequently the 13-hydroperoxy linolenic acid in the
medium and cells declined after 6 hours whereas the 9-hydroperoxyl linolenic
increased throughout the 48-hour period. The results suggest that the lipoxygenase
was more active than hydroperoxide lyase. Consequently, hydroperoxides of
linolenic acid were quickly produced, but due to less hydroperoxide lyase activity
most of the hydroperoxides of linolenic acid were not converted in timely fashion
to C, aldehyde but accumulated as peroxides. The results also show that alfalfa cells
had two types of lipoxygenase; one converting linolenic acid to 13-hydroperoxide
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and the other to 9-hydroperoxide. The bleaching of the chlorophyll was probably
the consequence of chlorophyll oxidation by elevated levels of hydroperoxides.
Indeed the bleaching of chlorophyll by linolenic acid supplementation could be
duplicated by the addition of hydrogen peroxide to the culture. Addition of
hydrogen peroxide caused the cells to lose chlorophyll and weight (Table IX).
Surprisingly higher amounts of hydrogen peroxide, a known strong oxidant, than
linolenic acid was needed to cause the bleaching of chlorophyll and loss of cell
weight. Under the microscope, cells damaged by linolenic acid and hydrogen
peroxide looked very similar (data not shown).

Table VII. Effects of Linolenic Acid Supplementation on Chlorophyll,
Hydroperoxide Lyase and ¢r-2-Hexenal in Cultured Alfalfa Cells

Linolenic Acid Chlorophyll HLA tr-2-Hexenal
mM ug/g pmol/g/10min pmole/g
0.0 142.0 + 5.8 0.58 + 0.03 1.31
0.1 136.2 + 3.0 0.52 £ 0.03 1.10
04 51.0+ 6.0 0.11 £ 0.01 0.03
0.8 4.6 +3.2 0.17 + 0.01 0.00

Seven-day-old cells were analyzed. Data represent averages of two
experiments each with 4 replicates.

In this study we identify two limiting factors of C, aldehyde production by
cultured alfalfa cells, namely the precursor linolenic acid, and hydroperoxide lyase
which converts 13-hydroperoxide to cis-3-hexenal. The levels of linolenic acid
levels could be moderately increased by raising the light intensity for cell culture and
sucrose levels in the culture medium. These elevated levels of linolenic acid led to
corresponding moderate increase in Cg aldehyde production. The levels of linolenic
acid could be increased sharply by directly supplying the cells with exogenous
linolenic acid. The cells rapidly convert the exogenous linolenic acid to 13- and 9-
hydroperoxide of linolenic acid. These hydroperoxides, however, were not converted
as quickly to Cy4 aldehyde due to low hydroperoxide lyase activity. Apparently if
production of C, aldehyde by cultured cells is to become practical, ways will have
to be found to increase the hydroperoxide lyase activity. Several approaches may
be possible. Initially, it would be practical to search for plants with high
hydroperoxide lyase and use them to initiate cell cultures. Secondly, one may try
to raise the hydroperoxide lyase activity. Several strategies have been demonstrated
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Table VIII. Effects of Linolenic Acid on Chlorophyll, 13- Hydroperoxide
Linolenic Acid, 9-HPOLNA, and #r-2-Hexenal Levels in
Cultured Alfalfa Cells

Time Chlorphyll Linolenic 13-HPOLA 9-HPOLA tr-2-
hr pe/g Acid Hexenal
Medium Cells Medium Cells Medium Cells
pmol pmol pmol

0 178 7194 394 0.0 26.8 0.0 52.1 0.63
182 371.1 547 1379 343 264 1279 1.11
6 182 3243 945 2095 559 37.2 92,0 1.47

12 81 56.6 61.9 41.3 39.5 439 1336 --
24 23 433 544 25.1 31.6 72.1 1385 5.39
48 0 413 61.7 27.0 315 1254 1618 6.66

Linolenic acid was added to give an initial concentration of 0.11%. Data represent
averages of two experiments.

Table IX. Effects of Hydrogen Peroxide Concentrations on
Growth and Chlorophyll Levels in Cultured Alfalfa Cells

H,0, Cell Weight Chlorophyll
mM g Hg/g
0 13.03 144
0.6 12.40 136
1.2 11.35 116
24 9.99 96
4.8 8.43 71

Hydrogen peroxide was added to 7-day-old cell culture. Analysis was performed 7
days later. Data represent averages of two experiments.
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to be effective in raising the activities of certain enzymes in culture plant cell. The
strategies include using compounds called elicitors which induce production of
enzymes and adjusting cultural conditions to promote the production of certain
enzymes (13, 14, 15). A third approach presupposes that the low hydroperoxide
lyase activity found in the cells is due to low amount of the enzyme produced. If
regulation of expression of the hydroperoxide gene is modified to allow high
expression, then more enzyme will be produced and the total activity will then
increase. Since gene expression is controlled by regulatory sequences including the
promotor sequence (16), recombinant DNA technology could be utilized to increase
the expression of hydroperoxide lyase. This approach will require isolating and
cloning of the hydroperoxide lyase gene, substituting the native regulatory sequence
with one which allows very high expression and reintroducing the modified
hydroperoxide gene back into the plant cells (14). This should produce cells with
higher hydroperoxide lyase activity. Hopefully, with cells possessing higher
hydroperoxide lyase we should be able to increase Cq aldehyde production by direct
linolenic acid supplementation.
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Chapter 20

Canola Oil Flavor Quality Evaluation
by Dynamic Headspace Gas Chromatography

S. K. Raghavan, D. R. Connell, and A. Khayat

Hunt-Wesson, Inc., 1645 West Valencia Drive, Fullerton, CA 92633

A procedure for rapid and automated evaluation of the flavor
quality of canola oils was developed based on the quantitation of
selected lipid oxidation products. OQil volatiles were stripped for 20
minutes at 150°C into a Tenax adsorbent and transferred to a gas
chromatograph fitted with a 60 meter DX-1 capillary column.
Typical lipid oxidation products observed include pentanal, hexanal,
octanal, nonanal and decadienal. Unlike most other edible oils, the
major breakdown products from this oil are the cis, trans- and
trans, trans-2,4-heptadienals with an odor character generally
described as oily, fatty and putty. Flavor equations were developed
by correlating selected known volatile compounds to the traditional
sensory evaluation flavor score using stepwise multiple regression
analysis. Using several three component equations, regression
coefficients ranging from 0.8 to 0.92 were obtained. Typical aged
oils taken from supermarket shelves showed a significant increase
in most volatile degradation compounds over the fresh oils
particularly 2-pentenal (44 fold increase), #-2,4-decadienal (12
fold) and t,z-heptadienal (13 fold).

Rapeseed crop varieties, particularly those originating from Asia, are generally
high in erucic acid (HEAR) and glucosinolates. The anti-nutritive nature of these
constituents render these oils undesirable for general consumption or for use as
animal feed. Erucic acid content of HEAR oils generally range from 22 % to 60
%. Low erucic acid oils (LEAR) are genetic modifications of HEAR varieties that
result in an overall erucic acid content under 5 %. These oils are also referred to
as single-low or single-zero varieties. Canola oil is a LEAR oil with less than 2
% erucic acid content and with low glocosinolates level. This combination is
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often referred to as double-low or double-zero varieties. Triple-low or triple-zero
varieties also were cultivated with low levels of erucic acid, glucosinolates and
fiber.

Canola oil is a low erucic acid rapeseed oil produced primarily in Canada,
China, Japan and the European community. Primarily a polyunsaturated oil,
canola oil has a high oleic acid content that typically exceeds 60 % and a total
unsaturated content of greater than 94 %. The highly unsaturated nature of this
oil along with possibly the relatively high level of chlorophyll makes it susceptible
to oxidative degradation. Market demand for canola oil as an edible oil has been
strong over the past few years. While mostly used as salad oils, canola oil is
rapidly gaining acceptance as a substitute for vegetable oil in general food
preparation uses. Much of this demand can be attributed to the nature and amount
of its unsaturated fatty acids. Erucic acid content of canola oil is generally at or
below 0.5 %. On the average, canola oil consists of less than 6% saturated fat
(Table I). It also is unique among edible oils in the relatively high amount of
linolenic acid content. It has been suggested that the ratio of linoleic to linolenic
acid in canola oil, at approximately 2:1, is nutritionally desirable ().

Table L. Fatty Acid Composition of Selected Oils

Fatty Acid  Canola Soybean Comn Peanut Olive
14:0 0.04 0.1 - 0.1 -
16 : 0 3.5 10.8 114 10 11
18:0 1.5 4 1.9 23 22
20:0 0.5 - - - -
22:0 0.2 - - - -
Total Sat. 5.74 14.8 13.3 17.8 13.2
16:1 0.2 0.2 - 0.1 0.8
18:1 61.7 23.8 253 47.1 75.8
20:1 14 0.2 - 1.4 03
22:1 0.5 - - - -
Total Mono. 63.8 242 253 48.6 76.9
18 : 2 19.7 53.3 60.7 33.6 83
18:3 10.7 7.1 0.7 - 0.6
Total Poly. 30.4 60.4 61.4 33.6 8.9
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Instrumental approach for the determination of oil flavor quality is a well
established technique that has been successfully demonstrated by many researchers
(2,3). Most of this work was based on the correlation between one or more of the
volatile degradation components of an oil and its sensory flavor score. Many
laboratories including ours have obtained excellent correlations for soybean, corn
and olive oil volatiles with their sensory scores (4,5). Typically, such studies
include compounds such as pentane, hexanal, and decadienal as well as the total
volatiles. Our studies have also demonstrated that the major volatile emissions
from fresh and aged canola oil are the cis, trans- and trans, trans-2,4-heptadienals.
Originating from the breakdown of linolenic acid, their odors have been generally
described as fatty, putty and deep fried. In comparison, the major decomposition
products from soybean, corn and olive oils that originate primarily from the
decomposition of linoleic acid are hexanal, trans-2-heptenal and 2,4-decadienal
with olive oil also generating large quantities of nonanal, a decomposition product
of oleic acid (Table IT). Unique volatile constituents have been reported for canola
oil including trace amounts of tetrahydrofuran, ethyl furan and ethyl acetate (6).

Table I. Major Volatile Compounds from Edible Oils

Compound Origin Amount (ppb)
Canola Soybean Comn Olive

heptanal C18:1 104 12.5 24.7 74.2
octanal Ci18:1 20.6 223 24.1 320
nonanal Ci8:1 48.9 83.2 58.9 578.0
hexanal Ci18:2 28.7 36.0 146.4 455.9
t-2-heptenal C18:2 444 54.0 164.0 2143
t-2-octenal C18:2 99.9 89.7 914 239.2
2,4-nonadienal C18:2 11.0 44 7.6 17.7
¢,t-2,4-decadienal C18:2 30.9 28.8 473 66.6
t,t-2,4-decadienal C18:2 49.0 55.8 83.0 178.1
2-pentenal C18:3 153 6.1 1.1 12.1
¢,t-2,4-heptadienal C18:3 99.9 43.7 21.2 16.5
t,1-2,4-heptadienal C18:3 115.8 32.1 10.4 543
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Dynamic headspace analysis using capillary gas chromatography has been
the method of choice of most recent researchers investigating oil flavor quality
based on its excellent sensitivity, selectivity and reproducibility. Many variations
of this technique have been published and successfully demonstrated including
purge and trap techniques that use polymer adsorbents and/or cryofocussing.
Where speed of operation has been a priority, particularly in routine quality audits,
headspace enrichment adsorbent traps for sample preconcentration along with auto
sampling capability have been extremely effective. Using such a system, good
correlations have been demonstrated for determining the flavor attribute of
soybean oil using the aldehydes 7-2-heptenal, t-2-octenal and trans, trans-2,4-
decadienal (7). Similar results have also been observed for other edible oils (8).
While there have been many published reports on the volatile degradation
compounds from fresh and aged canola oils, the emphasis in this study is to
develop a procedure for correlating canola oil volatiles to their sensory flavor
scores. The method presented here will be a rapid, automated, sample enrichment
based purge and trap analysis with capillary gas chromatography. Volatile
compounds will be identified and quantified in a number of fresh and aged oils
and selected components will be statistically correlated with sensory evaluation
data using stepwise regression analysis.

Experimental

Most of the oils used in this study were part of a nationwide quality audit and
were selected to cover a wide range of production dates. Fresh oils were obtained
directly from the oil refinery. Owing to the difficulty of finding oils of extremely
rancid quality, rancidity was induced through a modification of the Schaal oven
test procedure. All oils were stored in 100 ml. vials and the headspace volume
blanketed with high purity nitrogen gas. The vials were stored in a -10° C freezer
and individual vials were thawed to room temperature prior to analysis. Peroxide
values were determined for all the oils.

One gram of oil was placed in a clean 10 cc glass tube, blanketed with
nitrogen and purged with ultra high purity nitrogen gas at a flow rate of 50 ml/min
for 20 minutes at 150° C. Volatiles were trapped in an polymer adsorbent
consisting of Tenax, Ambersorb, charcoal and glass beads. Through a series of
narrow bore focusing traps, the purged volatiles were desorbed using a Dynatherm
Model 910 Multiple Thermal Desorption Unit and analyzed with a Shimadzu 14A
gas chromatograph fitted with a 60m x 0.32 mm DX-1 fused silica capillary
column (J&W Scientific) and a flame ionization detector. Up to eight samples
could be loaded simultaneously on this unit. For gas chromatographic separation,
the column was initiated at 50° C and ramped at 5° C/min to a final temperature
of 210° C for a total run time of 30 minutes. Run times under 25 minutes were
successfully demonstrated by using a ramp of 7° C/min. However, under these
conditions, certain volatiles including hexanal are only partially resolved and
cannot be used reliably in establishing sensory correlations. Methyl nonanoate
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was used as the internal standard for quantitation of volatiles. All identifications
were done on a Finnigan ITS-40 Ion Trap Mass Spectrometer.

Sensory analysis was performed by a seven member expert panel using a
10 point hedonic scale with the following descriptors: extreme to strong (1-2),
strong (3-5), moderate (6-7), slight (8-9) and bland (10). Statistical analysis was
based on stepwise regression analysis which determines combinations of these
aldehydes that best match the sensory data. Components are entered into the
classification process one at a time until correlation ceases to improve notably.

Results and Discussion

Peroxide value of the oils that were selected for this study ranged from 0.2 meq/kg
to 11 meq/kg. Headspace volatiles from decomposition of these lipid
hydroperoxides observed in a typical fresh and aged canola oil is seen in Figure
1. The flavor character of fresh canola oil with peroxide value of 0.2 meg/kg is
relatively odorless and is generally described as bland. Major compounds in this
profile include the cis, trans- and trans, trans-2,4-heptadienals (fatty, putty, deep
fried), hexanal (green), frans-2-heptenal (fatty, soapy, fruity), frans-2-octenal (fatty,
nutty), nonanal (tallowy) and trans, trans-2,4-decadienal (deep fried). Most of
these compounds, however, appear below their odor detection threshold in freshly
processed canola oil and are not perceived. Of the major degradation byproducts,
only hexanal and trans, trans-2,4-decadienal exceed their odor detection threshold
and contribute to the aroma of this oil. In many instances, direct correlations
between peroxide values and the concentration of individual aldehydes were
observed. For instance, a regression coefficient () of 0.83 was determined for
2,4-decadienal and the peroxide value. Correlation between peroxide values and
sensory scores were generally poorer. This may be due to the differences in
sensory perception unique to canola oil. While a peroxide value of 2 meqg/kg or
above is indicative of rancidity in soybean oil, canola oil with a peroxide value
of 10 was considered acceptable by taste panelists (9). Furthermore, peroxide
values may not indicate the actual extent of oil degradation because the lipid
hydroperoxides formed decompose readily during storage and heating. The
volatile profile of fresh canola oil is similar in composition to that of soybean oil
(Figure 2). However, in canola oil the major components are the cis, trans- and
trans, trans-2-heptadienals. In comparison the major compounds observed in fresh
soybean, corn and olive oils are trans-2-heptenal, hexanal and nonanal
respectively.

Aged canola oil shows a sharp increase in all known degradation products
with all major compounds appearing well above their odor detection thresholds.
The aroma is dominated by cis, trans- and trans, trans-2,4-heptadienals, hexanal,
nonanal and the cis, trans- and trans, trans-2,4-decadienals. Octen-3-one, which
has a strong metallic flavor which is generally considered an off-odor in oils,
occurs at a concentration of 75 ppb in this aged oil which is approximately 750
times above its odor detection threshold. Despite its relatively low concentration,
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Figure 1. Gas chromatographic profile of fresh (top) and aged canola oils. (1 =
2-pentenal; 2 = hexanal; 3 = heptanal; 4 = 2-heptenal; 5, 6 = c,t and 1,¢-2,4-
heptadienals; 7 = 2-octenal; 8 = nonanal; 9, 10 = ¢,7 and #,1-2,4-decadienals; ISTD
= internal standard)

metallic note of this compound contributes significantly to the overall flavor
character of the aged oil. All these compounds, in combination, contribute to the
overall rancidity of aged canola oil.

Response was determined at concentrations ranging from 20 ppb to 1 ppm.
Using paraffin oil, sensitivity in the sub-part per trillion level was demonstrated
for hexanal. Response of six selected aldehydes representing the major
compounds observed at these concentrations was extremely linear with r? of 0.99
determined for most compounds. Precision for these six aldehydes was
determined from quintuplicate analyses for both fresh and aged oils. Coefficient
of variation ranged from 0.9 % to 14.9 % with an average of 6.4 % (Table III).
Recoveries, determined at six concentration levels for each of these aldehydes,
ranged from an average of 95 % to 104 %. Relatively high variation observed for
nonanal and 2,4-decadienal (> 10 %) is a result of contaminating artifacts from
previous runs coeluting with these peaks. In high volume, rapid analyses this is
not an uncommon occurrence, particularly with the higher molecular weight
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Figure 2. Gas chromatographic profile of soybean, canola, corn and olive oils (top
to bottom) of similar production age. (1 = 2-pentenal; 2 = hexanal; 3 = heptanal;
4 = 2-heptenal; 5, 6 = ¢, and ,£-2,4-heptadienals; 7 = 2-octenal; 8 = nonenal; 9,
10 = ¢,¢ and #,¢-2,4-decadienals; ISTD = internal standard)
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Table IIL. Replicate Analysis of Fresh and Aged Canola Oils

Sample Concentration (ppb)
2-pentenal  hexanal heptanal 2,4-hepta- nonanal 2,4-deca-
dienal dienal
Fresh 83 113.5 343 7.7 113.4 104.2

10.3 112.1 36.2 88.9 86.7 109.1
9.2 114.7 312 80.8 953 102.9

Mean 93 1134 339 82.4 985  105.4
CV (%) 9.6 23 6.6 5.7 14.9 2.0

Aged Oil 388.5 753.1 1579 10643 4012 12315
422.0 774.2 178.3 1169.4 4059  1391.6
388.9 7223 159.7 997.5 430.0 1103.2

Mean 3998 7499 1653 1077.1 4124 12421
CV (%) 0.9 40 6.9 8.4 3.0 12.0

compounds. If desired, cleaning cycles can be implemented for the traps and
column to minimize this effect. Careful attention is also needed during setup for
accurate measurement of decadienal particularly in establishing proper
temperatures in the transfer zones. With adequate attention, variation below 5 %
(CV) is consistently observed.

In this study, all the major volatiles that were conclusively identified were
considered for correlation with taste panel flavor scores. Using a procedure based
on the studies of Min (10) and others, the concentration of the volatile components
of these oils were correlated to their sensory flavor scores.  With stepwise
regression analysis, single components were matched with sensory data followed
by two-set components, three-set components, and so on until the entire list of
compounds selected was exhausted. Equations were developed for each of these
models based on the following relationship:

Oil Flavor Score = b-[(mx A, )+(mxA))+..(mxA,)]

where b = y-intercept, m = slope, and A , = normalized peak area for compound
n.

On this basis, instrumental flavor scores developed from these equations
were compared to sensory flavor scores. A three component model with pentenal,
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heptadienal and decadienal produced a regression coefficient of 0.87. These three
compounds, originating from linolenic acid degradation, are the three most
abundant volatiles observed in aged canola oils. Regression values improved
significantly with a combination of 2,4-hexadienal, 2-heptenal and 2-octenal (r*=
0.92). Even better correlations were observed when models with more than three
components were developed. However, owing to the complexities of incorporating
many compounds in the model, such equations are not practical in high volume,
routine analyses.

The unique polyunsaturated fatty acid composition of canola oil renders it
more prone to lipid oxidation than most other edible oils. Lipid hydroperoxides
are readily formed and degrade rapidly to form the volatile oxidation products.
The approach outlined here offers an effective and reliable manner to determine
the flavor quality of canola oil based on these volatile oxidation products. With
excellent sensitivity and precision, the predicted flavor scores for canola oil
correlate well with traditional sensory scores in a rapid and continuous operation.
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Chapter 21

Stabilization of Camola Oil by Natural
Antioxidants
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Department of Biochemistry, Memorial University of Newfoundland,
St. John’s, Newfoundland A1B 3X9, Canada

Canola is a major source of vegetable oil in the world. Canada is
the main producer and exporter of canola products. The content
of saturated fatty acids of canola oil is the lowest among all
common sources of vegetable oil. However, stabilization of canola
oil is required in order to prevent the formation of undesirable
flavors during storage and heating. Stability of canola oil as such
and as affected by a number of synthetic antioxidants and novel
natural ingredients, under Schaal oven test conditions at 65°C, was
monitored by determining the weight gain, content of peroxides
and thiobarbituric acid reactive substances (TBARS). Novel
canola extracts and a number of flavonoids of natural origin were
tested. Oxidative stability of the oils treated with natural
ingredients was considerably better than that of the control, and in
many cases were equivalent or superior to that imparted by
commonly used synthetic antioxidants.

Canola is the most important vegetable oil in Canada. In 1991, canola
accounted for 79% of salad/cooking oils, and 47% and 59% of vegetable oils
used for production of margarine and shortening in Canada, respectively (I).
Development of genetically improved, low erucic acid, canola varieties boosted
the World demand for canola oil and increased its use in foods. The ratio of
linolenic (C18:3) to linoleic (C18:2) acids in the oil is approximately 1:2 and this
is considered to be nutritionally favorable (2). However, development of off-
flavors, due to the autoxidation of unsaturated fatty acids in canola oil, especially
C18:3 is often criticised (3). The oxidative deterioration of canola proceeds
via a similar mechanism as for other vegetable oils (4) and involves primarily
autoxidative reactions followed by those having oxidative and non-oxidative
character.

0097—6156/94/0558—0301508.00/0
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Hydroperoxides are the primary products of lipid oxidation, however, they
do not contribute to flavor as they are bland in taste and are colorless and
odorless (5). Upon decomposition of hydroperoxides, however, secondary
products such as hydrocarbons, alcohols, ketones and aldehydes are produced.
These compounds influence the flavor of oils.

The degree of unsaturation of a fatty acid has a significant effect on its
oxidation rate. The relative rate of oxygen uptake and hydroperoxide
decomposition of C18:3 are much faster than those of C18:2 and oleic acid
(C18:1) (6). Due to rapid oxidation of linolenic acid, development of off-flavor
in canola oil is of concern to processors. Linolenic acid accounts for 10-12% of
the total fatty acids in canola oil. In addition, traces of heavy metals, especially
those of iron and copper in edible oils are known to have a marked effect on the
rate of oil oxidation (7).

Durkee (8) first suggested that C18:3 is an important precursor of the off-
flavor compounds. Frankel (5) summarized supporting data for this theory and
confirmed that compounds responsible for off-flavor character of soybean oils
were derived from linolenic acid. These compounds included acetaldehyde,
propanal, pentanal, hexanal, 2,4-heptadienal, 2,4,7-decatrienal and 2-pentenyl
furan. Mechanisms for the breakdown of pure linolenate, linoleate and oleate
hydroperoxides, as well as some products of further decomposition of secondary
oxidation products have been discussed by Frankel (9). Snyder et al. (10) have
analyzed volatile components of several commercially processed vegetable oils,
including canola and soybean oils, both fresh and after storage under Schaal oven
test conditions. The volatile compounds found in the stored canola oil were
associated with the major fatty acids present in the oil. Unlike other vegetable
oils, canola and soybean, which contain large amounts of C18:3, produced
measurable quantities of 2,4-heptadienal (/1,12). Canola oil formed more
nonanal and a much smaller concentration of propane than most of the other oils.
Trace amounts of tetrahydrofuran, ethyl furan and ethyl acetate were found only
in canola oil. In the oils containing polyunsaturated fatty acids, the substantial
increases in the amounts of pentane, hexanal and 2-heptenal during storage were
related to the presence of C18:3. Hawrysh (4) has also examined the major
volatiles of canola oil and found that large amounts of butane/pentane, hexanal
and 2,4-decadienals were formed under accelerated oxidation conditions.
Formation of these volatile compounds coincided with oxidative deterioration of
oils. Therefore, stabilization of canola oil is required in order to prevent the
formation of off-flavors.

Antioxidants are major ingredients which protect the quality of oils by
retarding oxidation. In the edible oil industry, synthetic antioxidants and
chelating agents are often used because they are effective and inexpensive.
Currently BHA (butylated hydroxyanisole), BHT (butylated hydroxytoluene) and
a mixture of BHA/BHT/MGC (monoglyceride citrate) are used as antioxidants in
the canola oil industry. However, increased popularity of natural food additives
may prompt more food manufacturers to replace synthetic antioxidants with
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ingredients containing natural antioxidative compounds (13). Therefore, research
on natural ingredients has gained momentum as they are generally considered to
pose no health risk to the consumers. Most naturally-occurring antioxidative
compounds are flavonoids, phenolic acids, lignans, terpenes, phospholipids and
polyfunctional organic acids (I4). Tocopherols («, 8, v and &) occur as minor
constituents in all vegetable oils, and are among the best known and most widely
used natural antioxidants. Their antioxidant activity is in the order of &-
tocopherol (most effective) > ~-tocopherol > B-tocopherol > a-tocopherol
(least effective) (15). Canola meal has been reported to have a high content of
phenolic compounds (1-2% of defatted meal) (16,17). These compounds include
phenolic acids (18,19), flavonoids (20) and condensed tannins (21). However,
presence of high levels of phenolic compounds in canola meal is undesirable due
to their adverse effects on the nutritional and organoleptic properties of the meal
(22). Therefore, removal of phenolic compounds from canola meal and their
proper utilization would present new opportunities for the canola meal industry.

Plant flavonoids are recognized as important compounds in conferring
stability against autoxidation of vegetable oils (23). The relationship between the
chemical structure of flavonoids and their antioxidant activity has been thoroughly
investigated (24-26). Effectiveness of flavonoids in retarding lipid oxidation in
lipid-containing foods is related to their ability to act as free radical acceptors
(25,26), or as chelators of metal ions. Metal chelation by flavonoids is due to
ortho-dihydroxy (3',4'-dihydroxy) grouping on the B-ring and to the ketol
structure in the C-ring in their chemical structure (27). Lack of at least one of
these groups may reduce or even delete the chelating ability of flavonoids.

Application of some natural phenolics from plant extracts and flavonoids
to meat model systems has previously been reported from our laboratories
(27,28). The present paper summarizes the results of application of canola
extract and natural flavonoids on the oxidative stability of refined-bleached (RB)
canola oil.

Materials and Methods

Materials. Canola seeds (variety Candle) and refined-bleached (RB) canola oil
containing no antioxidants were obtained from CanAmera (Saskatoon, SK).
Synthetic antioxidants (BHA, BHT and TBHQ) and commercially available
flavonoids were obtained from either Sigma (St. Louis, MO) or Aldrich Chemical
Company (Milawaukee, WI). Monoglyceride citrate (MGC) was obtained from
Griffiths Laboratories (Scarborough, ON).

Sample Preparation. Dried canola extract (CE) was prepared as given in the
flow diagram (Figure 1). The antioxidant activity of these extracts (100, 200,
500 and 1000 ppm) as well as flavonoids and TBHQ (200 ppm) and a mixture of
BHA/BHT/MGC (100/100/50 ppm; MGC as citric acid equivalents) in RB canola
oil was tested. For weight gain studies, two grams of each sample (in triplicate)
were placed in a petri dish, traces of water were removed in a vacuum oven
overnight at 35°C, reweighed and stored in a forced air oven at 65°C. The
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weight gain of sample was recorded at 24 h intervals. The time required for a
0.5% weight increase of oil was taken as an index of stability. Twenty five
millilitres of each sample were stored separately under the same conditions in
small open glass containers for performing other chemical analyses.

Q&Tm

Grinding

Hexane

K

Extraction

g m—

95% Ethanol
K i

Extraction
R=16.6, 80°C, 20 min
l
Centrifugation

|———> Residual meal

Dehydration
40°C, vacuum

l

Canola extract (CE)

Figure 1. Preparation of dried canola extract.

Other chemical analyses of oils included determination of peroxide value
(PV) (29) and the percentage inhibition of TBARS production using the classical
2-thiobarbituric acid (TBA) test (29) as given in the following equation.

Mean percent inhibition of TBARS production =

a- TBARS content of treated sample X100)
TBARS content of control
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Results and Discussion

Recovery and Composition of Canola Extract (CE). The recovery of combined
ethanolic extract of canola meal was 12.9+0.5% on a dried, deoiled weight basis.
The extract contained 18.3% phenolic compounds. Other constituents included
crude proteins (18.5%), fat (6.3%), total sugars (32.0%) and minerals (5.6%).

Effect of CE and Flavonoids on Weight Gain. Table I summarizes the time
required to obtain 0.5% weight gain in canola oil to which CE, BHA/BHT/MGC
and TBHQ were added under accelerated oxidation conditions. Although
neumerical values varied from one batch to another, the same trends were always
observed. The time required to achieve a 0.5% weight gain in canola oil was
increased with increasing concentration of CE. Weight gain data of canola oil
treated with different flavonoids as compared with BHA/BHT/MGC and TBHQ
are shown in Table II. All flavonoid-treated samples exhibited a delayed
induction period compared to the control. It is accepted that each day under
Schaal oven test at 65°C is equivalent to one month of storage at ambient
temperatures (30). The extension of the induction period of oxidation in canola
oil by using CE-500, CE-1000 and TBHQ was 2, 2.5 and 2.7 times that of the
control, respectively. Samples containing CE-500 and CE-1000 had a delayed
induction period comparable to that of BHA/BHT/MGC which is commonly
used in canola oil in Canada. Extension of induction period by
(-)epicatechin and myricetin was 2 and 5 times that of the control, respectively.
Furthermore, (-)epicatechin and myricetin were more effective than
BHA/BHT/MGC; however, myricetin was even more effective than TBHQ, the
most effective synthetic antioxidant used by the food industry.

Effect of CE and Flavonoids on Peroxides Formation. Addition of CE at
levels of 100 to 1000 ppm to canola oil significantly (P <0.05) decreased the PV
during accelerated oxidation (Table III). Increase in addition level of CE
parallelled a decrease in the formation of peroxides. However, PV of canola oil
treated with 200, 500 and 1000 ppm of CE were similar up to day-2. After day-
5, PV of samples containing varying concentrations of CE were significantly
(P <0.05) different. For up to 13 days, PV of the control sample increased from
0.37 meq/kg (fresh oil) to 159 meq/kg (oxidized oil), however, corresponding
values for oils treated with CE-500 and CE-1000 were increased from 0.30 to
87.2 and from 0.32 to 80.0 meq/kg, respectively. CE at 1000 ppm level was
most effective and gave much lower PV than the control, BHA/BHT/MGC- and
other CE-treated samples.

The scientific literature in the past two decades is replete with reports on
antioxidative activity of natural ingredients. Different kinds of seed hulls and
meals have been studied for their antioxidative properties (31-33). Most of these
antioxidative compounds are phenolic in nature. However, only few reports are
available on antioxidative ability of Brassica seed meals. Shahidi et al. (27) have
reported that low pungency mustard flour and its extracts effectively retarded
warmed over flavor (WOF) development in meat model systems. They have
indicated that the antioxidative efficacy of these extracts was directly proportional
to their total content of phenolics.
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Table I. Effect of treatment of canola oil with different levels of canola
extract (CE) the time required for a 0.5% weight gain

Treatment (ppm) Days
Control 3.2
CE (100) 5.0
CE (200) 6.0
CE (500) 6.5
CE (1000) 7.8
BHA/BHT/MGC (250) 6.3
TBHQ (200) 85

Table II. Effect of treatment of canola oil with different flavonoids on the
time required for a 0.5% weight gain'

Treatment Days
Control 3.2
Flavones:

Apigenin 3.5

Chrysin 35
Flavonols:

Kaempferol 3.5

Morin 5.5

Myricetin 15.0

Quercetin 5.8

Rutin 6.0
Flavanones:

Naringenin 35

Naringin 5.5
Flavononols:

Taxifolin 4.0
Flavan-3-ol:

(-)Epicatechin 7.0
BHA/BHT/MGC 6.3
TBHQ 8.5

1All samples were treated with 200 ppm additives, except for BHA/BHT/MGC
which was added at 250 ppm.
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The changes in PV of flavonoid-treated oils as a function of time are
assembled in Table IV. Canola oil treated with quercetin, myricetin, morin, rutin
and (-)epicatechin exhibited lower PV (<50%), up to nine days as compared with
the control sample. However, samples treated with 250 ppm BHA/BHT/MGC
showed relatively higher peroxide formation as compared with some of the
flavonoids examined in this study. Among the flavonoids tested, myricetin,
quercetin and rutin served best in lowering the formation of peroxides in the
samples. Myricetin was superior to all other flavonoids and gave PV of 2.6,
10.2, 12.0 and 27.8 meqg/kg on days 2, 5, 9 and 13, respectively; whereas
corresponding values of the control samples were 22.5, 83.6, 125.0 and 159.0

meq/kg.

Effect of CE and Flavonoids on TBARS formation. Determination of TBARS
as a measure of formation of secondary oxidation products is most frequently
made to monitor oxidation of vegetable oils. In this work addition of CE,
flavonoids, BHA/BHT/MGC and TBHQ to canola oil showed a significant
(P<0.05) effect on reducing TBARS formation as compared with the control
sample (Figure 2 and 3). Among these additives, TBHQ was most effective in
retarding TBARS formation at 200 ppm level. Ability of TBHQ to lower TBARS
values of stored canola oil has been reported in the literature (34). The CE at
>200 ppm performed a better inhibitory effect than BHA/BHT/MGC on the
formation of TBARS. The general trend of the activity of flavonoids on TBARS
formation, indicated that flavonols, flavan-3-ols and flavanones were more
effective than other types of flavonoids. Among flavonoids tested, rutin,
quercetin, naringenin, naringin, (-)epicatechin and myricetin were able to inhibit
the formation of TBARS by >40% over the entire storage period. The overall
order of potency of flavonoids on inhibition of TBARS formation was as follows:

Mpyricetin > (-)epicatechin > naringin > naringenin > quercetin >
rutin > morin > kaempferol > taxifolin > apigenin > chrysin

Results of this study indicate that CE and some of the flavonoids tested
have a marked effect on prevention of oxidation of canola oil. The effect of CE
on suppressing the formation of oxidation products was better than
BHA/BHT/MGQC but less than that of TBHQ. Effectiveness of myricetin was
similar to that of TBHQ. Present findings also lend support to previous reports
(34,35) that BHA/BHT/MGC was less effective than TBHQ in retarding the
formation of secondary oxidation products of canola oil.

Among the flavonoids tested in this study, flavonols namely myricetin,
quercetin and rutin as well as (-)epicatechin (flavan-3-ol; Table V) exhibited
superior antioxidant properties in canola oil. The flavanones; naringenin and
naringin, (Table V) were also effective but were less potent than flavonols and
flavan-3-ol. Flavonoids may act as primary antioxidants by donating a hydrogen
atom to the peroxy radicals derived from oxidizing fatty acids (36) and may also
function as free radical acceptors or chain breakers and serve as metal chelators.
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Figure 2. Percent inhibition of TBARS formation by canola
extract (CE) and synthetic antioxidants during thermal oxidation of
refined-bleached canola oil.
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Larson (37) has reported that quercetin and some flavonoids are also potent
quenchers of singlet oxygen.

Structure-Activity Relationships. The antioxidant activity of flavonoids is
dictated primarily by their chemical structure. All flavonoids possessing a 3', 4'-
dihydroxy configuration possess strong antioxidant activity. Myricetin with an
additional hydroxy group at the 5’ position shows a better antioxidant activity
than corresponding flavonols devoid of a 5’-hydroxy group, i.e. quercetin (Table
V). Naringin and naringenin with a single hydroxy group on the B-ring exhibit
limited antioxidative activity. Therefore, hydroxylation of the B-ring is a major
factor when examining the antioxidant activity of flavonoids. Rutin with an
etherified sugar moiety at the 3 position of its C-ring showed a lower antioxidant
activity than quercetin which has a hydroxy group at the 3 position. Therefore,
glycosylation of flavonoids reduces their antioxidant activity, perhaps due to their
inability to donate a hydrogen atom to lipid free radicals. In addition, (-
)epicatechin which is a flavan-3-ol showed antioxidant activity similar or superior
to that of quercetin. Myricetin possessing the largest number of hydroxyl groups
in its structure was the most active flavonoid. Similar results were obtained by
Das and Pereira (26) for palm oil and by Ramanathan and Das (38) for ground
fish samples. Our study also revealed that several flavonoids especially flavonols,
flavan-3-ol and flavanones may be considered as potential antioxidants for the
stabilization of canola oil.
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Chapter 22

Capillary Gas Chromatography Procedure
for Determining Olive Oil Flavor

S. K. Raghavan, D. R. Connell and A. Khayat

Hunt-Wesson, Inc., 1645 West Valencia Drive, Fullerton, CA 92633

A rapid gas chromatographic headspace technique was developed
for determination of the flavor quality of processed olive oils.
Headspace volatiles were collected at 150° C for 20 minutes over
a Tenax trap and the individual constituents were separated using
a 60 m x 0.32 mm DX-1 capillary gas chromatographic column.
Volatile compounds identified in the headspace gases of olive oil
include hexane, ethyl acetate, t-2-heptenal, ¢-2-octenal, nonenal,
undecenal and #,-2,4-decadienal as well as other aldehydes and
alcohols. Based on an internal standard quantitative procedure,
many of these volatiles were correlated to the traditional sensory
evaluation technique using step-wise multiple regression analysis.
Correlation coefficients of 0.98 and better were typically obtained
when sensory flavor scores were compared to these lipid
decomposition products. Overall, instrumental analysis based on
headspace gas analysis is an extremely effective method for rapidly
determining the flavor quality of olive oils.

Olive is the fruit produced by several sub-varieties of the genus Olea Europaea L.,
of the Oleaceae family. The oil extracted from the fruit is one of the most
important fats in the diet of a large number of people from Mediterranean regions
from which more than 95% of the global supplies originate. Currently, worldwide
olive cultivation extends over a total area of approximately 13,300 acres with fruit
production ranging from 90 to 260 pounds per acre. Production of olives and
olive oil has nearly doubled in the course of the last 50 years. Average yearly
production has soared from 700,000 tons of oil to 1,600,000 tons (7). Most of the
oil produced through pressing is consumed without any refining as long as the
acidity and organoleptic characteristics are satisfactory. Otherwise, the oil is
refined and blended with virgin oil. Solvent extracted olive oil is also refined and
blended with virgin oil before consumption.

0097—6156/94/0558—0315%08.00/0
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Olive oil is chiefly a mixture of glycerides, including small quantities of
free fatty acids, glycerol, phosphatides, pigments, carbohydrates, proteins, flavor
compounds, sterols, and resinous substances of uncertain identity. Oil of good
quality is characterized by a fragrant and delicate flavor. Olive oil is almost
unique among vegetable oils in that it can be consumed without any refining. Its
moderate degree of unsaturation is considered nutritionally desirable over the high
degree of saturation or unsaturation of many other edible fats and oils.
Unfortunately, not all of the olive oil marketed around the world is of very good
quality. Large quantities of olive oil must be refined, mainly because they
originate from poor quality fruit effectively altering its unique sensory attributes.

Chemical and physical tests have been developed to determine the extent
of oxidative rancidity in olive oil with the object of monitoring the development
of off-flavors (2). Many procedures have been described in the literature relating
volatiles in oils to flavor quality (3,4). Specific studies were directed at
understanding the complex odor characteristics of these oils. The result of such
investigations to date indicates that gas chromatography volatile procedures appear
extremely effective in assessing the flavor attribute of vegetable oils (5).

A wide variety of analytical procedures for predicting the quality of olive
oil have been reported in the literature, almost all of which are indirect measures
of its flavor (6,7). Since the introduction of gas chromatography to the analysis
of foods, considerable progress has been made in the flavor evaluation of
vegetable oils by this technique. The high degree of specificity and accuracy
offered by gas chromatography has made this approach highly effective for the
study of complex flavor systems present in most foods, including the edible oils.
Early efforts using direct oil injections in packed gas chromatographic columns
demonstrated the true potential of this approach. ~With improvements in
equipment and techniques, excellent correlation with sensory evaluations have
been reported by many investigators for various oils (8,9). With advances in oil
processing leading to cleaner and extremely bland oils, thermal desorption
samplers along with high resolution gas chromatography have enhanced the
sensitivity of this technique and increased its usefulness for today's products.

Lipids become rancid as a result of oxidation, and this oxidative rancidity
is a major cause of food deterioration. Fats and oils can undergo detrimental
flavor changes through oxidative reactions when influenced by factors such as
light and heat. The most important lipids in olive oil are the unsaturated fatty
acids, particularly oleate, linoleate and linolenate. Of these, the major fatty acid,
by far, is oleic acid comprising of greater than 75 % of the total fatty acid content.
It has been reported that saturated carbonyl compounds, such as pentanal, hexanal,
octanal and nonanal are the major compounds observed in oxidized olive oil (10).
Many of these studies have demonstrated the expected inverse relationships
between specific gas chromatographic peaks and the flavor quality of olive oil.
As the concentration of these components in the headspace increased, the sensory
quality of the oil decreased. Excellent correlation with sensory data have been
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reported with correlation coefficients of 0.9 or better. Modification of the
sampling procedure for concentrating the volatile flavor compounds prior to gas
chromatographic analysis resulted in a significant improvement in the sensitivity
and extended the usefulness of this technique as an objective instrumental method
for olive oil quality evaluation. Many more compounds were reported in this
manner including hydrocarbons, alcohols, aldehydes, ketones and esters (11).

Most dynamic headspace samplers fitted with Tenax adsorbent traps are
adequate for isolation of a wide range of the lipid decomposition products.
Compounds of high volatility, particularly the short chain hydrocarbons, are best
quantified under cryofocussing conditions which extends the total analysis time.
A more rapid focussing approach available in the thermal desorber used in this
study is trap-to-trap transfer with narrow bore adsorbent traps. Since transfer of
captured volatiles from this narrow bore trap is executed rapidly, very little peak
distortion is encountered even in the early section of the chromatographic profile.
This study will focus on the correlation between specific oil oxidation compounds
isolated from deodorized olive oil and its sensory evaluation profile using this
rapid thermal desorption technique. The important, major volatile components will
be quantified and, using regression analysis, those compounds that best match the
quality attribute of olive oil will be identified. A predictive model will be
developed and tested against random market samples.

Experimental

Oils in this study were highly refined and reblended with a small amount of the
virgin oil. Unlike virgin olive oil, a freshly refined sample of this oil is low in
total volatiles and has a slight olive odor profile. Most oils were obtained from
the market and aged, as needed, under room temperature and light exposure.
Freshly deodorized oils were obtained directly from the refinery. All oils were
bottled in 100 ml glass vials immediately upon recapping, flushed with high purity
inert gas and stored in a -10° C freezer.

Because of the complex nature of the volatiles profile of aged olive oil,
special attention had to be given to avoid sample carryover from one analysis to
the next. The focus of this study was to compare and rate these complex flavor
profiles with the relatively simplified profiles of the freshly deodorized oils.
Experimental conditions were optimized for rapid analysis yielding maximum
sensitivity. Two microliters of internal standard were added to a one gram sample
of the oil in a clean glass vial and the headspace volatiles were purged for 20
minutes at 150 ° C into a Tenax-Ambersorb polymer adsorbent trap. Entrapped
volatiles were desorbed using the Dynatherm Model 910 Multiple Thermal
Desorption system coupled to a Shimadzu Model 14A gas chromatograph. All gas
chromatographic separations were carried out with a 60 meter by 0.32 mm ID DX-
1 capillary column which consists of 10 % polyethylene glycol and 90 %
dimethylpolysiloxane. Starting at an oven temperature of 50° C, and held for 1
minute, adequate separation was achieved with a relatively rapid ramp rate of 5°
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C per minute to a final temperature of 210° C and held for 5 minutes. All
quantitation was done with methyl nonanoate prepared in soybean oil at 1.05 ppm
as the internal standard.

A seven-member trained olive oil flavor panel evaluated the olive oil
samples using 10-point intensity scales with the following descriptors: 1-2,
extreme; 3-5, strong; 6-7, moderate; 8-9, slight; 10, bland. Samples included
stressed and store purchased olive oils blended at various levels with freshly
deodorized olive oil. A preliminary session was conducted in which a 100% non-
stressed olive oil, serving as a control, was presented to the panelists for rating
and character description. Other oils, along with their ratings and descriptors,
were presented at each session for comparison to the control. Generally, even the
most freshly deodorized oils were rated by panelists as moderate in flavor (a 7.0
rating) while the worst oils were rated as strong (2.5 to 3.0 rating). For all the
oils in this study, panelists had never rated oils outside of this range.

Results and Discussion

Figure 1 displays chromatograms of freshly refined and moderately aged olive
oils. The freshly deodorized olive oil retains very little of the odor compounds
present in the headspace of the virgin oil. This profile is dominated by the
aldehydes from lipid oxidation such as nonanal, trans-2-heptanal and trans,trans-
2,4-decadienal. Nonanal, the largest component observed under these conditions,
is a by-product of oleic acid decomposition and imparts a slight tallowy flavor to
the oil. This is not unexpected since olive oil consists in excess of 75 % oleic
acid. Other decomposition products of this fatty acid including heptanal and
octanal are also observed in this profile and also exceed their odor thresholds.
One of the unique features of olive oil among edible oils is the relatively low
amount of linoleic acid present. Despite this, the observed levels of
decomposition aldehydes originating from linoleic acid is relatively high among
the freshly deodorized edible oils. Among this group are hexanal, trans-2-
heptenal, trans-2-octenal and trans,trans-2,4-decadienal. Most of the compounds
selected for correlation to sensory flavor score data originate from the lipid
hydroperoxides of these fatty acids. Aged, deodorized olive oil retains much of
its virgin odor character. All the known lipid oxidation products have intensified
with hexanal, nonanal and tranms,trans-2,4-decadienal being the largest. The
majority of the compounds that were identified and submitted for sensory
correlations were the aldehydes. Ketones such as 1-octen-3-one and alcohols such
as methyl propanol and methyl butanol and ethyl acetate were also observed in
this profile. In the aged oil many of these constituents coelute with another
compound rendering it difficult to quantify accurately in olive oil.

The primary goal of this study is to implement a method for routine
determination of the quality attribute of olive oil as an alternative to the traditional
sensory evaluation procedure. With speed being a major objective, total baseline
separation of all components was not possible. The aldehydes selected for the
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correlation study were the ones well resolved on this system. For this group of
compounds, response in the concentration range from 140 ppb to 3 ppm was
excellent with regression values exceeding 0.9 (Table I). Precision for all
compounds used in the correlation study was good with coefficient of variation
generally ranging from less than 1 % to approximately 20 %.

Table I. Response of selected aldehydes

Concentration Peak Area
(ppm)
ISTD pentenal heptenal octenal  decadienal

0.140 213980 17760 39220 23630 19280
0.270 230690 85940 124800 74990 54910
0.540 175270 139430 177000 142940 209990
1.100 257980 378710 422850 349650 384510
2.700 172140 750490 793670 662950 661176
R™2 0.99 0.98 0.98 0.95
CV % 17.5

Fifteen olive oils with sensory flavor scores ranging from 7.0 (moderately
to slightly rancid) to 3.0 (strongly rancid) were analyzed by this method. From
these, fifteen to twenty compounds were selected for correlation determination.
With stepwise multiple regression analysis, three compound combinations were
identified that best matched the reported sensory flavor score for these oils. In
many instances, single and dual components also demonstrated good correlation
coefficients. Pentenal, for instance, returned a correlation coefficient of 0.99
(Figure 2). Despite this excellent correlation, single components were not used
in developing a predictive flavor scoring system since the possibility exists for any
one compound to be incompletely quantified in a high speed, high volume
analysis. Hexanal separation, for instance, gets progressively worse as the
efficiency of the column declines. In addition, owing to the unpredictability of the
oxidation process itself and the fact that more than one mechanism may be
involved in the generation of lipid hydroperoxides, individual components may not
appear (or are below the detection threshold) in some fresh oils. In freshly
deodorized olive oil, 2-pentenal is not reliably quantified for this very reason
(Figure 1).
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Figure 2. Correlation between actual flavor scores and predicted flavor scores
based on 2-pentenal in olive oils.

Predictive flavor scores were developed based on these three component
models according to the equation for a straight line :

Olive oil flavor score = b - [(slope X Apepuen) + (M X Aggen) + (M X Agecagionas)]

where b = y-intercept, m = slope, and A = normalized peak area. Predicted flavor
scores, generally, matched well with sensory flavor scores (Table II). Of the three
component combinations, the best model for predicting the flavor score of olive
oil is the one based on trans-2-heptenal, trans-2-octenal and trans, trans-2,4
decadienal which returned a regression value of 0.99 (Figure 3). Instrumental
response for these three compounds is excellent even in freshly deodorized oils.
Replacing 2-octenal with nonanal, the major lipid oxidation constituent observed
in deodorized olive oils, also returned an excellent correlation of 0.98 (Figure 4).
The total peak area obtained was also evaluated as a predictor of oil flavor quality
and demonstrated good correlation to the sensory ratings. However, in high
volume analyses, quantitation of the total peak area is risky as artifacts tend to be
included in the computations and yield unreliable results.

Using one of these three component models, excellent predictions are
possible for determining the rancidity of olive oils with dynamic headspace gas
chromatography. The method outlined here is rapid and fully automated and yet
provides the high degree of accuracy demanded from these analyses. Flavor
quality prediction also holds well with higher virgin blends despite the complex
volatiles nature of these oils.
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Figure 3. Correlation between actual flavor scores and predicted flavor scores
based on 2-pentenal + 2-octenal + 2.4-decadienal in olive oils.
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Figure 4. Correlation between actual flavor scores and predicted flavor scores
based on 2-heptenal + 2-nonenal + 2.4-decadienal in olive oils.
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Table IL. Predicted Flavor Scores and Sensory Scores of Olive Oils

Sensory score Predicted Flavor Score

Group 1 Group 2 Group 3 Group 4

7.0 6.92 6.98 6.89 6.96
6.8 6.71 6.75 6.65 6.68
6.4 6.14 6.10 6.22 6.28
6.4 6.36 6.39 6.31 6.33
6.0 6.09 6.10 5.94 5.92
5.6 5.78 5.79 5.89 5.77
5.2 5.30 5.24 5.35 5.36
5.0 5.13 5.12 5.12 4.95
4.8 4.86 4.83 4.94 4.86
44 4.54 451 4.63 4.65
44 4.46 4.43 434 442
44 439 435 4.55 4.61
4.0 3.88 3.90 3.77 3.84
35 3.47 3.48 3.29 3.23
3.0 2.87 2.95 3.01 3.03
R™2 0.99 0.99 0.98 0.99

Group 1 = r-2-pentenal; Group 2 = t-2-pentenal, z-2-heptenal, 7,¢-2,4-decadienal;
Group 3 = r-2-heptenal, nonanal, ¢,¢-2,4-decadienal; Group 4 = 7-2-heptenal,
t-2-octenal, 1,z-2,4-decadienal
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purification using supercritical fluid
extraction, 227-228
Flavonoids, structure—antioxidant activity
relationship, 303
Flavor
alligator meat, contribution of lipid-
derived components, 186-194
cheddar cheese, and free fatty acid
content, 201-205
dairy products, and free fatty acid
content, 196-197
food, role of lipids, 2
lamb, influence of finishing diets,
170-184
olive oil, capillary GC
determination procedure, 315-323
ultra-high-temperature processed
milk, and free fatty acids, 197-201
Flavor chemistry
dairy lipids, related to free fatty
acids, 196-206
fish oil, 208-230
Flavor compounds
formation from lipoxygenase
pathway, 10-11
fresh and dehydrated tomato products,
See Lipid-derived flavor compounds
in fresh and dehydrated tomato
products
Flavor deterioration
dried milk and dairy products, 98-99
meat and meat products, 256-275
Flavor precursors of garlic, volatile
compounds generated from thermal
interaction, 61-75
Flavor quality, canola oil, 292-300
Food flavors
contribution of lipoxygenase pathway,
30-47
role of lipids, 213
Free radical autoxidation of lipids,
steps, 2-3
Free radical mechanism, control of
lipoxygenase activity, 4041
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Fresh tomato products, lipid-derived
flavor compounds, 130-142
Furans, formation, 7,10

G

Garlic, nonvolatile flavor precursors,
61-75

Y-Glutamylalk(en)ylcysteine
dipeptides, flavor precursors
of garlic, 61

Grape, fresh and off-flavors associated
with lipoxygenase activity, 38

Green beans, fresh and off-flavors
associated with lipoxygenase
activity, 37-38

Green peas, fresh and off-flavors
associated with lipoxygenase
activity, 37

H

Headspace volatile compound changes
from milk fat oxidation during dried
dairy product storage

experimental procedure, 99-101
formation mechanisms, 104-105,106f
volatile compounds, 101-104

water activity control chamber, 99,1001

Heat stability, control of lipoxygenase
activity, 41

Heated pork fat, flavor, 244

Heated wheat flour, aroma generation,
144-156

Heterocyclic flavor compound formation,
and lipid-derived aldehydes, 58

Hexanal

analysis, 258-262

drawbacks as indicator of meat flavor
deterioration, 265-271

prevention of generation by nitrite,
271-275
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role in meat flavor deterioration,
258-262
usefulness as primary indicator of meat
flavor deterioration, 261,263-265
cis-3-Hexanal, control of production
by plant cell culture, 282-289
High erucic acid oils, description, 292
Hydrogen peroxide addition,
cis-3-hexanal production, 288-289,290¢
Hydroperoxides
fatty acids and esters, 3-10
role in flavor of oil, 302

K

Ketones, formation, 7,9

L

Lamb, characteristic odor, 171
Lamb flavor, influence of finishing
diets, 170-184
Lard, volatile compounds from different
treatments, 244-254
Light, effect on production of cis-3-
hexanal by cell culture, 285-287
Likens—Nikerson extraction, 110,112
Linolenic acid
in cultured alfalfa cells, 288-290
precursor of off-flavor
compounds, 302
Lipase, contamination in cheese milk,
204-205
Lipid(s)
dairy products, flavor
chemistry, 196-205
in food flavors, overview, 2-13
Maillard reaction effect, 49-59
sensory quality of foods, 49
singlet oxygen oxidation, 9-10
Lipid autoxidation in fish oils,
farmer-type autoxidation, 216220
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Lipid degradation, interaction with

Maillard reaction for volatile
compound formation, 12-13

Lipid-derived aroma compounds in

cooked potatoes and reconstituted
dehydrated potato granules
continuous steam distillation—solvent
extraction vs. headspace thermal
desorption, 123,124f,127
core volatile compounds, 114-119
experimental procedure, 110-113
purge-and-trap thermal desorption
procedure, 112-113
quantification procedure, 114
simultaneous steam distillation—
extraction procedure, 110,112
storage time, 119-123,125-126¢
Lipid-derived carbonyl compounds, effect
on Maillard reaction, 54-58
Lipid-derived components, contribution
to alligator meat flavor, 186-194
Lipid-derived flavor compound
control of production, 282-291
fresh and dehydrated tomato products
experimental procedure, 131-132
identification, 132,136-139
processing technique, 139-142
tomato-type, 139-142
volatile profiles of sun-dried and fresh
tomatoes, 132—135
Lipids, effect on Maillard reaction as
medium, 50-54
Lipid foods, singlet oxygen reaction
mechanisms, 19-20
Lipid-mediated Maillard reaction and
volatile formation, 4959
Lipid oxidation
fish membranes, 213-216
food component, 30
process, 144
role in deterioration of muscle
foods, 256
See also Oxidation of lipids in food
Lipid oxidation storage stability of
dehydrated pinto beans, 158-166
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Lipid volatile production from beef, N
temperature, 78-96
Lipoxygenase(s), role in fish oil Nitrite, role in prevention of meat flavor
deterioration, 214-216 deterioration and hexanal generation,
Lipoxygenase pathway, contribution 271-275
to food flavors, 3047 Nonenzymatic browning reaction, See
Low erucic acid oils, description, 292 Maillard reaction
o
M
Odor, lamb, 171
Qil flavor quality, determination, 294-295
Maillard reaction 0Oil flavor score, calculation, 299
interaction with lipid degradation Olive, production, 315
for volatile compound formation, Olive oil
12-13 analytical procedures for quality
lipid-mediated, and volatile prediction, 316
formation, 49-59 composition, 316
phospholipid, 58,59t flavor determination using capillary GC,
process, 49 315-323
water content, 51-53 flavor score, calculation, 321
Marine oils, oxidative quality, 234-235 GC peaks vs. flavor quality, 316-317
Meat, definition, 79 lipids, 316
Meat flavor, perception, 78-79 refining, 315
Meat, flavor deterioration, hexanal Omega-3 fatty acid(s), role in nutrition
as indicator, 256-275 and health, 233-234
Menhaden, storage, 225-227 Omega-3 fatty acid composition and
Menhaden oil stability of seal lipids
approval for food use, 208-209 classes of lipids, 236,2371,239¢
fatty acid composition, 209,210t composition vs. storage, 239242
lipid peroxidation, 209 content of neutral and polar lipids, 236
purification, 221-223,224f experimental procedure, 235-236
stability, 225-227 v future research, 242
Metal chelation mechanism, control steam, 236-237,238¢
of lipoxygenase activity, 4041 storage stability, 237-238,240f
Milk fat oxidation, See Oxidation Oxidation
of milk fat lipids
Muscle foods, role of lipid oxidation fish membranes, mechanism, 213-216
in deterioration, 256 food, 15
Mushroom, fresh and off-flavors process, 144
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